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Abstract 

 

RNA can be used for the treatment of respiratory diseases. Yet, delivery of RNA to the lungs 

via inhalation without its degradation is still a challenge. The present work studied the delivery of 

RNA encapsulated into lipid nanoparticles (LNPs) via inhalation using a vibrating mesh nebulizer.  

Two nucleic acids were encapsulated in LNPs and used as proof of concept: tRNA and 

mRNA. Production of LNPs composed of DOTAP, DSPC, Cholesterol, DMG-PEG 2000, and DC-

Chol was performed through microfluidics.  

tRNA LNPs’ production was optimized to obtain a reproducible process. 19 batches were 

manufactured showing low variability between them regarding the key quality attributes particle size < 

200 nm, PDI < 0.300, and encapsulation efficiency > 80 %.  The stability post-production was evalu-

ated under different storage conditions, being reported stable storage at 2-8 ºC up to 100 days. 

To understand RNA LNPs stability and aerodynamic performance upon nebulization, a for-

mulation screening was performed, comprising NaCl, PBS, Poloxamer 188, Tween 80, sucrose, and/or 

arginine. The formulation PBS with E %Tween 80 (W/V) containing tRNA encapsulated in LNPs 

presented the most favorable colloidal stability before and after nebulization. The good aerodynamic 

performance of the formulation proved its capacity to effectively deliver tRNA into the deep lungs. 

The previous formulation was additionally tested for mRNA molecule. Its integrity was not 

compromised upon nebulization nor LNPs colloidal stability. The formulation complied with the re-

ferred quality attributes and showed an aerodynamic performance capable of delivering inhalable 

droplets of mRNA. Despite that, as the initial formulation was based on optimized tRNA LNPs 

(smaller RNA molecule), it should be further improved for mRNA. 

This study pioneered a proof of concept for the delivery of mRNA and tRNA via inhalation 

through nebulized LNPs using a vibrating mesh nebulizer. 

 

 

 

Microfluidics, Transfer RNA, Messenger RNA, Lipid nanoparticles, Nebulization, Aerodynamic 

performance. 
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RESUMO 

O RNA é uma molécula que pode ser usada no tratamento de doenças respiratórias, mas a 

capacidade de atingir os pulmões por inalação sem haver degradação é um desafio. O presente 

trabalho estudou a capacidade de RNA encapsulado em nanopartículas lipídicas (LNPs) ser inalado 

usando um nebulizador de malha vibratória (VMN). 

Neste trabalho, utilizaram-se e encapsularam-se dois tipos de RNA: tRNA e mRNA. 

Produziram-se LNPs compostas por DOTAP, DSPC, Colesterol, DMG-PEG 2000 e DC-Chol através 

de microfluídica. 

A produção de tRNA LNPs foi otimizada para obter um processo reprodutível. Produziram-se 

19 com baixa variabilidade dos critérios de qualidade: tamanho de partícula < 200 nm, PDI < 0,300 e 

eficiência de encapsulação > 80 %. A estabilidade pós-produção foi avaliada para diferentes condições 

de armazenamento, onde se obteve estabilidade das LNPs até 100 dias a 2-8 ºC. 

Para compreender a estabilidade e o desempenho aerodinâmico após a nebulização, foram 

realizados testes com formulações com diferentes excipientes: NaCl, PBS, Poloxamer 188, Tween 80, 

sacarose e arginina. A formulação PBS com E % de Tween 80 (W/V) apresentou a estabilidade 

coloidal mais favorável antes e depois de nebulizada. O desempenho aerodinâmico desta formulação 

provou a sua capacidade para veicular tRNA nos pulmões com eficiência. 

A formulação anterior foi testada com mRNA onde ficou demonstrado que a sua integridade e 

a sua estabilidade coloidal não foram comprometidas após a nebulização. A formulação apresentou 

um desempenho aerodinâmico capaz de fornecer gotículas inaláveis contendo mRNA nos pulmões 

com eficiência. Apesar disso, como a formulação foi baseada em LNPs de tRNA (RNA de menor 

tamanho), o procedimento deverá ser otimizado para a molécula de mRNA 

Este estudo foi pioneiro na entrega de mRNA e tRNA através de nebulização usando um 

VMN. 

 

 

 

Microfluidica, RNA Transferência, RNA Mensageiro, Nanopartículas Lipídicas, Nebulização, 

Performance Aerodinâmica. 
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1  

INTRODUCTION 

1.1 Respiratory diseases and economic burden 

The World Health Organization (WHO) presented a report in 2019 stating that respiratory dis-

eases cause more than 8 million deaths annually. It is also mentioned that chronic obstructive respira-

tory diseases, lower respiratory infections, trachea, bronchus, and lung cancers, as well as tuberculosis, 

are 3rd, 4th, 6th, and 13th, respectively, in the top 20 world causes of death [1]. The Forum of Interna-

tional Respiratory Societies (FIRS) advised that it is essential to boost the funding for respiratory re-

search, to improve its prevention and treatment [2]. 

In 2021, the global respiratory diseases drugs had a size market estimated at 142 billion dollars 

and it is estimated a growth to 292 billion dollars by 2026 [3]. It is estimated that the 27 countries of 

the European Union (EU) spend more than 380 billion euros every year on respiratory diseases, from 

which 55 billion is spent on hospital and drug costs [4]. 

Conventional therapeutic approaches are based on small drug molecules. Biologic drugs are 

larger and complex molecules produced with biotechnology that started having an increasing rele-

vance in the last years − between 2015 and 2019 more than 25 % of the new drugs approved by the 

FDA were biologic drugs to treat a variety of diseases like asthma, cancer, genetic disorders, and al-

lergies. An example of a biopharmaceutical used in the treatment of respiratory diseases is Mepoli-

zumab, which in 2015 was the first biologic drug FDA-approved to target IL-5, helping in the treat-

ment of severe asthma [5], [6]. 

With the exponential growth of biotechnological medications during the last three decades, bio-

pharmaceuticals became an attractive pharmaceutical sector for companies and, in 2016, according to 

Standard & Poor's industry statistics, 48 % of the top 100 medications were biotechnology goods [7]. 

If we look at the growth of the mRNA market used for the treatment of diseases, it will increase from 

46.7 billion dollars in 2021 to 101.3 billion dollars by 2026, representing an increasing tendency for 

this type of treatments [8]. 
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The number of people suffering from respiratory diseases that can lead to death, combined with 

the attractive potential economic value of biological drugs, make the research and development of this 

type of drug to treat respiratory diseases an interesting market for pharmaceutical companies to invest 

in the next years. 

1.2 RNA based therapies 

Recent technological advances in producing RNA to be used as a therapy, has been improving, 

which, combined with the abovementioned benefits associated, has increased the investment interest, 

research, and development in this field. In this subchapter, it is important to reflect at the evolution of 

the knowledge about genetic therapy and understand the mechanisms of action of this type of therapy.. 

 

1.2.1 RNA-based therapies history  

Since Rosalind Franklin, Maurice Wilkins, James Watson, and Francis Crick contribution to 

DNA double helix discovery in 1953 (Figure 1), it was very relevant to know how DNA could pro-

duce proteins [9]. The answer was found by Sydney Brenner, François Jacob, Jim Watson, and his 

colleagues with the discovery of messenger RNA (mRNA) in 1961 [10]. The mRNA, transfer RNA 

(tRNA), and ribosomal RNA (rRNA) constitute the three main RNA types and they are responsible for 

transporting the genetic information from the DNA in the nucleus to the machinery that makes the 

proteins [11]. This discovery allowed the development of new treatment approaches based on protein 

encoding, where antisense RNA (asRNA) or messenger RNA (mRNA) are some examples of these 

new approaches. 

asRNA is a synthetic oligonucleotide that will link to the complementary base pair of the 

RNA target which inhibits RNA translation. On the other hand, mRNA will encode a sequence for a 

specific protein that is either being produced with a defect, is absent, or creating antigen proteins [12]. 

In this way, the mRNA technology was designed to transfer genetic information into the cytoplasm of 

the cell, which in turn can help prevent or treat certain diseases [13]. 

In 1978, Mary Stephenson and Paul Zamecnik developed one of the first experiences with oli-

gonucleotides to inhibit the Rous sarcoma viral RNA translation [14], [15].  

It was only in 1990 that the first mRNA therapy approach was published by Wolf, Malone, 

and Williams, from the department of pediatrics and genetics in Wisconsin University, where genetic 

information was transferred to mice to understand if mRNA retained protein expression when injected 

[16]. Due to its lower stability in comparison with DNA, various studies started to try to improve the 

stability and immunogenicity of in vitro-transcribed (IVT) mRNA [17], [18].  
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 Almost twenty years after the first RNA experience, in 1998, the first asRNA drug, Fom-

ivirsen, was approved to treat a viral infection, cytomegalovirus retinitis. The goal of this drug was to 

link to the complementary sequence of mRNA produced by the cytomegalovirus to inhibit its replica-

tion [19].  

In 2018 and 2019, the two first Small interfering RNA (SiRNA) drugs were approved, 

Patisiran and Givosiran. Patisiran is a drug that helps in transthyretin amyloidosis, a hereditary liver 

disease, by decreasing the transthyretin protein-encoding [20]. Givosiran is a drug that treats acute 

hepatic porphyria (AHP) by gene silencing of aminolevulinic acid synthase 1 (ALAS1) [21]. 

With the appearance of covid-19 world pandemic and the necessity to create a fast and secure 

vaccine, the first mRNA vaccines appeared on the market, the Moderna vaccine and the Pfizer/ BioN-

Tech vaccine. This fast development of vaccines with mRNA technology increased RNA knowledge 

in a short time and opened the opportunity to use the same technology in other diseases [12].  

 

Figure 1 Important discoveries and drugs approvals to reach mRNA therapeutics 

 

1.2.2 RNA therapeutics 

RNA can have three potential therapeutic effects: inhibition of gene expression, protein-

encoding, and protein targeting, depending on which type of RNA is used [22]. 

Inhibition of gene expression occurs when a short RNA strand binds to a specific mRNA mol-

ecule, which blocks mRNA translation into proteins. This can be done through Antisense Oligonucleo-

tides (ASO) that pairs with mRNA-activating RNase that destroys the mRNA. MicroRNA (miRNA) 

or Small Interfering RNA (siRNA) are short RNA strands with a similar function to ASO, that are 

coupled to argonaut protein and other proteins, which results in the RNA-induced Silencing Complex 

(RISC). RISC will bind to a target mRNA and break it, conducting mRNA to degradation before 

transformation in proteins [23], [24]. 

mRNA can be used as a therapy by encoding for a specific protein (for example a target anti-

gen) to create an immune response. RNA aptamers are RNA oligonucleotides that bind to a specific 

target with high affinity and specificity, acting in a similar mode to antibodies, that can be used to 
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inhibit the expression of target proteins. Due to their synthetic origin, they are usually called chemical 

antibodies [23]. 

In the last years, a revolutionary RNA approach has been starting to take shape − the transfer 

RNA (tRNA) based therapeutics. tRNA is responsible for the translation of mRNA into a specific 

amino acid [25]. The tRNA has the amino acid which is referred to in one end, and the anticodon pre-

sent on the other end of the chain. When tRNA binds the correspondent mRNA codon to its anticodon, 

the translation of the codon to the amino acid occurs. The ordered translation of mRNA codons will 

code a set of amino acids that will be a fully functional protein [26].  

mRNA has specific codons to start and end the translation, but sometimes due to mutations, 

the translation can end prematurely, which originates proteins that will not function properly. More 

than 4 % of all genetic diseases occur due to these mutations, which can be corrected with a tRNA 

therapeutic. In this case, the tRNA will translate the defective codon, which was turned into a prema-

ture stop codon, into the correct amino acid, allowing it to produce the correct protein, as observed in 

Figure 2 [27]. Companies like Alltrna are now developing a tRNA therapy platform [28].  

 

 

 
 

Figure 2 A premature stop codon in image A stops translation originating a truncated protein of image B. To overcome this 

challenge a modified tRNA will bind to the premature stop codon which allows translation to continue as shown in image C. 

Adapted from [29]. 
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1.3 Challenges of RNA delivery 

With such a variety of RNA therapeutics under development, it is important to understand the 

viability of delivery of the drugs into the target cells without being degraded during its administration.  

This challenge is considered one of the major barriers to RNA therapeutics development. 

Since the present work is focused on inhalation, it will be discussed below the different delivery 

barriers in inhalation, how it is possible to overcome these challenges and the composition of the car-

riers that have shown to successfully deliver RNA into the lungs without compromising its integrity. 

 

1.3.1 Delivery barriers 

Inhaled pharmaceutics target the lungs for drug delivery, and the main goal is to reach epithe-

lial cells. Upon inhalation, RNA needs to cross the nasal cavity, the pharynx, the trachea, and the high-

ly-branched lung structure until reaching the target [6].  

Therefore, the aerodynamic diameter is an important parameter that determines efficient depo-

sition in the chosen targets since particles with different dimensions settle in different sites of the res-

piratory tract. Particles with sizes between 1 and 5 µm are considered inhalable particles since they 

can deposit in the lower respiratory tract, while sizes larger than 5 µm settle in the superior airway 

wall in bifurcations, and sizes lower than 1 µm are exhausted by normal breathing. 

When inhalable particles settle in the lung, epithelium absorption is a physical boundary nec-

essary to overcome to achieve the bloodstream. Particles can flow through the epithelium in two ways, 

paracellular transport or transcytosis [6]. If the particles do not have specialized receptors in lung epi-

thelial cells, they are transported by paracellular transport, otherwise, active transportation is mediated 

by receptor-mediated transcytosis for particles that permeate actively the alveolar epithelium.  After 

absorption, in the bloodstream, drugs are subjected to many types of proteases and peptidases which 

can degrade the RNA before reaching the target cells [6]. 

Inhalation of RNA therapies without any protection mechanism in the molecule of interest is 

extremely difficult since it is a hydrophilic molecule with a negative charge, therefore permeating the 

hydrophobic membrane is not possible. During the administration trajectory, if the fragile RNA mole-

cule is not protected, its activity can also be compromised by RNases, an abundant nuclease that de-

grades RNA in the body [22]. 

With all these barriers which can compromise RNA therapy delivery, it is necessary to create 

a protective vehicle for the RNA, but safe for human inhalation, to facilitate its transport and release 

into the target cells without degradation during its journey. 
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1.3.2 RNA delivery strategies in inhalation 

In recent years, many studies have focused on producing a safe carrier for RNA to get into 

target cells without being degraded. Lipid-based vectors, polymer-based vectors, and hybrid-based 

vectors are the three main types of carriers highlighted below. 

Lipid-based vectors are popular RNA carriers and some of these carriers are already approved 

by the FDA for use in vaccines, like Onpattro, the first lipid nanoparticles (LNPs) drug carrier ap-

proved in 2018, or Doxil, the first liposome-based drug approved in 1995 [33], [34]. Liposomes ( Fig-

ure 3 A) are formed by a phospholipid bilayer that encloses an aqueous solution containing RNA. 

They are often used as drug carriers because of their high delivery efficiency, good biodegradability, 

and easy formulation [35], [36]. The principal concern in liposomes is the use of cationic lipids, which 

enables better encapsulation but are associated with rapid clearance and toxicity concerns [36]. For 

that reason, LNPs (Figure 3 D), which use ionizable lipids instead of cationic lipids, are preferred for 

RNA delivery. LNPs are closed to liposomes, but the phospholipid layer is composed of other compo-

nents, such as helper lipids and cholesterol to mitigate potential cytotoxicity. Their small size makes 

them preferred for inhalation via nebulization or dry powder inhalation (DPI). 

Polymer-based vectors are recent carriers with fewer studies than lipid-based vectors, which 

bind cationic polymers to RNA through electrostatic interactions. These interactions can form poly-

plexes or micelleplexes. The usual polyplex (Figure 3 B) for RNA delivery is polyethyleneimine 

(PEI), which can have a high molecular weight and can be useful for delivering heavy and complex 

molecules [36]. The challenge of polymer carriers is their possible toxicity due to cationic polymers 

with a high degree of branching and molecular weight. Micelleplexes ( Figure 3 E) are like polyplex-

es, but they can combine a drug and RNA delivery at the same time [37].  

On the other hand, hybrid-based vectors overcome the limitations of the previous two carrier 

types by combining them into one new type of carrier [22]. The combination of lipid-based vectors 

with polymer-based vectors originated the lipopolyplexes and the cationic nanoemulsions. Lipopoly-

plexes ( Figure 3 C) are formed from a nucleic acid-polycation complex core encapsulated in a lipid 

shell, combining the high stability and low cytotoxicity of lipid-based vectors with small particle size, 

endosomal escape, and high transfection activity advantages from the polyplexes. Another hybrid vec-

tor created was the cationic nanoemulsions (Figure 3 F), which is an oil-in-water emulsion that is be-

ing developed by Novartis using their adjuvant MF59 and is already proven to be clinically safe for 

children, adults, and elderly people [36], [38].  
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Figure 3 Different types of carriers for RNA delivery and their compositions 

 

From the carriers talked about previously, LNPs are the most promising to encapsulate RNA, 

and had already been approved for use in covid-19 vaccines by Pfizer and Moderna, thus these carriers 

were selected for conducting the experimental work encompassed in this thesis. For that reason, it will 

now be discussed the composition and the role of each compound in the LNPs. 

 

1.3.3 Lipid nanoparticle composition 

Lipid nanoparticles are formed mainly of four components: cationic lipids (can be substituted 

by ionizable lipids), phospholipids, cholesterol, and PEGylated lipids [39]. Each component and its 

optimized ratios dictate the nanoparticle's desirable characteristics: high encapsulation efficiency, 

good structural integrity, good fusogenicity, good steric barrier effect, and easy endosomal escape. 

Cationic lipids are important in improving encapsulation efficiency since their positive charge 

allows electrostatic interactions with RNA [49]. These lipids have been recently substituted by ioniza-

ble lipids, which in acidic conditions present a positive charge and with physiological pH present a 

neutral charge. Alteration of charge due to alteration of pH is an improvement in the nanoparticle ca-

pacity of RNA delivery since it promotes better intracellular delivery and higher clearance time in 

blood current due to neutral charge. At the same time, neutral charge ameliorates tolerability and 

pharmacokinetic properties in comparison with cationic lipids. The endosomal escape is also enhanced 

with ionizable lipids since, inside the nanoparticle with an acidic pH, the ionizable charge changes to 
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positive, which contributes to merging the lipid nanoparticle with the endosomal membrane allowing 

RNA to be released into the cytoplasm [39], [40]. 

Phospholipids are considered helper lipids, a group of lipids whose function is to enhance na-

noparticle stability and promote phospholipidic bilayer destabilization for efficient nucleic acid deliv-

ery [39]. Usually, LNPs are made with one of the following types of phospholipids: phosphatidylcho-

lines, like distearoylphosphatidylcholine (DSPC) or dioleoylphosphatidylcholine (DOPC), or phos-

phoethanolamine like 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). Phosphatidylcholines 

have cylindrical geometry making them the natural components in phospholipidic bilayer construction 

[41]. In the cases where it is beneficial to have destabilization in endosomal membranes to facilitate 

the endosomal escape, DOPE should be considered [42]. On the other hand, if it is more important to 

ensure the stability of the LNPs membrane, DSPC should be considered, although it might be a diffi-

cult endosomal escape since LNPs high stability could reduce its ability to release the RNA inside its 

core. One way to overcome the issue is using DOPC, which makes the LNPs more fluidized, but the 

drawback is that increasing fluidization in nanoparticles makes them more prone to opsonization [39].  

Cholesterol is another helper lipid commonly used in LNPs formulation, due to its capacity to 

bind to empty spaces in the phospholipidic bilayer, making them more stable[41]. When LNPs are 

formulated with phosphatidylcholines and cholesterol, they promote a stable lipid bilayer [43]. It has 

been demonstrated that these can also promote membrane fusion [44]. At the same time, a study 

proved that cholesterol has low solubility inside the nanoparticle core, therefore it will accumulate on 

the nanoparticle surface, which destabilizes the phospholipidic bilayer and promotes endosomal es-

cape [45], [46]. 

The PEG lipids are composed of a hydrophilic PEG molecule that is linked to a lipid chain. 

The hydrophobic part is attached to the LNPs bilayer, and the hydrophilic part stays on the LNPs sur-

face [39]. The addition of PEGylation to LNPs reduces toxicity and at the same time increases half-

time blood circulation, which leads to an accumulation of LNPs in diseased sites instead of the liver 

[47]. The steric barrier effect caused by PEGylation also prevents the aggregation of nanoparticles 

during production, which promotes a homogenous LNPs size between 50 and 100 nm, leading to a 

small polydispersity index[39], [47], [48]. Although PEGylation has many advantages, the quantity in 

each nanoparticle should be controlled and kept at a minimum value because high quantities promote 

LNPs fusion with the endosomal membrane, which represents a barrier in drug delivery [48]. The PEG 

size itself is important since it was demonstrated that small PEG size diffuses away from LNPs faster 

than large PEG size molecules, increasing the blood circulation time [50]. 
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1.3.4 Importance of excipients  

Pharmaceutical excipients are pharmacologically inert substances that are added to drugs, to en-

sure drug physical and chemical stability, bioavailability, biocompatibility, delivery to the desired 

target, and increase the drug quantity available for cell absorption [51].  

The main objective of encapsulating RNA into LNPs is to reach the target cell. The composition 

of each lipid in the LNPs should be carefully determined since, as reported in subchapter 1.3.3, higher 

concentrations of some lipids can promote toxicity. 

For inhalation proposes, the excipients already approved for use by the FDA are very limited 

due to the limited guidance available for the potential use of excipients available from other industries 

or already used in different applications, for example from parenteral route to inhalation route [52]. 

Nebulization solutions are usually composed of drugs dissolved in aqueous isotonic solvent sys-

tems that can contain other preservative excipients that have functions to decrease the possibility of 

microbial growth, being utilized as buffers, osmolytes, or cryoprotectants [53]. In LNPs, nebulization 

excipients added should not only have into account solution stability but also LNPs stability and the 

dispersion capacity of the solution when nebulized.  

Buffering agents like Phosphate Buffered Saline (PBS) are frequently used in this type of solu-

tion since it helps to adjust the osmolarity of the solution and are capable to maintain the pH stable 

when formulations are frozen for storage [54], [55]. 

Another class of excipients widely used in nebulization solutions is surfactants, like polysorb-

ates and sorbitanes since they are reported as capable of increasing dispersion or dissolution of the 

drugs when nebulized and can present concentrations from 0.001 to 2 % (W/V). Surfactants also mod-

ify surface properties, which enables modulation of the aerodynamic performance of the solution and 

aerosolized droplets. For biological formulations, surfactants are also used to prevent aggregates, 

which for systems like LNPs is of great importance, since when LNPs pass through the nebulizer mesh 

the vibration that promotes this passage can lead to nanoparticle aggregation and/or fusion [54], [56], 

[57]. 

Excipients with cryoprotectant function are very important for long-stability storage. Usually, 

these excipients are sugars like mannitol, trehalose, sucrose, or glucose and are widely used in the 

freeze-drying process. In the present system, this type of excipient would help prevent aggregation and 

maintain stability if the samples are stored at freezing temperatures [57] – [60]. 
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1.4 Lipid nanoparticles production 

LNPs encapsulating RNA require a production process that allows high control during produc-

tion and promotes high RNA entrapment efficiency and reproducibility. In the following subchapter, 

some of the existent LNPs process methods will be discussed, followed by an exhaustive examination 

of the microfluidics ethanol injection method, which will be used for producing LNPs in the thesis, 

and some parameters which are important to have a controlled microfluidic production. 

 

1.4.1 LNPs production methods  

Most RNA-LNPs production methods are performed using rapid mixing methods, which con-

sist of mixing a fluid stream that contains lipids in an organic phase with another fluid stream that 

contains RNA in an aqueous phase. When the two streams encounter, the dilution of the organic phase 

in the aqueous phase occurs, promoting the production of LNPs, since the lipids are hydrophobic and 

tend to form spherical particles to reduce interfacial tension, which encapsulates RNA in the aqueous 

solution [61]. 

 In rapid mixing, two methods had been widely used for LNPs production: 1) lipid-film hydra-

tion followed by extrusion or sonication homogenization, and 2) ethanol injection.  

Liposome-based products are formed through a lipid-film hydration technique where the lipid 

film is dried to evaporate the organic solvent. Then the aqueous phase is added to the lipid film, pro-

moting the self-assembly of multilamellar vesicles with several lipid layers, containing inside its core 

the aqueous phase. Several freeze-thaw cycles can be performed to achieve liposomes with fewer lipid 

layers and a higher volume of aqueous phase encapsulated in its core. Since the liposomes produced 

have a broad particle size distribution, several extrusion cycles or sonication cycles are then performed 

to homogenize the liposome's particle size. [62], [63]. LNPs have also been produced by lipid-film 

hydration, but due to multiple production steps and lower encapsulation efficiencies, it is not consid-

ered a preferable method [40], [61] – [63]. 

The ethanol ejection method appeared to overcome the problems inherent to the lipid film hy-

dration method [40]. The method consists of a lipid solution with ethanol mixed in a micromixer with 

an aqueous buffer system with RNA, generating “precipitates” that are nanoparticles with RNA inside 

them [64]. The nanoparticle size is dependent on a wide range of factors, like lipid concentration, 

choice of lipids, flow rate ratio (FRR), or total flow rate (TFR), which can be controlled. In compari-

son with the previous method, the principal advantage is the simplicity, absence of harmful chemicals 

and physical treatments, and the possibility of scale-up [64]. The application of this technology has 

advantages such as using always a controlled laminar flow with a Reynolds number usually lower than 
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100, low energy consumption, small diffusion distances, and a better ratio surface of area/volume. As 

an economic advantage, less demand for materials makes the technology cheaper [65]. For these rea-

sons, the ethanol-injection method was adopted for RNA-LNPs production during the thesis. 

 

1.4.2 Ethanol injection method, and operational process parameters 

In 1973, Batzri and Korn developed the ethanol injection method as an improved alternative to 

the thin film hydration method combined with sonication [66]. The method combines lipids in ethanol 

with RNA in an aqueous phase. The fast ethanol dilution in the aqueous buffer promotes the self-

assembly of lipid vesicles due to a rise in the solvent’s polarity, which promotes a homogeneous solu-

tion with nanoparticles [67].  

The working principle of this method relies on the good mixing of the two phases. With the 

evolution of technology, different types of micromixers have started to appear to continuously im-

prove the mixing with higher throughput in mind, where it can be highlighted the Hydrodynamic Flow 

Focusing micromixer (HFF), the Staggered Herringbone Micromixer (SHM) and the Toroidal Mixer 

(TrM). 

Hydrodynamic Flow Focusing micromixer (HFF) is one of the most used micromixers, where 

an organic phase channel containing lipids will join an aqueous phase channel containing RNA and 

form the LNPs in the liquid-liquid interface [68], [69]. This micromixer can be a 2D HFF, which has 

horizontal channels for interface mixing, or 3D HFF which has a cylindrical interface mixing, increas-

ing the mixing time and consequently the LNPs production [69]. The limited flow rate is the main 

disadvantage of HFF, making it difficult for the scale-up process and hard to achieve high throughput 

[65]. 

To overcome the HFF problems, chaotic advection micromixers were created, which consist 

in inserting barriers inside the microchannels, since promoting chaos is an efficient way of mixing 

streams with a low Reynolds Number [65], [70].  A staggered Herringbone Micromixer (SHM) is a 

usual chaotic advection micromixer with transverse components inside the microchannel, improving 

mixing due to chaotic flow and consequently decreasing mixing length [69]. This design can work 

with higher flow rates than HFF, can be scaled up, has an encapsulation efficiency higher than 90 %, 

and generates nanoparticles with a size lower than 100 nm, being a perfect technique for laboratory 

work [63], [65], [69] – [71]. 

Flow rate capacity in SHM continues to be a problem, although recently Precision Nanosys-

tems Inc. has developed a novel channel capable of eliminating that problem, the Toroidal Mixer 

(TrM)[69]. This method can produce higher mixing efficiency in laminar flow due to circular struc-

tures allowing to create a chaotic mixing in flow rates up to 20 L/h [72]. In comparison with SHM, it 
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seems to be a promising technology, but with low research yet, SHM stands as the best continuous 

flow process for LNPs production.  

Table 1 summarizes the main advantages and disadvantages of micromixers. 

After choosing the right micromixer, other operational parameters that can affect LNPs mor-

phology should be considered, where the most critical are N/P ratio, Total flow rate (TFR), Flow rate 

ratio (FRR), and lipid concentrations. 

Nitrogen to phosphate ratio (N/P) is an important operational parameter in microfluidics since 

it describes the interaction between the amino group present in ionizable lipid and the phosphate pre-

sent in RNA, responsible for the complexation of RNA with the LNPs. This ratio can have an impact 

on particle size, as it was reported that increasing the N/P ratio will decrease LNPs size since there is 

less RNA to encapsulate in each LNPs [73] and can also have an impact on mRNA expression, as 

studies show that N/P higher than 15:1 will promote a reduction in protein expression [74]. The deli-

cate balance between good protein expression and small particle size makes different companies 

choose different N/P ratios, for example, Patisiran encapsulates SiRNA with an N/P ratio of 3 while 

mRNA LNPs vaccines use an N/P ratio of 6 [53]. 

 

Table 1 Main advantages and disadvantages of different microchannels 

Micromixer 

type 
Advantages Disadvantages Micromixer diagram Bibliography 

Microfluidic 

Hydrodynamic 

Flow Focusing 

(HFF) 

 

• Smaller molecules (lower 

than 150 nm) 

• Higher encapsulation 

Efficiency (20 higher than 

BE) 

• No need for post-

processing treatments 

 

 

• Diluted sample 

concentration 

• Limited flow rate 

production 

 

 

[63], [65], [68], 

[69] 

Microfluidic 

Staggered 

Herringbone 

Micromixer 

(SHM) 

• Chaotic advection mixing 

• High encapsulation effi-

ciency (90 %) 

• Small molecules (lower 

than 100 nm) 

• Available for scale-up 

• Homogeneous particle 

size 

 

• More expensive 

• Limited flow 

production 
 

[63], [65], [69] – 

[71] 

Toroidal Mix-

er (TrM) 

• Chaotic advection mixing 

• High encapsulation effi-

ciency (90 %) 

• Small molecules (lower 

than 100 nm) 

• Possible to have a high 

flow rate (up to 20 L/h) 

 

• Recent approach 

with low publi-

cations 
 

[69] 
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The total flow Rate (TFR) and Flow Rate ratio (FRR) between the aqueous phase and lipid 

phase are also important to control LNPs size. A study reported that varying TFR from 5 - 20 mL/min 

in an SHM micromixer concluded that increasing TFR reduces LNPs size, but for TFR higher than 10 

mL/min no significant size changes were reported. In the same study, it was concluded that changing 

FRR from 1:1 to 5:1 decreases particle size, and while 1:1 presented a high particle size (between 200 

nm and 800 nm), 3:1 and 5:1 ratio presented a stable particle size between 37 and 65 nm [40]. Similar 

conclusions were presented in SiRNA LNPs productions with SiRNA/Lipid ratio of 0.06 (W/W) and 

TFR changing from 0.02 to 4 mL/min [75]. Literature demonstrated that lipid concentration was also 

important for particle size control since changing concentration from 5 to 20 mg/mL promoted particle 

size increase [76].  

 

1.5 Inhalation methods 

From the different administration routes available to treat respiratory diseases, the inhalation 

route is preferable since direct drug delivery into the active site presents as advantages lower systemic 

side effects, smaller drug volumes used, and consequently smaller treatment times. Despite this, the 

irritation of the airways may stimulate the cough reflex and the necessity of a correct inhaler technique 

for maximum drug delivery, are the major drawbacks of this technology [78].  

Regarding the delivery of nanoparticles through the inhalation route, there are three possible 

devices already on the market that are suitable for LNPs delivery: pressurized metered-dose inhalers, 

dry powder inhalers, and nebulizers. 

 

 

1.5.1 Pressurized Metered-Dose inhaler (pMDI) Dry Powder Inhaler (DPI) 

The pressurized metered-dose inhaler (pMDI) is a portable device with a metal can that when 

pressed, the valve opens and the liquid is released into the actuator and transformed into small droplets 

in a precise quantity of drug that will reach the patient lungs [6], [79], [80]. The pMDI is the primary 

choice for the treatment of respiratory diseases such as asthma and COPD [81], and the continuous 

success of pMDI is related to the fact of being a portable device, user-friendly, and without any previ-

ous preparation before the treatment. Although the uses of CFCs as a propellant, the high pharyngeal 

deposition, and the coordination between pressing the actuator and inhalation promoted the novel in-

halation methods' appearance [82], [83]. 
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Dry powder inhalers (DPI), appeared in the market to solve the patient coordination problems 

associated with pMDI, eliminate the use of CFCs as propellants, and increase drug stability in compar-

ison with liquid solutions. DPI delivers an aerosolized drug powder with sizes between 1 and 5 µm 

with some excipients like lactose, mannitol, sucrose, trehalose, sorbitol, or glucose [81], [84]. The 

complex process of drying the liquid solution into a powder and the air humidity effect in the particle 

de-aggregation are some challenges associated with DPI drug production and delivery  [81]. 

 

1.5.2 Nebulization: different types and comparison with previous methods  

Nebulization consists of the conversion of a liquid by a mechanic or thermal process into aero-

sol droplets to be inhaled and deposited in the patient's lungs [86]. These devices are indicated for 

patients with difficulties in the use of the previous devices, such as babies, children, the elderly, or 

patients with severe diseases that have mobility and coordination issues [87].     

Compared with dry-powder formulations, nebulization delivers high amounts of drug solu-

tions with higher efficiency, and it is simpler to formulate and produce, which makes this a highly 

cost-effective product [88]. Also, the low investment associated with this technology, makes nebuliz-

ers one of the first steps in the development of inhalable formulations. 

Since the first nebulizer was made in 1858 by Jean Sales-Girons, the technology has been im-

proved and nowadays there are four main types of nebulizers already on the market: Jet Nebulizers 

(JN), Ultrasonic Nebulizers (UN), Soft Mist Nebulizer (SMN) Vibrating Mesh Nebulizers (VMN) 

[89]. 

Jet nebulizers were the first nebulizers commercially available in the 1930s, and nowadays 

they are the most common type of nebulizers on the market. The working principle is based on the 

Bernoulli Principle which states that, in a closed circuit, energy is conserved, thus if the fluid velocity 

increases with the decreasing size of pipe diameter, there is a pressure drop in tangential or coaxial 

flow pipes, leading to a suction effect called Venturi effect [90]. These pieces of equipment blow 

compressed air into a small diameter pipe, originating a low-pressure area around the liquid reservoir, 

which will suck the liquid into the airstream and then shatter it into small aerosol droplets. For effi-

cient droplet delivery, the solutions used should have a viscosity between 1 and 6 cP [91]. The baffle 

presented in the airflow outlet will help the liquid to be shattered and enable the small droplets to go to 

the patient's lungs while the larger droplets settle in the liquid reservoir and will be nebulized again. 

JN will shatter some particles more than once, which presents a big disadvantage for biological drugs 

since liquid shattering causes shear stress in the particles. This repeated stress in fragile particles, like 

LNPs-mRNA, can break them, releasing mRNA earlier than intended and leading to the degradation 

of mRNA by RNases presented in the body before reaching the target [88], [92]. Another disadvantage 



 

 

15 

presented by jet nebulizers is the large residual volume remaining at the end of nebulization, between 

1 and 1.5 mL, which for expensive biological nanoparticle drugs presents a major economical draw-

back [93].  

Ultrasonic nebulizers have been used since the 60s, but due to large residual volumes, inability 

to aerosolize viscous solutions, and degradation of heat-sensitive materials these types of nebulizers 

are not the most widely used [94]. The piezoelectric crystal inside the nebulizer converts electric sig-

nals to mechanical movements, creating an oscillatory movement with frequencies around 20 KHz. 

The movement in the liquid reservoir creates superficial waves that will promote droplet formation, 

which are dragged by the airflow [91]. The droplets can be formed by two methods, cavitation, or 

capillary. In cavitation, these mechanical movements create low-pressure areas which promote vapor 

bubbles formation. Then the oscillatory movements break the bubbles and destabilize the liquid sur-

face, leading to droplet creation. On the other hand, capillary waves promote liquid surface waves 

until reaching a point where they collapse [94]. The droplet's size is inversely proportional to two-

thirds of the acoustic power frequency and to nebulize the solution, the formulation viscosity should 

stay below 6 cP [91], [95]. For biological drugs, this type of nebulization is not suitable since the in-

creasing temperature up to an additional 10 ºC after 5-10 min of nebulization can denature the mRNA 

[91], [92].  

In 1993, the company Omron put on the market the first ultrasonic vibrating mesh nebulizer, a 

piece of revolutionary nebulization equipment based on the same principle of ultrasonic nebulizers. 

The vibrating mesh nebulizer uses the piezoelectric transducer to vibrate a perforated mesh to generate 

the droplets. This process is based on a pressure change before the mesh membrane that will make the 

liquid solution pass through the mesh and create small liquid droplets, all of a similar size, making the 

baffles unnecessary in this configuration [94], [96]. Rayleigh's theory predicts that the droplet size will 

be approximately two times the size of the mesh hole [93]. This type of nebulization is characterized 

by only a single passage through the mesh, which reduces the particle shear stress, low wasted vol-

ume, and fast treatment time. It has not been reported an increase in the temperature during nebuliza-

tion, making it the preferable nebulizer for biological drugs like the LNPs-RNA system [93]. The main 

disadvantage is the careful cleaning of the mesh to avoid clogging the orifices and future bacterial 

contamination [92], [94]. 

Soft mist nebulizers are the most recent nebulizers in the market, they entered the European 

market in 2004 to substitute the pMDI, which still used chlorofluorocarbons. These devices combine a 

variety of principles used in other nebulizers to achieve high lung deposition in deep parts of the 

lungs. Table 2 summarizes the different advantages and disadvantages of each nebulizer type.  

Since this thesis will work with sensitive biological drugs the most appropriate nebulizer avail-

able is the vibrating mesh nebulizer [98].  
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Table 2 Advantages and disadvantages of the different types of nebulizers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nebulizer Advantages Disadvantages Bibliography 

Jet Nebu-

lizer 

• Aerolize different types of liquid (so-

lutions, suspensions, oils …) 

• Effective delivering drugs that cannot 

be delivered with pMDIs or DPIs 

• Cheaper technology 

 

• Long treatment times (> 6-15 min) 

• Large residual volume (1-1.5 ml) 

• Not suitable for biologic drugs due 

to high mechanical stress caused by 

the process 

 

[88], [89], [91] 

– [93] 

Ultrasonic 

Nebulizer 

• More efficient than JN 

• Shorter nebulization time 

• Better for large volumes 

• Inability to aerolize viscous solu-

tions 

• Degradation of drugs that are heat-

sensitive 

[89], [91], 

[92], [94] 

Soft Mist 

Nebulizer 

• --- 

 

• High lung deposition (> 50 %) 

• Can achieve deep lung deposition 
[98] 

Vibrating 

Mesh 

Nebulizer 

• Low residual volume (0.1-1.25 ml) 

• Low mechanical stress during nebuli-

zation process 

• More silent than jet nebulizer 

• Easy to use 

 

• Limited in delivery of suspensions 

• Some models are available only for 

a specific drug 

• Potential loss of performance due to 

the inadequate cleaning regime 

[89], [92] – 

[94] 
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1.6 Quality attributes for inhaled RNA-LNPs 

To guarantee that the LNPs are safe for human use, it is necessary to evaluate how particles be-

have throughout the production process, with characterization tests done when nanoparticles are pro-

duced, dialyzed, and nebulized. For that reason, critical quality attributes (CQA) are defined, which 

are physical, chemical, biological, or microbiological properties or characteristics that should be with-

in an appropriate limit, range, or distribution to ensure the desired drug quality [99]. Here two types of 

CQAs should be defined, the CQAs related to LNPs and the CQAs related to the Inhalation method. 

In LNPs CQAs are Important for determining their in vivo and in vitro performance, where 

LNPs size, polydispersity, surface charge, PH, osmolarity, RNA encapsulation, lipid, and RNA con-

tent are some important CQAs referred in literature [73], [99]. 

Before the formulation approval, it is necessary to characterize its performance when nebulized, 

where defined CQAs are the delivered dose, which is the amount of drug that is emitted from the de-

vice available for later use, and the aerodynamic particle size distribution that determines the quantity 

of emitted dose that reach the lungs or nasal mucosa during device actuation [100]. 

The next subchapters will address the characterization methods used to address each CQA and 

their importance to ensure LNPs, RNA, and final drug product quality.  

 

 

1.6.1 Particle Size 

The particle size of the LNPs determines the success of the formulation, and it should have a 

homogeneous size distribution, reflected by the polydispersity index with dimensions that should stay 

smaller than 200 nm to avoid uptake by cells of the RES and larger than 10 nm to avoid renal clear-

ance [101], [102]. 

Dynamic light scattering (DLS) is a method where the particle size diameter is measured ac-

cording to its Brownian motion, defined as the movement of particles in a liquid due to collisions with 

the molecules that surround them. The particle movement inside the liquid matrix is random and their 

velocity allows to determine their size. The principle considers that smaller particles move faster than 

larger ones. 

 

 

 



 

 

18 

The continuous light scattering by the irradiated particles allows an understanding of their 

movement, which enables the calculation of particle velocity and, consequently, an average particle 

size, using the Stokes-Einstein equation. 

 

𝑑(𝐻) =
𝐾𝑇

3𝜋𝜂𝐷
 

 
Equation 1 Stokes-Einstein equation where d(H) is the hydrodynamic diameter, D is the translational diffusion coefficient, K 

is the Boltzmann’s constant, T is the absolute temperature, and η is the viscosity of the solution. 

 

DLS will provide a graph where it is showed the intensity in the function of the size diameter 

and, at the same time, a polydispersity index (PDI) can be calculated. The calculated polydispersity 

index (PDI) measures the degree of non-uniformity in the particles’ size population. PDI values below 

0.3 indicate that the particle size of the population is homogeneous, whereas values higher than 0.3 

indicate a higher range of sizes in the sample [103]. 

 

1.6.2 Surface Charge 

The surface charge can promote or difficult cellular uptake since if a particle has a positive 

charge it can pass through the cell membrane and reach the cytoplasm in an easier way than negative 

charge particles. The charge value cannot be high otherwise it will penetrate easily into the cells and 

can cause cytotoxic effects [104]. For clinical purposes, LNPs should present a neutral zeta potential 

[73], [105].  

LNPs suspended in the solution usually have a charge, and if that charge is opposite to the 

particle charge, then a migratory movement of anions or cations occurs in the direction of the particle 

surface. This originates a diffuse layer where ions closer to the particle surface are strongly linked and 

further ions are weakly linked to the particle. Another layer called the slipping layer is the layer that 

divides the ions still affected by the particle charge from the ones that are not affected. The energy 

potential in the slipping layer is called zeta potential. 

 The surface charge is measured by Zeta potential analysis, which is determined by calculating 

the electrophoretic mobility, using a Laser Doppler Velocimetry (LDV) to measure the velocity of the 

particle when an electrical field is applied, and then applying the Henry equation (Equation 2). 
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𝑈𝐸 =
2𝜀𝑧𝑓(𝐾𝑎)

3𝜂
 

Equation 2 Henry equation where z is the zeta potential, UE is the electrophoretic mobility, ε is the dielectric constant, η is 

the viscosity, and f(Ka) is Henry's function where the values of 1,5 or 1,0 are generally used as an approximation 

 

pH is an important parameter to have into account during these measurements since pH affects 

the zeta potential [103].  

 

 

1.6.3 Osmolarity 

Osmolality is the number of solute particles dissolved in a solvent and is an international re-

quirement for pharmaceutical solutions as reported in USP <785> [107]. Plasma in the bloodstream 

usually has an osmolarity ranging from 300-310 mOsm, which should be the target for pharmaceutical 

solutions, to avoid swelling or contraction of the tissues with which they come in contact. It is reported 

that for intravenous administration, solutions up to 450 mOsm/Kg are well tolerated [106].  

Osmolarity is the difference between the freezing point of pure water and the freezing point of 

the aqueous solution sample, measured using an osmometer [108]. The equipment will reduce the 

temperature of the aqueous solution at the supercooling point, which is the temperature below the 

freezing point, but where the solution remains in the liquid state without stirring. Then, when the solu-

tion is stirred, freezing is initiated, and the temperature at which solution freezing occurs is measured 

[109].  

 

1.6.4 pH 

Neutral pH is an international requirement for pharmaceutical solutions established by interna-

tional regulatory agencies. Only neutral solutions can be safely used for inhalation purposes, which is 

reflected by a pH value in the range of 6.5 to 7.5 (at 25 ºC). Acidic pH has been reported to promote 

bronchoconstriction and cough in nebulized anti-asthmatic solutions [110]. pH is determined by meas-

uring the free hydrogen ions that are in the solution, reported in logarithmic units, and each unit repre-

sents a 10-fold change in the acidity/basicity of the solution. 

. The solution is acidic if there are many free hydrogen ions, exhibiting a low pH, and basic 

when the quantity of hydrogen ions is low, reflected by a high pH [111].  
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1.6.5 Encapsulation Efficiency for RNA 

Encapsulation Efficiency (EE) aims to calculate the RNA percentage that is enclosed inside 

the LNPs. This is an important quality attribute since RNA that is not encapsulated will degrade dur-

ing the path until the target cell due to RNases present in the body. Fluorescence-based quantification 

is a widely used method for EE determination in RNA LNPs [112]. The method measures the fluores-

cence intensity of RNA binding with a fluorescent dye, RiboGreen reagent, that without RNA binding 

is neglectable. Since the dye cannot enter inside de LNP it cannot bind with the RNA encapsulated 

inside the LNP core, enabling the quantitation of solely unencapsulated RNA and total RNA present in 

solution when its promoted LNPs lyse [113].  

The encapsulation efficiency is based on the difference between the fluorescence of RNA in 

the solution after LNPs lysis and the fluorescence of unencapsulated RNA before LNPs lysis. When 

the solution presents high EE percentages (> 80 %) it can be concluded that LNPs encapsulated almost 

all RNA added during the production process, and that RNA was not released again with time, which 

is a sign of good colloidal stability. On the opposite, low EE represents poor colloidal stability. 

1.6.6 RNA integrity: gel electrophoresis and HPLC 

Even though good EE values mean that encapsulated RNA has not leaked from the LNPs, it 

does not reflect the ability of the RNA to have the desired effect in the target site. Thus, it is necessary 

to evaluate the RNA integrity inside the LNPs core. 

High-Performance Liquid Chromatography (HPLC) is a reliable method for the separation of 

large RNA compounds of up to 8000 nucleotides through an ion reverse phase liquid chromatography 

column [114]. This column works with a hydrophobic nonpolar stationary phase and a mobile polar 

phase with an ion-pair reagent (usually an alkylated amine). During the process, the amine’s alkyl 

chains bind to the lipophilic stationary phase, leaving the cationic part of the molecule that binds with 

the negatively charged part of nucleic acids, which promotes hydrophobic separation. Triethylamine 

(TEA), Dibutylamine (DBA), and Diisopropylethylamine (DIPEA) are some examples of ion-pairing 

reagents added to the mobile phase [115], [116]. Comparison between RNA standard sample peak size 

area, shape, and retention time with the sample allows an understanding if RNA is fully operational or 

if it has degraded.  

An orthogonal method to evaluate RNA integrity is gel electrophoresis, which recovers sepa-

rately nucleic acids based on their charge and dimensions. In this method, an electric current is applied 

to an agarose gel and, consequently, the samples move through the gel at different velocities. Heavier 

molecules will remain closer to the beginning of the gel while lighter molecules will travel further and 

settle at the end of the gel. This is a qualitative method without as much sensibility and resolution as 
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liquid chromatography since the integrity of the RNA is evaluated by visually comparing if the fluo-

rescent RNA layer that is visible in the standard aliquot is at the same height as the sample [115].  

 

 

1.6.7 Aerodynamic particle size distribution 

The aerodynamic performance of nebulized formulations is a critical quality attribute with 

high importance for formulation screening, in an early phase of formulations studies, and for final 

drug product approval since droplets’ behavior after nebulization will dictate the pulmonary region 

where the drug will deposit [100]. 

For nebulized formulations, this performance is determined with a cascade impactor, and from 

the several types of cascade impactors in the market, the Next generation Impactor (NGI) launched by 

MSP corporation in 2000, was the first designed specifically for the pharmaceutical industry. To com-

ply with USP and EP guidelines its necessary to control the airflow passing to the NGI by using a 

breathing simulator (BRS), as specified in United States Pharmacopeia (USP) <601> [117]. The BRS 

enables attaining a sinusoidal cycle of inhalation and exhalation, to mimic the breathing pattern of a 

healthy adult. 

The equipment is based on the segregation of droplets produced by the nebulizer through differ-

ent stages that will separate the droplets by their aerodynamic size. The NGI has seven stages along a 

horizontal metal plate where the air flows through and between each stage there are cut-off holes, cor-

responding to the aerodynamic diameter of each stage, which are reducing their sizes gradually with 

the stages as observed in Figure 4 [118]. After passing stage 7, the remaining particles are collected in 

a micro-orifice collector (MOC). For nebulizers, the airflow used is 15 L/min which leads to the cut-

off diameters present in Table 3 [119]. Due to the lower flow rate used in nebulization experiments in 

comparison with DPIs, the other available cascade impactors, with a minimum flow of 30 L/min, are 

not applicable. However, recent studies have explored partial modification of a fast-screening im-

pactor to reduce airflow down to 15 L/min and enable a faster screening, with some early results being 

comparable to NGI experiments [120]. 

Since some of the formulation components may be volatile, a major challenge of NGI experi-

ments of solutions for nebulization is droplet evaporation, caused by the impact of the cold droplets 

onto the warmer steel surfaces. This can reduce droplet size and lead to the incorrect determination of 

aerodynamic PSD (aPSD). To overcome this effect, the NGI should be cooled down by conducting the 

experiments inside an NGI cooler at a temperature of 2 - 8 ºC or by cooling down the NGI in advance 

inside a refrigerator, for at least 90 min. 
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Table 3 Cut-off diameter for NGI at flow rate 15 L/min 

 

 

 

Figure 4 Next generation impactor left: A- 7-Stage apparatus; B- Induction Port; C- Pre-separator (does not apply to nebuliz-

er testing) Right: 1- Bottom frame; 2- Support tray; 3- Lid with interstage 

 

After quantifying the drug deposited at each stage, a log-normal mass distribution of NGI 

stages is attained and allows to determine the Mass median aerodynamic diameter (MMAD), which is 

the aerodynamic diameter that represents half of the nebulized drug mass. The MMAD should be low-

er than 5 µm to facilitate lung deposition in the smaller airways. Additionally, aerodynamic distribu-

tion is also reflected by the geometric standard deviation (GSD), calculated according to Equation 3, 

which measures the variability of the aerodynamic particle sizes [100], [117], [121]. 

 

𝐺𝑆𝐷 =  √
𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑖𝑧𝑒 𝑎𝑡 15.84 %

𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑠𝑖𝑧𝑒 𝑎𝑡 84.13 %
 

Equation 3 GSD determination based on mass cumulative curve points  

 

The GSD value should be below 2 µm, a value that reflects a monodisperse aerosol particle size [100].  

The percentage of particles with an aerodynamic diameter in the inhalable range, between 1 and 5 µm, 

is expressed by the Fine particle fraction (FPF), determined according to Equation 4 [122]. 

 

 

 

 Stage 

1 

Stage 

2 

Stage 

3 

Stage 

4 

Stage 

5 

Stage 

6 

Stage 

7 

Cut off diameter at 15 L/min 

(µm) 
14.10 8.61 5.39 3.30 2.08 1.36 0.98 
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𝐹𝑃𝐹 =  
𝐹𝑖𝑛𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑜𝑠𝑒

𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝐷𝑜𝑠𝑒 
 × 100 

 

Equation 4 Fine particle fraction determination, where Fine Particle Dose (FPD) is the mass of particles with an aerodynamic 

diameter smaller than 5 μm and the Delivered Dose (DD) is the total mass that is recovered from the NGI (with exception of 

the drug quantity that remains in the nebulizer). 

 

The MMAD, GSD, and FPF are critical quality attributes of nebulized formulations that re-

flect the particle deposition in the smaller airways since the deposition site affects drug efficiency. 

 

1.6.8 Delivered Dose of RNA 

Delivered dose (DD) is the quantity of solution that potentially reaches the patients' lungs, be-

ing a key test to ensure good device/formulation delivery performance. This parameter is measured 

through the actuation of the device and capturing of the nebulized dose by a filter coupled to a BRS to 

simulate the inhalation and exhalation pattern of a healthy adult. After a certain period, usually 1 min 

of nebulization, the filter is collected, and the mass of RNA recovered is used to calculate the deliv-

ered dose rate. The filter is replaced by a fresh one and the nebulizer is fully actuated. The totality of 

the RNA mass captured in both filters corresponds to the total emitted dose [123].   
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2  

MATERIALS AND METHODS 

2.1 Materials 

The work produced during the thesis can be divided into 3 main parts: 1) LNPs production, 2) 

LNPs dialysis and nebulization, and 3) analytical characterization. In all these steps it was used the 

reagents present in  Table 4. The composition values (%) of the formulations used in this thesis have 

been codified due to confidential protection of data. 

 

Table 4 List of reagents used with the respective supplier, purity, and Cas (Chemical Abstracts Service) number. ND: No 

data 

Name Supplier Purity (%) Cas Number 

1,2-dioleoyl-3-trimethylammonium 

propane (DOTAP) 
Avanti Polar Lipids, Alabaster >99 132172-61-3 

3 beta-[N-(N',N'-

dimethylaminoethane)-

carbamoyl]cholesterol (DC-Chol) 

Sigma-Aldrich Chemicals, Saint Louis 95 137056-72-5 

Cholesterol Sigma-Aldrich Chemicals, Saint Louis >99 57-88-5 

Distearoylphosphatidylcholine (DSPC) LIPOID, Ludwigshafen ND 816-94-4 

1,2-dimyristoyl-rac-glycero-3-

methoxypolyethylene glycol-2000 

(DMG-PEG 2000) 

Avanti Polar Lipids, Alabaster >99 1397695-86-1 

Ethanol AGA, Prior Velho 99.5 64-17-5 

Sodium acetate anhydrous Sigma-Aldrich Chemicals, Saint Louis >99 127-09-3 

Ribonucleic acid transfer, from bovine 

liver (tRNA) 
Sigma-Aldrich Chemicals, Saint Louis ND 9014-25-9 

Water Milli-Q® Water Purification System ND ND 

EZ CAP™ EGFP mRNA (5-MOUTP) APEXBIO, Houston ND ND 

Phosphate buffered saline (PBS) Sigma-Aldrich Chemicals, Saint Louis ND ND 

Poloxamer 188 (P188) Sigma-Aldrich Chemicals, Saint Louis ND 9003-11-6 

Sucrose Sigma-Aldrich Chemicals, Saint Louis >99.5 57-50-1 

Sodium Chloride (NaCl) Merk millipore, Darmstadt ND 7647-14-5 

Arginine Merk millipore, Darmstadt ND 74-79-3 

Polysorbate 80 (T80) SEPPIC, Paris ND 9005-65-6 

https://www.sigmaaldrich.com/PT/en/search/127-09-3?focus=products&page=1&perpage=30&sort=relevance&term=127-09-3&type=cas_number
https://www.sigmaaldrich.com/PT/en/search/9003-11-6?focus=products&page=1&perpage=30&sort=relevance&term=9003-11-6&type=cas_number
https://www.merckmillipore.com/PT/en/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_cas_no_value%3D7647-14-5
https://www.merckmillipore.com/PT/en/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_cas_no_value%3D74-79-3
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Triethylamine 
PanReac AppliChem, Cinisello Balsa-

mo 
99.5 121-44-8 

Acetic acid (glacial) Merk millipore, Darmstadt 100 64-19-7 

Acetonitrile Merk millipore, Darmstadt 100 75-05-8 

Agarose NZYTech, Lisbon ND 9012-36-6 

Tris NZYTech, Lisbon >99.9 77-86-1 

Ethylenediaminetetraacetic acid 

(EDTA) 
Sigma-Aldrich Chemicals, Saint Louis 99.4 60-00-4 

RIBORULER HIGH RANGE RNA 

LADDER 

Thermo Fisher Scientific, Massachu-

setts 
ND ND 

SYBR™ Green II RNA Gel Stain, 

10,000X concentrate in DMSO 

Thermo Fisher Scientific, Massachu-

setts 
ND ND 

Glycerol, Emsure®, Reag. Ph Eur Merk millipore, Darmstadt 85 56-81-5 

Bromophenol Blue Bio-Rad, California ND 115-39-9 

SDS Solution  10% (W/V) Bio-Rad, California ND ND 

 

2.2 Methods  

2.2.1 LNPs production by Microfluidics  

The LNPs production was executed in a set composed of 4 high-pressure syringe pumps dual-

NE-1010 from KF technology, Roma (Figure 15A-D), 4 ferrules with integrated filter, 1.6 mm FEP 

tube, 4 2-way in-line valves, 3 T-Connector, and flangeless ferrules, all from VWR, a staggered her-

ringbone micromixer from Dolomite, Charlestown, and a microscope from dino-lite. The setup was 

assembled as shown in Figure 5.  

 

Figure 5 Microfluidics set up for LNPs production 

https://www.sigmaaldrich.com/PT/en/search/60-00-4?focus=products&page=1&perpage=30&sort=relevance&term=60-00-4&type=cas_number
https://www.google.com/search?rlz=1C1GCEA_enPT1028PT1028&q=Waltham&si=AC1wQDCwN61-ebmuwbQCO5QCrgOvEq5bkWeIzJ5JczItzAKNdX0uEWNPltb2gttiN3z7sUCiIMIxvR572SQhTwMDJZWV6RuQKL8827H1Q_YRGjQc8kX-nFPSTLoWKtS1OMubJCOKfPZ9E7hVhjqTbA9m0GaEPntSN4bYhrlDkC4CxdsZD5mgGIMRzXn3aqb3M44hdSaneSdv&sa=X&ved=2ahUKEwiYx5PS45f8AhWL-TgGHY_0Bu0QmxMoAXoECF0QAw
https://www.google.com/search?rlz=1C1GCEA_enPT1028PT1028&q=Waltham&si=AC1wQDCwN61-ebmuwbQCO5QCrgOvEq5bkWeIzJ5JczItzAKNdX0uEWNPltb2gttiN3z7sUCiIMIxvR572SQhTwMDJZWV6RuQKL8827H1Q_YRGjQc8kX-nFPSTLoWKtS1OMubJCOKfPZ9E7hVhjqTbA9m0GaEPntSN4bYhrlDkC4CxdsZD5mgGIMRzXn3aqb3M44hdSaneSdv&sa=X&ved=2ahUKEwiYx5PS45f8AhWL-TgGHY_0Bu0QmxMoAXoECF0QAw
https://www.google.com/search?rlz=1C1GCEA_enPT1028PT1028&q=Waltham&si=AC1wQDCwN61-ebmuwbQCO5QCrgOvEq5bkWeIzJ5JczItzAKNdX0uEWNPltb2gttiN3z7sUCiIMIxvR572SQhTwMDJZWV6RuQKL8827H1Q_YRGjQc8kX-nFPSTLoWKtS1OMubJCOKfPZ9E7hVhjqTbA9m0GaEPntSN4bYhrlDkC4CxdsZD5mgGIMRzXn3aqb3M44hdSaneSdv&sa=X&ved=2ahUKEwiYx5PS45f8AhWL-TgGHY_0Bu0QmxMoAXoECF0QAw
https://www.google.com/search?rlz=1C1GCEA_enPT1028PT1028&q=Waltham&si=AC1wQDCwN61-ebmuwbQCO5QCrgOvEq5bkWeIzJ5JczItzAKNdX0uEWNPltb2gttiN3z7sUCiIMIxvR572SQhTwMDJZWV6RuQKL8827H1Q_YRGjQc8kX-nFPSTLoWKtS1OMubJCOKfPZ9E7hVhjqTbA9m0GaEPntSN4bYhrlDkC4CxdsZD5mgGIMRzXn3aqb3M44hdSaneSdv&sa=X&ved=2ahUKEwiYx5PS45f8AhWL-TgGHY_0Bu0QmxMoAXoECF0QAw
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Firstly, the lipid and aqueous phases were prepared separately. For the work developed during 

the thesis, two different lipid phases were prepared, the first solution was composed of DOTAP, 

DSPC, Chol, and DMG-PEG 2000, while the second solution was composed of DC-Chol, DSPC, 

Chol, and DMG-PEG 2000.  

Lipids were prepared by measuring their mass individually and then dissolved in ethanol to 

achieve the desirable ionizable/cationic lipid concentration. This step was performed at 40 ºC to im-

prove dissolution. After completely dissolved, filtration was performed using a 0.2 µm acrodisc filter 

from Pall coupled to a 10 mL luer lock syringe from VWR, and the solution was stored in a 10 mL 

luer lock syringe, placed in the syringe pump C (Figure 5) to be used later.  

Two aqueous phases were prepared by dissolving the different RNA sodium acetate solution 

buffer pH 5, prepared with Mili-Q water, sodium acetate, and acetic acid to achieve a desirable con-

centration of tRNA solution or mRNA solution. The first aqueous phase was prepared with tRNA and 

buffer, while the second was prepared with mRNA and buffer. The aqueous phase was stored in a 10 

mL luer lock syringe placed in syringe pump B (Figure 5) to be used later. 

On syringe pump A, it was placed a 10 mL luer lock syringe with sodium acetate solution and, 

in syringe pump D, a 10 mL luer lock syringe with ethanol for lines purge and cleaning. 

Before LNPs production, it was necessary to clean and purge all the lines. Firstly, with the mi-

croscope coupled to the micromixer, it was necessary to search for residues that can affect the process. 

If these residues were present the setup should be disassembled and cleaned.  

With no visible residues inside the micromixer, then it was required to pass the lines with so-

dium acetate buffer (syringe pump A), and then purge the aqueous phase line (syringe pump B) until 

the first T-connector. After the purge, it was necessary to pass again sodium acetate buffer to avoid 

LNPs formation when the same process was repeated in the lipid phase (syringe pump C) with ethanol 

as a buffer (syringe pump D). In the end, it was assessed if there were bubbles inside the micromixer 

as shown in Figure 6 A. 

 

Figure 6 A-Micromixer with air Bubbles; B-Micromixer accumulation after production 
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With the previous steps evaluated, the LNPs production was started with a defined total flow 

rate. The first 40 seconds of LNPs production were collected in Eppendorfs since the beginning of 

production can generate particles with non-homogeneous particle sizes, while the remaining fraction 

was collected in flasks and used for posterior tests.  

The production was stopped when dark spots start to appear in large quantities on the first 

chaotic mixers as observed in Figure 6 B. The cleaning process was realized by alternating the sodium 

acetate buffer (syringe pump A) and ethanol buffer (syringe pump D) until no residue was shown in 

the micromixer. This process should be replicated several times until all lipid and aqueous phases 

were used. 

2.2.2 LNPs dialysis  

Dialysis has the objective of replacing the solution where LNPs were produced, ethanol and 

sodium acetate, with excipients suitable for inhalation. During the thesis, the following formulations 

were tested: NaCl (A % W/V), NaCl (A % W/V) with Tween 80 (E %W/V), NaCl (A % W/V) with 

Poloxamer 88 (F %W/V), PBS, PBS with Tween 80 (E %W/V), PBS with Poloxamer 188 (C %W/V), 

PBS with Poloxamer 188 (D %W/V), PBS with Poloxamer 188 (F %W/V), PBS with Poloxamer 188 

(G %W/V), PBS with Poloxamer 188 (H %W/V), PBS with Poloxamer 188 (F %W/V) and Tween 80 

(E %W/V), PBS with Sucrose (I %W/V) and Poloxamer (G %W/V), and PBS with Arginine B mM. 

The dialysis was performed in a slide-a-lyzer mini dialysis device 10K MWCO from Thermo Scien-

tific, Rockford, where 45-50 mL of the formulation were added in the lower part of the cup (Figure 7 

B-2) and 2-3 ml of LNPs were added in the upper part of the cup ( Figure 7B-1). The cups were stored 

inside the NGI Cooler from Copley, Therwill, to keep the samples at a temperature between 2 - 8 ºC 

and with agitation in a mini shaker from VWR to facilitate dialysis as shown in Figure 7 A. The buffer 

in the lower part of the cup was changed 4/5 times during 2-day dialysis, at every 4-5 hours during the 

day, and kept with the same buffer during the night.  

 

Figure 7 A-Dialysis set up; B- Dialysis cup with 1- dialysis device to place LNPs and 2- falcon to place the desired buffer 
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2.2.3 Osmolarity 

To evaluate the osmolarity, a K-7400 Semi-Micro osmometer from Knauer, Berlin, was used. 

Before starting measurements, it was necessary to evaluate the status of the equipment with a standard 

sample, which was ultra-pure water with an osmolarity of 0 mOsm. If the standard measurement was 

outside the acceptance criteria, equipment calibration with 3 samples of known osmolarity was re-

quired. For sample analysis, an Eppendorf from the osmometer was filled with 150 µL and placed in 

the osmometer for reading. At the end of the reading, after unfreezing the sample, the thermistor and 

stirring wire was cleaned with deionized water. Osmolarity is evaluated after dialysis, after dilution of 

the sample, and after nebulization. 

 

2.2.4 LNPs nebulization 

Nebulization was performed using an Innospire Go vibrating mesh nebulizer from Philips, and 

the nebulized sample was collected in a 50 mL falcon attached to the mouth of the nebulizer with par-

afilm. During nebulization, the nebulizer was placed inside a closed box to avoid inhalation of any 

aerosolized droplets as shown in Figure 8. 

A 2 mL buffer formulation was nebulized three times to compare the nebulization times and 

understand if the nebulizer was working correctly. Then, 2-6 mL of the sample was nebulized. After 

the end of nebulization, a 2 mL buffer solution was nebulized to clean the mesh from any remaining 

LNPs followed by cleaning with deionized water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Nebulization set up, inside a closed box to contain the release of droplets to the surrounding environment, due to 

HSE concerns. 
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2.2.5 Particle size and zeta potential 

The particle size, its distribution, and polydispersity index were determined by dynamic light 

scattering and zeta potential was evaluated by electrophoretic mobility. Both measurements were per-

formed in a Zetasizer Nano ZS from Malvern Instruments.  

The particle size and polydispersion index of the samples were measured at 25 ºC with NIBS 

(Non-Invasive Back Scatter) and an angle of 173º. The samples were prepared in a 1 mL disposable 

cell with a ratio of milli-Q water/sample of 980:20 for non-diluted samples and 960:40 for diluted 

samples. 

The zeta potential was determined using electrophoretic mobility in a folded capillary cell 

from Malvern at 25 ºC. The volume of the sample was 600 μL, from which 200 µL were sampled and 

the remaining 400 µL were composed of milli-Q water. 

All measurements of particle size and zeta potential were performed with a stabilization time 

of 120 s before measurement and a triplicate with 10-20 runs per measurement. After the measure-

ments, the Malvern DTS v5.2 software was used for data acquisition and analysis. 

 

 

2.2.6 Encapsulation Efficiency 

The encapsulation efficiency (EE) was evaluated by a RiboGreen assay which evaluates the 

fluorescence in a Synergy HTX microplate from Bio Tek reader at 25 ºC and with a wavelength of 

emission λem = 520 nm and a wavelength of excitation λex = 480 nm [124]. 

The samples were prepared in a 1 mL Eppendorf, and two types of 800 μL samples were pre-

pared, lysed LNPs samples and non-lysed LNPs samples. For lysed LNPs samples, it was added 200 

μL of 2 % (v/v) TE-Triton Buffer to achieve a 1 μg/mL tRNA concentration in Eppendorf and diluted 

to volume 400 μL with 1X TE-buffer. The non-lysed LNPs were prepared by adding the necessary 

volume to achieve a 1 μg/mL tRNA concentration in Eppendorf and diluted to volume 400 μL with 

1X TE buffer. Both types of samples were incubated at 37 ºC for 10 min, and after cooling to room 

temperature, 400 µL of diluted RiboGreen was added to each Eppendorf. 200 µL of each sample were 

placed into a 96-plate well black fluorescent plate from VWR, for posterior reading on the microplate. 

An RNA calibration curve was prepared with the same method as the lysed LNPs at different 

RNA concentrations. 
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After measuring the plate’s fluorescence, the encapsulation efficiency was calculated using 

Equation 5 [73], where the total RNA is relative to the lysed LNPs and the unencapsulated RNA to the 

non-lysed LNPs. 

 

𝐸𝐸(%) =
𝑇𝑜𝑡𝑎𝑙 𝑅𝑁𝐴 − 𝑈𝑛𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑅𝑁𝐴

𝑇𝑜𝑡𝑎𝑙 𝑅𝑁𝐴
× 100 

Equation 5 Encapsulation Efficiency of Lipid Nanoparticles 

 

 

2.2.7 Aerodynamic particle size distribution 

The aerodynamic performance of nebulized droplets was determined with a new generation 

impactor (NGI). The NGI was placed for at least 30 min inside the NGI cooler to cool down to 2 - 8 

ºC. This NGI was coupled to the breathing simulator BRS, a vacuum pump, and a source of com-

pressed air via an induction port connected to an air inlet mixer. All the equipments were purchased 

from Copley, Therwill. 

The vacuum and compressed air flow rates were set at 15 L/min, to provide an average flow 

rate of 0 L/min when the BRS is stopped. The flow rate was measured with a Copley DFM 2000 Digi-

tal flow meter. Then the Copley BRS software was programmed to deliver a volume of 500 mL, which 

is the tidal volume in a healthy adult, in a sinusoidal breathing pattern with a 2 second inhalation and 2 

second exhalation cycle (inhalation/exhalation = 1:1).  

The nebulizer was filled with 6 mL of LNPs solution and attached to the mouthpiece adapter. 

6 mL was used to increase the detection of the active drug while remaining within the nebulizer’s ac-

ceptable range of volume (2 – 8 mL). Due to HSE concerns, a plastic bag with holes to enable circula-

tion of flow was placed around the nebulizer to avoid nebulized particles to be inhaled by the analyst 

(Figure 9).  

With all the setup ready, the BRS valve was opened, and the nebulization started immediately 

after the BRS was initiated. During nebulization, the temperature and humidity inside the NGI cooler 

were recorded for informative purposes, as well as the total time of nebulization. At the end of nebuli-

zation, the flow rate was re-evaluated to guarantee it remained close to 0 L/min when the BRS is 

stopped.  

The NGI was then disassembled and the stages, the inlet mixer, Induction Port (IP) (throat), 

mouthpiece adapter, interstage, and device were rinsed with 2.5 mL buffer solution to recover the 

LNPs present in each stage. The stages were placed in agitation for 10 min in the gentle rocker from 

Copley, the IP in the Sample Preparation Unit 200i from Copley, Therwill, for 10 min at 50 rpm, 
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while the mouthpiece and the device could not be agitated, thus were maintained in contact with the 

buffer solution with no agitation for 10 min. The recovery from the interstage was done with a wet 

swab (with buffer) that is passed in all the NGI inner surfaces. After recovery, the swab was placed 

inside a falcon tube and agitated in a DUSA Shaker from Copley for 10 min.  

The samples were then evaluated using the EE method, where fluorescence was converted in 

concentration and then in the mass of LNPs. The values of mass at every stage were plotted and a dis-

tribution curve was generated by the Copley software CITDAS, from which the results of fine particle 

fraction, Mass Median Aerodynamic diameter (MMAD), and Geometric Standard Deviation (GSD) 

can be automatically retrieved.  

 

 

Figure 9 NGI set up for nebulized solutions inside an NGI cooler and a plastic bag for containment. 

 

 

2.2.8 Delivered dose 

For delivered dose evaluation, a similar methodology to the aPSD was performed, where filter 

support was coupled to the breathing simulator BRS, a vacuum pump, and a source of compressed air 

via an induction port connected to an air inlet mixer. The vacuum and compressed air flow rates and 

Copley software were programmed with the same values used in subchapter 2.2.7. 

The nebulizer was filled with 2 mL of LNPs solution and attached to the mouthpiece adapter. 

Due to HSE concerns, a plastic bag with holes to enable circulation of flow was placed around the 

nebulizer to avoid nebulized particles to be inhaled by the analyst. 

With all the setup ready (Figure 9), the BRS valve was opened, and the nebulization started 

immediately after the BRS was initiated. At the end of nebulization, the flow rate was evaluated again 

to guarantee it remains close to 0 L/min when the BRS was stopped. Afterward, the filter was removed 
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from the filter holder and inserted into a falcon, to which 2.5 mL of buffer solution was added. The 

falcon tube was agitated in a Dusa Shaker from Copley for 10 min.  

At the end of the agitation, the filter was compressed, and the solution was collected into a 

flask. The samples were then evaluated using the EE method, where fluorescence is converted in con-

centration and then in the mass of LNPs.  

 

 

 

Figure 10 Delivered Dose set up for nebulized solutions using a jet nebulizer inside a plastic bag due to health, safety, and 

Environment (HSE) concerns [123]. 

 

 

2.2.9 RNA integrity 

RNA integrity was evaluated by reverse phase ion pair chromatography and gel electrophore-

sis.  

2.2.9.1 Agarose Gel electrophoresis 

In the gel electrophoresis method, mRNA was extracted from LNPs with SDS 1 % w/v. From 

the previous preparation, 16 µL were taken and added to 4 µL of sample buffer (50 mM Tris-HCL, 5 

mM EDTA, 25 % glycerol, 0.2 % bromophenol blue, and Syber Green II 5Xare) to denature the sam-

ple by heating for 5 min at 70 ºC.  

The gel used was a 1 W/W % Agarose gel with TAE 1X as running buffer prepared from a 

TAE 50X (2 M Tris, 1 M glacial acetic acid, 50 mM EDTA) diluted with autoclaved water. In each 
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agarose, well 10 µl sample were loaded and as control, an RNA Ladder, RiboRuler High Range RNA 

Ladder from Thermo Scientific™ was used. 

The gel was run at 50 V for approximately 1 h 30 min in Wide Mini-Sub Cell GT from Bio-

Rad, California. When the run was finished, the gel was imaged on a Chemidoc MP imaging system 

from BioRad, California. 

2.2.9.2 Ion pair reverse phase chromatography 

To assess the mRNA integrity by chromatography, a DNAPac RP column (ion pair reverse 

phase) with 4-µm particles and dimensions of 2.1 × 100 mm from Thermo Fisher Scientific was used 

at a flow rate of 0.35 mL/min and temperature of 60 °C. Two mobile phases were prepared, mobile 

phase A consisted of 0.1 M Triethylamine Acetate (TEAA) buffer and mobile phase B consisted of 

50:50 %v/v acetonitrile (ACN) and 0.1 M TEAA buffer.  

mRNA was extracted from LNPs using SDS 1 % w/v and targeting a final mRNA concentra-

tion of 0.0045 µg/µL. Injections of 20 µL sample with 0.09 µg of mRNA were made. The autosampler 

was kept at 4 °C to minimize degradation and mRNA was detected by UV at 260 nm. 

The chromatography method consisted of an initial 2-min hold at 90 % mobile phase A and 4 

% mobile phase B, followed by A linear gradient from 10 to 20 % of mobile phase B in 13 min was 

done followed by another gradient of mobile phase B from 20 to 90% in 5 min, with a 2-min hold 

after. It was performed a return to the initial conditions of 90 % mobile phase A and 4 % mobile phase 

B in 0.1-min and hold for 7.9-min, followed by a 3-min gradient from 0 to 100 % of ACN and hold for 

5 min. At 38.10 min, the mobile phase mixture was set to 90 % mobile phase A and 4 % mobile phase 

B in 0.1-min and hold for 6.9 min. 

At the end of the run, the chromatograms were collected and the areas under the peaks were 

integrated using Empower Version 2.0, Milford. 

2.2.10  LNPs stability test  

tRNA LNPs stability was evaluated during 100 days at room temperature, in the fridge at 2 - 8 

ºC, and frozen at -20 ºC. In frozen samples, it was also evaluated the freeze and thaw cycles by un-

freezing a sample flask at a stabilization temperature of 2 - 8 ºC every time it was necessary to per-

form sample readings. At the end of the measurement, the flask was frozen again. To evaluate the 

stability of nanoparticles, it was measured the particle size and encapsulation efficiency on the speci-

fied time points according to methods described in subchapters 2.2.5 and 2.2.6. 
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3  

RESULTS AND DISCUSSION 

The creation of a nebulization platform for RNA LNPs requires in the initial phase, explore the 

LNPs production process, understand its potential critical parameters, and perform a formulation 

screening without incurring into high costs. For that reason, the RNA molecule used for the first tests 

was tRNA, which was a low-cost RNA molecule available at Hovione, that performed as a model 

molecule for assessing LNPs integrity and colloidal stability. 

 

3.1 tRNA LNPs production: troubleshooting, characterization, 

and stability 

The tRNA LNPs production was performed through the microfluidics production method de-

scribed in subchapter 2.2.1, using a lipid phase composed of DOTAP, DSPC, Chol, and DMG-PEG 

2000. The aqueous phase was composed of sodium acetate and tRNA with a certain concentration. 

The first step in the production process was a micromixer inspection since it was noticed that 

filament accumulation inside chaotic mixers could occur (Figure 11). This evaluation was extremely 

important since this accumulation of material could affect the chaotic mixers flow, causing a negative 

impact on the LNPs production.  

 

Figure 11 Microscope images of accumulated material (filaments) inside the micromixer 
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When filaments were seen inside the chaotic mixers, different cleaning reagents from an ap-

proved list provided by the manufacturer [125], were used in the micromixer to promote unclogging. 

To overcome this challenge, new strategies were implemented in the system to reduce the probability 

of filaments accumulation, namely: ferrules with filters were placed in all lines to avoid filaments pas-

sage, the lipid phase was filtered before production, and a portable microscope was placed above the 

micromixer for continuous monitorization of LNPs production and early filament detection. 

With the probability of clogging the micromixer minimized, several LNP productions were per-

formed. Occasionally, it was noticed that after a few minutes of production, dark spots were observed 

in the micromixer (Figure 6 B), and the LNPs collection needed to be stopped. These dark spots may 

happen due to a gradient between the two phases in certain parts of the chaotic mixer, which can lead 

to the accumulation of material.  

All tRNA LNPs batches were characterized for particle size and PDI, which is a fast characteri-

zation test to determine if LNPs presented a homogeneous particle size after production (as defined in 

subchapter 1.6.1 particle size should be < 200 nm and PDI < 0.300). It was possible to observe in 

Graph 1 that the 19 tRNA LNPs batches presented a similar particle size and PDI leading to an aver-

age value of 48.88 ± 3.73 nm for particle size and an average value of 0.198 ± 0.032 for PDI. The 

presented results show that the microfluidic LNPs production process is reproducible. The batches 12 

to 14, 21, and 23 were not present in the graph because they correspond to batches with different com-

positions than previous ones. 

 

 

Graph 1 Compilation of all batches of LNPs plotted against their particle size and PDI 
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Although there was no available literature about LNPs encapsulating tRNA, the particle size 

and PDI observed were in accordance with what was expected of LNPs that have as payload nucleic 

acids [126]. Patisiran reported SiRNA encapsulation in LNPs (RNA molecule with a similar size to 

tRNA) with similar particle size values [127]. 

With produced tRNA LNPs achieving the particle size quality attributes, it was necessary to 

evaluate the storage conditions that would provide longer colloidal stability. In the literature, it was 

reported that LNPs stability can be affected physically or chemically. Chemical destabilization can 

occur due to the degradation of lipids present in LNPs that are prone to oxidation or hydrolysis. Physi-

cal destabilization can occur due to aggregation, fusion, or leakage of encapsulated material during 

production or storage time [53]. 

Thus, colloidal stability of tRNA-LNPs suspended in ethanol and sodium acetate was studied 

at room temperature (20-25 ºC), at 2−8 ºC, at -20 ºC and freeze/thaw cycles, through particle size, 

PDI, and encapsulation efficiency evaluation for 100 days.  

 

Graph 2 tRNA LNP's particle size and PDI stability test for storage at room temperature (20-25 ºC), at 2-8 ºC, at -20 ºC, and 

freeze and thaw cycles. 
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Samples stored at room temperature and at 2-8 ºC did not present any relevant increase in par-

ticle size or PDI during the 16-week stability test period. The results obtained were similar to other 

stability tests realized by other authors, for example, a study where stability tests with LNPs with simi-

lar composition, but encapsulating SiRNA and dialyzed in PBS buffer were performed, presented con-

stant particle size and PDI over 18 months when stored at 4 ºC [128]. In a different study, it was 

shown that diluting LNPs in PBS and storing at pH 7.4 at 2-8ºC can preserve LNPs characteristics for 

up to 160 days [129]. 

After the first week of freeze/thaw cycles, LNPs almost doubled their particle size but re-

mained within acceptable quality attributes until week 4. After that period of time the PDI was outside 

the acceptable range (particle size < 200 nm and PDI < 0.300). The particle size increase is related to 

the freezing process since when LNPs solution freezes, it occurs the formation of an ice phase and, 

consequently, an LNPs concentrated solution phase which leads to irreversible fusion and aggregation 

[128] – [131].  

Frozen samples presented a PDI close to the acceptable limit from week 1, with small varia-

tions in particle size until week 4, and after that time the PDI increased to values out of the acceptable 

range, which means that LNPs lost their colloidal stability. The variations presented until week 4 

could be related to the fact that each sample was frozen in an Eppendorf with a small volume, which 

could lead to heterogeneous environments and different frozen behaviors, manifesting itself in differ-

ences in particle size after freezing. 

The encapsulation efficiency of LNPs was only evaluated at the beginning and end of the stabil-

ity test as observed in Table 5 since EE uses expensive reagents. All the results at the beginning and 

end of the stability test did not present significant changes in EE, which was expected for samples at 

room temperature and at 2 - 8 ºC due to its homogeneous results in particle size tests. The EE results 

of frozen samples and from freeze/thaw cycles showed that particle size increase was not related to 

LNPs leakage, but to fusion or aggregation of LNPs when frozen since EE did not present changes 

after 100 days.  
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The stability test results allowed to conclude that all LNPs should be stored at 2-8 ºC and that 

these storage conditions will preserve LNPs characteristics for up to 16 weeks.   

 

Table 5 Encapsulation efficiency results on day 3 and day 100 of the stability test 

 

Sample 
Encapsulation Efficiency 

(t = 3 days) (%) 

Encapsulation Efficiency 

(t = 100 days) (%) 

Room Temperature 98 97 

2-8 ºC 99 99 

-20 ºC 99 99 

Freeze/thaw cycles 98 98 

3.2 tRNA LNPs screening formulations for nebulization 

The solution where the LNPs were produced was not suitable for human inhalation, since it 

contained high ethanol quantities that can cause throat irritation, coughing, and choking. For that rea-

son, the different tRNA-LNPs batches produced were dialyzed into different formulations. It was per-

formed a formulation screening, to assess which formulation would provide better nebulization condi-

tions: 

• NaCl A % W/V 

• NaCl A % W/V with E % W/V Tween 80  

• NaCl A % W/V with F % W/V Poloxamer 88  

• PBS 

• PBS with E % W/V Tween 80 

• PBS with F % W/V Poloxamer 188 

 

The dialysis was performed according to the dialysis method described in subchapter 2.2.2. 

Considering that, 2 mL of every dialyzed formulation were nebulized according to the nebulization 

method described in subchapter 2.2.4, to evaluate colloidal stability after microfluidics, dialysis, and 

nebulization, through particle size tests as observed in Graph 3. 
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Graph 3 Particle size and PDI comparison of different formulations after microfluidics, after dialysis, and after nebulization 

 

It was observed that after the dialysis step, the particle size had a small increase and at the 

same time the PDI decreased, as reported in another study [133]. The referred literature does not ex-

plain this effect [134], however since these were small changes in size (< 20 nm), one possible expla-

nation for that increase could be the small differences between the formulations, which could lead to 

the particles moving slightly slower, which in turn could be perceived as a larger size. Nevertheless, 

both parameters were within quality attributes (Particle size < 200 nm and PDI < 0.300).  

 All formulation results after nebulization showed that the mechanical stress caused by the 

LNPs passage through the vibrating mesh destabilizes LNPs, resulting in particle size and PDI in-

crease. We hypothesize that, in a non-optimal formulation, the particle size and PDI increase are the 

results of the vibrating nebulization process, which may promote either aggregation, fusion, and/or 

disintegration of LNPs.  

Formulation screening was started from the simplest formulation and, according to the results 

obtained after nebulization, other excipients were added to achieve LNPs colloidal stability. In the first 

screening formulation, the main objective was to understand which excipient, NaCl A % or PBS, pro-

vided better colloidal stability to LNPs by reducing the impact of the nebulization’s mechanical stress.  

The formulation with only NaCl A % presented a smaller particle size than the formulation 

with only PBS after nebulization, but when other excipients were added to the buffer formulations, the 

results from formulations based on PBS presented better PDI and particle size than NaCl A % based 
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formulations. These results allowed to conclude that PBS based formulations with other excipients 

offered better colloidal stability than NaCl A % based formulations with excipients. Despite this ten-

dency, all experiments had a poor nebulization performance with a PDI and a particle size higher than 

the acceptable quality attributes. 

The two formulations with the best performance, PBS with E % T80 and PBS with F % P188, 

were analyzed in detail to understand how particles were affected by nebulization. Intensity graphs 

provided by Malvern software make possible to evaluate the particle size through different intensity 

peaks which correspond to a determined particle size.  

Graph 4 shows that, after dialysis, there was a homogeneous particle size distribution with only 

one peak. Even though this peak remained in the same position after nebulization, a second peak with 

a larger size appeared. This leads to the conclusion that, after nebulization, part of the LNPs can hold 

the mechanical stress caused by the vibrating mesh while another part of the LNPs may merge or ag-

gregate which originates a peak with larger dimensions.  

Graph 4 Intensity particle size graphs from Malvern DTS v5.2 software after dialysis and after nebulization (n=3) 

 

 It was concluded that for further tests PBS based formulations should be used since PBS pre-

sented better results than NaCl A % based formulations. Also, different excipients with PBS should be 

evaluated since none of the previous formulations presented colloidal stability after nebulization. 

 

 

 

 

 

PBS with F % P188 after dialysis PBS with E % T80 after dialysis 

PBS with F % P188 after nebulization PBS with E % T80 after nebulization 
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 Considering the previous results, the following screening formulations based on PBS plus 

additional excipients were tested to evaluate the colloidal stability of LNPs: 

 

• PBS with Poloxamer 188 (F % W/V) and Tween 80 (E % W/V) 

• PBS with Sucrose (I % W/V) and Poloxamer (G % W/V) 

• PBS with Arginine B mM. 

 

Particle size characterization tests were performed after production, dialysis, and nebulization 

and compared with the two best performing formulations from previous results, to evaluate possible 

improvements in colloidal stability 

 

Graph 5 showed that particle size results after nebulization in comparison with the best perform-

ing formulation have higher values for particle size and PDI. As observed previously, after nebuliza-

tion the formulations presented two populations of distinct sizes in intensity graphs. None of the for-

mulations evaluated provided enough colloidal stability to LNPs to support the mechanical stress of 

the vibrating mesh nebulizer (particle size < 200 nm and PDI < 0.3). 

 

Graph 5 Particle Size and PDI of different formulations with PBS buffer after microfluidics LNPs production, after dialysis, 

and after nebulization, and comparison with two best formulations from Graph 3 
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Since none of the screening formulations was producing acceptable results for inhalation, it 

was evaluated the possibility of optimizing excipients concentration in the formulation which present-

ed better stability. For that reason, PBS with P188 was tested with different concentrations of P188 

(W/V): C %, D %, F %, G %, and H % to understand if increasing or decreasing the P188 concentra-

tion affected particle size and PDI as observed in Graph 6.  

 

Graph 6 Particle size and PDI comparison of screening formulation of PBS with different P188 concentrations after microflu-

idics, after dialysis, and after nebulization 

 

In comparison with the previous P188 concentrations tested, F % P188, formulations with lower 

concentrations of P188 presented higher PDI and particle size after nebulization, while formulations 

with a higher concentration of P188 presented lower particle size. PBS with H % P188 was the formu-

lation with lower PDI, however, the PDI continued to stay outside the acceptable range, which led to 

the conclusion that P188 concentration should also remain at the lowest feasible concentration since 

high concentrations can promote toxic effects. 

Since formulations with a high concentration of P188 did not have a significant improvement in 

colloidal stability in comparison with PBS with F % P188, it was concluded that the optimal P188 

concentration should be maintained at F %, although other formulations should be tested since none of 

the screening formulations supported the mechanical stress promoted by nebulization. 
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3.3 Osmolarity’s importance in LNPs nebulization 

As referred in subchapter 1.6.3, osmolarity is a critical quality attribute for pharmaceutical solu-

tions and its value should remain between 300 - 310 mOsm. 

Osmolarity was tested for the two best performing formulations after dialysis, which showed 

values two times higher than the target, as presented in Table 6.  To adjust the solution’s osmolarity, a 

dilution curve was performed to understand the dilution ratio necessary to achieve the intended osmo-

larity values, observed in Graph 7. 

 

 

Table 6 Osmolarity of two formulations after dialysis  

 

 

 

 

 

 

´ 

 

 

Graph 7 Osmolarity dilution curve with LNPs in formulation with PBS  

 

 

It was concluded that to achieve an osmolarity close to 300 mOsm for formulations with PBS, it 

was necessary to perform a dilution of 1:10 V/V, which was the ratio adopted for posterior screening 

formulation developments. 

 

 

 

Sample Osmolarity (mOsm) 

PBS with F % P188 601 

PBS with E % T80 620 
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3.4 Nebulization of tRNA LNPs diluted formulations  

Since the two best formulations (PBS with E % T80 and PBS with F % P188) presented particle 

size and PDI close to acceptable quality attribute values (particle size < 200 nm and PDI < 0.300), it 

was studied the colloidal stability behavior of tRNA LNPs when those formulations were diluted in a 

ratio of 1:10 V/V, into the solution containing the respective excipients, either PBS with E % T80 or 

PBS with F % P188, to reach the correct osmolarity. Formulations were characterized for particle size, 

encapsulation efficiency, and osmolarity tests. 

The particle size results in Graph 8 showed that, for both formulations, there was an increase in 

particle size after dialysis, changing from 62.22 ± 0.32 nm to 78.85 ± 0.81 nm for PBS with F % P188 

formulation and from 59.98 ± 0.54 nm to 86.38 ± 0.92 nm for PBS with E % T80 formulation, while 

PDI had a decrease in both formulations as reported in previous non-diluted formulation screening. 

Graph 8 Particle size and PDI of diluted screening formulations after microfluidics, after dialysis with a dilution ratio of 1:10 

(V/V), and after nebulization (n=3) 

 

The osmolarity reported in Table 7 allowed to conclude that the dilution ratio achieved the cor-

rect osmolarity values (300-310 mOsm), and nebulization did not affect the osmolarity, which was 

aligned with the expectations, since during the nebulization process no concentration or excipient 

change was promoted. 
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Table 7 Osmolarity of formulation PBS with E % T80 and formulation on PBS with F % P188, after production, after dialy-

sis and dilution, after nebulization 

 

After nebulization, the formulation PBS with F % P188 showed an increase of the particle size 

to 130.5 ± 2.25 nm with a PDI of 0.390 ± 0.030. Although the size of the nanoparticles was still within 

an acceptable range, the PDI value above 0.3 was not acceptable. In Graph 9, this formulation present-

ed two different size LNPs peaks generated during nebulization, which indicate LNPs fusion, aggrega-

tion, and/or RNA leakage from the LNPs during the process.  

With the EE test was possible to exclude the RNA leakage hypothesis since results presented 

in Table 8 showed that EE after nebulization remained similar to EE after dialysis and dilution. So, it 

can be concluded that PBS with F % P188 does not support nebulization mechanical stress and pro-

motes fusion or aggregation of particles.  

 

 

 

Graph 9 Particle size distribution (intensity) after nebulization in formulations with diluted ratio 1:10 V/V (n=3) 

 

 

Regarding the formulation with PBS and E % T80 after nebulization, the results showed that 

the LNPs size did not increase with nebulization, presenting a value of 90.52 ± 3.63 nm with PDI of 

0.247 ± 0.02, and EE tests, with values of 99 % after dialysis and 94 % after nebulization, proved that 

there was no significative tRNA leakage to the solution during all the procedure steps. 

 

Sample 

Osmolarity 

After dialysis 

(mOsm) 

Osmolarity 

After dilution 

(mOsm) 

Osmolarity 

After Nebulization 

(mOsm) 

LNPs with PBS and E %T80 620 309 307 

LNPs with PBS and F %P188 601 307 301 

PBS with F % P188  PBS with E % T188 
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Table 8 Encapsulation efficiency of formulation PBS with E % T80 and formulation on PBS with F % P188, after produc-

tion, after dialysis, dilution, and nebulization 

Sample 

Encapsulation Effi-

ciency 

After Production (%) 

Encapsulation Efficiency 

After dialysis and dilution 

(%) 

Encapsulation Efficien-

cy 

After Nebulization (%) 

LNPs with 

PBS and E % 

T80 

98 99 94 

LNPs with 

PBS and F % 

P188 

99 99 99 

 

The results of tRNA LNPs formulation with PBS and E % T80 complied with the target quali-

ty attributes defined above, which are promising results for achieving the first screening formulation 

that can sustain the mechanical stress induced by the vibrating mesh nebulizer. When compared to 

P188, T80 showed a greater stabilization and/or protection effect to the stress caused by nebulization, 

since it complied with all quality attributes defined and no secondary populations of LNPs were regis-

tered, indicating that this may be an excipient to be considered when developing formulations for 

LNPs with nucleic acids. Also, Tween 80 has the advantage that it has been approved for inhalation in 

the quantity of 1 mg per day. 

  

3.5 Aerodynamic performance of nebulized formulations 

Aerodynamic performance is a critical attribute for understanding the efficiency of drug deliv-

ery into the lungs. Upon nebulization, droplets will have a determined size when they leave the nebu-

lizer, and this size will indicate if the drug can reach the deep lungs (in case of droplet size in the in-

halable range of 1 – 5 µm), will be exhaled (for particles with droplet size lower than 1 µm), or settle 

in the upper respiratory tract (for particles with droplet size higher than 5 µm).  

Both formulations, LNPs with PBS and E % T80 and LNPs with PBS and F % P188, were sub-

jected to an evaluation of aerodynamic performance through the method described in subchapter 2.2.7. 

The aerodynamic PSD was determined by NGI, where it was calculated the deposition profile ob-

served in Graph 10 from which was possible to determine MMAD, GSD, and FPF detailed in Table 9. 

According to the nebulizer’s manufacturer specification, the Innospire Go should produce drop-

lets with an MMAD of 3.99 µm and FPF of 64.4 % [134]. However, early nebulization studies were 

showing a bias in the distribution of the aerosol droplets, with higher MMAD and a smaller FPF, as 

detailed in Table 9, the values produced were within acceptable criteria defined in subchapter 1.6.7 for 

both formulations. 
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Table 9 Values of MMAD, GSD, and FPF of nebulized solutions, determined with Copley CITDAS software.(n=1) 

Sample MMAD (µm) GSD FPF (%) 

LNPs with PBS and E % T80 4.9 2.5 46 

LNPs with PBS and F % P188 4.1 2.2 53 

 

Additionally, the deposition profiles observed in Graph 10 attained for both formulations did 

not correspond to the expected log normal distribution. The low mass recovered from stage 7 and 

MOC leads to an apparent larger MMAD. 

 

Graph 10 Mass deposition profile of NGI test for formulation PBS with F % P188 and PBS with E % T80 (n=1) 

 

This challenge could be related to the low LNPs concentration in the recovery process since af-

ter nebulization, the nebulized solution was further diluted with an additional 5 mL of buffer (inherent 

to the analytical method process for sample recovery from the NGI apparatus). This leads to concen-

tration values close to the detection limit and results in higher errors associated. To improve the detec-

tion, the dilution volume of the samples was decreased from 5 mL to 2.5 mL. Further improvement 

can be achieved by using more sensitive detection kits available commercially.  

 Other possible justifications for low mass recovery from stage 7 and MOC were that this sus-

pension formulation was not suitable for this device, or that the cleaning process after nebulization 

was non-optimum between each nebulization, or that the nebulizer had a malfunction due to excessive 

use during the screening process. To test those hypotheses, an NGI experiment was performed with a 

commercial product composed of salbutamol, since the supplier provides target nebulization values for 

this small molecule.  
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 As observed in Table 10 salbutamol nebulized solution presented a higher MMAD than the ref-

erence values, although the value remains in the inhalable range, and lower FPF values than the nebu-

lizer’s specification. 

 

 Table 10 Comparison between literature values and produced values of MMAD, GSD, and FPF for salbutamol molecule 

 

 

The results presented in Graph 11 show a low mass recovery from stage 7 and MOC in com-

parison with what was supposed for a target nebulization. Since the formulations under study had sim-

ilar results to the reference salbutamol solution, it was decided to proceed with aerodynamic perfor-

mance studies. However, lower MMAD and FPF were determined for both reference solution and 

LNPs formulations indicating there might have been alterations to the nebulizer’s mesh.  

In an attempt to understand the cause of the suspected impacted mesh, microscope photo-

graphs were taken. As observed in Figure 12, no visible alterations of the mesh were seen when com-

pared with a reference nebulizer. Even though the cleaning procedure was performed according to the 

manufacturer's instructions for the nebulization of small molecules, it might need to be optimized for 

more frequent utilization with innovative products, such as in a research and development setting. 

Thus, the different mass distribution profiles attained were possibly due to a defective cleaning pro-

cess or nebulizer malfunction caused by excessive use.  

 

 

 

Graph 11 Comparison between the mass deposition profile for a salbutamol solution with a vibrating mesh nebulizer Inno-

spire Go according to the literature (left) [120] and determined experimentally (right). 

Sample MMAD (µm) GSD FPF (%) 

Salbutamol literature values [134] 3.99 2.1 64.4 

Salbutamol nebulizer performance 5.18 2.3 40.8 
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Figure 12 microscope comparison between a reference vibrating mesh nebulizer (A) and the vibrating mesh nebulizer used in 

the formulation development (B) with a magnification of 64X. 

 

Although the nebulizer’s mesh was slightly affected, the aerodynamic particle size distribution 

for the formulations under study was very similar to that presented by a reference salbutamol solution, 

indicating the LNP formulations had a good aerodynamic performance throughout nebulization. De-

spite the results have been biased to larger dimensions, the results will be accepted for comparison 

purposes and to assess whether excipients significantly impact aPSD. 

Since the PBS with E % T80 formulation presented a particle size, osmolarity, encapsulation ef-

ficiency, and aerodynamic performance compliant with quality attributes, this was the formulation 

chosen to perform extensive formulation and aerodynamic performance characterization and to evalu-

ate the reproducibility of the formulation in all process steps (production, dialysis, dilution, and nebu-

lization). 

 

3.6 Characterization of nebulized tRNA-LNPs in PBS E % T80 

(1:10) formulation  

Characterization of tRNA LNPs with PBS and E % T80 was performed to evaluate the particle 

morphology, capacity to encapsulate tRNA, and aerodynamic performance from the beginning of pro-

duction of LNPs up to nebulization. tRNA integrity was not evaluated due to a lack of internal meth-

odologies availability, since the development of a method (chromatography for example) for tRNA 

integrity evaluation could not fit within the time frame of this thesis work.  

Graph 12 shows that LNPs particle size increases after dialysis to 73.63 ± 0.55 nm, with a de-

crease in PDI, 0.167 ± 0.010, as discussed in subchapter 3.2 (microfluidics results had a particle size 

of 48.83 ± 0.52 and a PDI of 0.27 ± 0.01). Similar particle size was reported after dilution, 74.54 ± 

1.00 nm, whereas PDI increased, 0.186 ± 0.012, although none of the results presented significative 
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changes that could promote results outside quality attributes (Particle size < 200 nm and PDI < 0.300). 

The encapsulation efficiency results showed constant EE in all steps, as observed in Table 11. 

Particle size and PDI were slightly increased by nebulization since it obtained an average parti-

cle size of 79.00 ± 1.87 nm and PDI of 0.238 ± 0.02. In the encapsulation efficiency test, it was ob-

served a decrease from 98 % to 94 %. The decrease in EE accompanied by the PDI value increase 

could be caused by a small quantity of LNPs lysed during nebulization. 

 

 

 

Graph 12 Particle size and PDI results of tRNA LNPs with PBS and E % T80 after microfluidics, after dialysis, after dilution, 

and after nebulization (n = 3).  

 

 

Table 11 Encapsulation efficiencies of tRNA LNPs with PBS and E % T80 in a dilution ratio V/V 1:10 (n = 3) 

Encapsulation Effi-

ciency 

After Production (%) 

Encapsulation Ef-

ficiency 

After Dialysis (%) 

Encapsulation Effi-

ciency 

After Dilution (%) 

Encapsulation Efficien-

cy 

After Nebulization (%) 

99 99 98 94 

 

In this formulation characterization, it was also evaluated osmolarity, pH (that for inhalation 

proposes should remain between 6.5 and 7.5, at 25 ºC), and particle surface charge through zeta poten-

tial measurements (that should be neutral) to increase the time the drug stays in the blood current and 

facilitate cellular uptake. The methods performed for characterizing the previous tests are described in 

subchapters 2.2.3 and 2.2.5. The results of all tests summarized in Table 12 complied with the quality 

attributes referred to before. 
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Table 12 pH, zeta potential, and osmolarity results throughout all process steps 

 After Microfluidics After dialysis After Dilution After Nebulization 

pH (at 22 ºC) --- --- 7.4 --- 

Zeta potential 

(mV) 
1.41 0.06 0.29 0.03 

Osmolarity 

(mOsm) 
--- 781 320 317 

 

 

pH value was only measured after dilution since there was not enough LNPs volume to perform 

pH measurements in all steps, so it was chosen to evaluate pH in the step where the solution would not 

have any additional formulation changes. The value obtained for pH at 22 ºC complied with quality 

attributes.  

Zeta potential results showed that dialysis decreased surface charge, presenting neutral values, 

while osmolarity only achieved desirable values after dilution in PBS with E % T80 as reported be-

fore. 

The results in Graph 13 show that the aerosol droplets formed in nebulization presented a nor-

mal deposition profile in the NGI stages when compared with that of the reference salbutamol solu-

tion. The average MMAD, GSD, and FPF values in Table 13 were also aligned with the reference 

solution, and, most importantly, the results complied with the target quality attributes of aerodynamic 

performance. 

 

  

Graph 13 Mass deposition profile of formulation with PBS and E % T80 in the different stages (n = 2) 
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Table 13 Values of MMAD, GSD, and FPF for nebulization of formulation PBS with E % T80 (n = 2) 

MMAD (µm) GSD FPF (%) 

4.8 2.4 47 

 

For aerodynamic performance evaluation, it was also performed a delivered dose test using 

the method described in subchapter 2.2.8, but there were found challenges in mass recovery. In this 

method, the recovery of the nebulized material is captured in a filter and then recovered by immersing 

and incubating the filter in a solvent. Even though the amount of solution nebulized was increased to 

augment detection, the concentration of tRNA in the solution is low and further dilutions decrease the 

effective concentration below the detection limit. Further improvement can be achieved by using more 

sensitive detection kits available commercially. 

The polypropylene filter, described in the literature for delivered dose experiments, is hydro-

phobic and poses a challenge in the recovery of this aqueous solution, however, there is limited litera-

ture or guidelines regarding the type of filter or recovery strategies for nebulized RNA-LNPs. Even 

though it was not possible to reach optimum conditions for the accurate recovery of nebulized tRNA-

LNPs, it is proposed to explore alternative hydrophilic filters (PTFE or cellulose) with comparable air 

resistance and use more sensitive detection kits. 

The results of LNP particle characterization and the droplet’s aerodynamic performance al-

lowed to conclude that it was developed a robust nebulization platform for tRNA molecules encapsu-

lated in LNPs that complies with all quality attributes for therapeutic use. 

The initial proof of concept of LNPs and formulation optimization was performed using tRNA 

LNPs due to its affordability. Since mRNA is a very promising molecule used to develop new thera-

pies, with more expression since Covid-19, the findings were extrapolated to prepare mRNA LNPs to 

perform nebulization. 
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3.7 Production and Characterization of nebulized mRNA-LNPs 

in PBS E % T80 (1:10) formulation  

mRNA LNPs production was performed throughout the method described in subchapter 2.2.1 

using a lipid phase composed of DC-Chol, DSPC, Cholesterol, and DMG-PEG 2000. In the aqueous 

phase, mRNA in a certain concentration was dissolved in sodium acetate aqueous solution. The only 

difference between the formulation used for mRNA and tRNA formulation was the modification of 

the lipid phase from cationic lipid DOTAP to ionizable lipid DC-Chol and in the aqueous phase from 

tRNA to mRNA. The lipid change was performed because, in previous works realized at Hovione, 

LNPs had a better performance when DC-Chol was used [73]. In the tRNA LNPs formulations, DC-

Chol lipid was not used due to its higher cost in comparison with the DOTAP. The same characteriza-

tion tests of subchapter 3.6 were performed to allow comparison between both formulations.  

After microfluidics production, it was visible in  

Graph 14 that mRNA LNPs had a higher particle size with 97.38 ± 1.20 nm with a PDI of 

0.238 ± 0.010 than tRNA LNPs produced with the same conditions (particle size after microfluidics of 

48.83 ± 0.52 and a PDI of 0.270 ± 0.010). The higher particle size was related to the larger size of the 

mRNA molecule in comparison with the tRNA molecule, approximately 1000 bp versus 70 bp, re-

spectively. Other studies in the literature with mRNA LNPs with different compositions also reported 

particle sizes close to 100 nm for this type of system [135], [136].  

 

Graph 14 Particle size and PDI comparison between formulations that encapsulates tRNA and mRNA after production, after 

dialysis, after dilution, and after nebulization 
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Dialysis and dilution steps performed with the same buffer used in tRNA LNPs presented the 

same particle size, as shown in  

Graph 14, although the size increase in mRNA LNPs was not so significant on the dialysis step 

as in the previous formulation. 

When the mRNA LNPs were nebulized, there was a particle size increase from 104.4 ± 1.4 nm 

to 133.2 ± 1.7 nm and a PDI shift from 0.230 ± 0.010 to 0.284 ± 0.025. Since a single population was 

observed by DLS, aggregation/fusion of LNPs is unlikely. The mechanical stress might promote the 

relaxation of the nanoparticles and lead to swelling, but there is no published literature supporting this 

hypothesis. Despite this, the values were still inside defined quality attributes for this test (particle size 

< 200 nm and PDI < 0.300). 

Osmolarity values presented in Table 14 for mRNA LNPs were higher than tRNA LNPs after 

dialysis, although the dilution performed resulted in LNPs with similar osmolarity to the previous 

formulation, which complies with quality attributes. The higher osmolality values detected in mRNA 

LNPs reflect a higher number of dissolved particles in the solution.  The results from the encapsulation 

efficiency test are aligned with osmolality results, as there was a decrease in the EE of mRNA LNPs in 

comparison with tRNA LNPs after microfluidics production, as shown in Table 15.  

This can indicate that not all mRNA molecules were encapsulated in the process, which may be 

explained by the size differences between tRNA and mRNA. Since the microfluidics parameters used 

were optimized for the tRNA molecule, when a larger molecule is used, the same parameters may not 

be suitable for an optimal mRNA encapsulation, so it will be necessary for future work to optimize 

some of the microfluidics parameters, like ionizable lipid concentration, N/P ratio, TFR, and FRR. 

 

Table 14 Osmolarity comparison between mRNA LNPs and tRNA LNPs after dialysis, after dilution, and after nebulization 

 

Although the mRNA LNPs encapsulation efficiency in dialysis and nebulization decreased to 

77 % and 72 % respectively, which was a value lower than the quality attribute established (EE > 80 

%), these values are expected to increase after the optimization of the microfluidic process for this 

molecule.  

 

 

Sample 

Osmolarity 

After dialysis 

(mOsm) 

Osmolarity 

After dilution 

(mOsm) 

Osmolarity 

After Nebulization 

(mOsm) 

mRNA LNPs 1079 343 337 

tRNA LNPs 781 320 317 
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Table 15 Encapsulation efficiency of mRNA LNPs with formulation PBS with E % T80, dilution ratio 1:10, after microfluid-

ics, after dialysis, after dilution, and after nebulization 

 

Despite this, the remaining characterization tests were executed to understand the mRNA in-

tegrity and aerodynamic performance after nebulization. Zeta potential and pH tests were not evaluat-

ed due to the lack of mRNA LNPs solution for the tests, although the formulation was not changed, 

thus it was expected that both parameters presented similar values to those reported for tRNA LNPs. 

The mRNA integrity was assessed after microfluidics production, dialysis, dilution, and nebu-

lization by IP-RP-HPLC. The chromatography method was developed to both quantify the amount of 

RNA but also to infer mRNA integrity (method described in subchapter 2.2.9). As an orthogonal 

method to infer mRNA integrity, agarose gel electrophoresis was performed for the same samples.    

IP-RP-HPLC results (Table 16) did not show degradation of the mRNA during the production 

process, formulation, or nebulization since when comparing the unencapsulated mRNA sample (naked 

mRNA produced by the manufacturer) with the microfluidics sample, the percentage of impurities is 

similar.  

 

Table 16 HPLC area of mRNA and impurity peaks of unencapsulated mRNA sample and microfluidic, diluted, and nebuliza-

tion samples. 

 mRNA peak Impurities 

 Area (%) STD  Area (%) STD  

Unencapsulated mRNA 79.4 0.9 20.6 0.9 

Microfluidics 77.8 0.7 22.2 0.7 

After Dilution 82.4 0.1 17.6 0.1 

Nebulization (n =3) 77.7 8.8 22.3 8.8 

 

 

Sample 

Encapsulation 

Efficiency 

After Production 

(%) 

Encapsulation 

Efficiency 

After Dialysis 

(%) 

Encapsulation 

Efficiency 

After Dilution 

(%) 

Encapsulation 

Efficiency 

After Nebulization 

(%) 

mRNA LNPs 85 77 76 72 

tRNA LNPs 98 99 99 94 
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The higher mRNA integrity percentage in dilution in comparison with the original microfluidic 

mRNA samples might be related to LNP lysis or mRNA ineffective extraction method. Nevertheless, 

the percentage of mRNA peak remains similar in all production steps which allows concluding that 

mRNA integrity remains stable during all process. 

In the agarose gel electrophoresis (Figure 13), all samples were subjected to LNP lysis and 

mRNA extraction, except for the mRNA sample from the manufacturer. On lane number 5 (mRNA 

manufacturer’s sample), it can be observed a single band migrated to the expected size (1000 bp), 

which indicates that the reference raw material sample has the expected quality as reported by the 

manufacturer. In the microfluidics sample (lane 7), it was possible to observe two fluorescent bands, 

one corresponding to the mRNA (1000 bp), and another heavier band (2000 bp). The latter might be a 

conjugation of the mRNA with the lipids that remain in the sample after LNPs lysis. Another possibil-

ity is that the process of LNPs lysis and mRNA extraction could lead to different mRNA confor-

mations that would lead to the appearance of mRNA with a larger size and weight.  

 

 

 

Figure 13 Gel electrophoresis comparison between RNA ladder and unencapsulated mRNA sample with SDS, microfluidic, 

dialysis, diluted dialysis, and three nebulization samples. 

 

 

In the dialysis and nebulization samples (lanes 11, 13, 15, and 17), only the fluorescent band 

with 2000 bp appears. If it is assumed that this band corresponds to a different conformation of mRNA 

or mRNA conjugation with lipids, it is possible to conclude that after nebulization mRNA integrity 

remains, except in nebulization 2, where is noticeable a smear of the fluorescent band. 
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To evaluate if the heavier band is a conjugation of lipids with mRNA, future work should be 

done through an mRNA extraction process after LNPs lysis to separate mRNA and lipids, while eval-

uating the conformation theory, should be prepared a denaturing gel that will allow understanding of if 

the second band is a different conformation. 

With mRNA formulation complying with the referred quality attributes, with the exception of 

EE, its aerodynamic performance was evaluated and compared with the tRNA formulation. Graph 15 

reports a similar mass deposition profile, also aligned with the reference salbutamol solution. Table 17 

shows that the results of MMAD, GSD, and FPF were very similar to the nebulized solution of tRNA 

LNPs, thus the formulation exhibits equivalent aerodynamic performance. Considering the small di-

mensions of the LNPs (< 100 nm), the variation in the size of LNPs containing tRNA or mRNA is not 

translated in different aerosol behavior, since droplets have a size 40 x larger than LNPs (in the range 

of 4 µm). These results comply with the quality attributes defined. 

 

 

Graph 15 Mass distribution of mRNA LNPs formulation with PBS and E % T80 in the different stages of NGI 
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Table 17 Values of MMAD, GSD, and FPF for Nebulization of mRNA and tRNA LNPs formulation with PBS and E % T80 

Sample MMAD (µm) GSD FPF (%) 

mRNA LNPs with PBS and E % T80 4.6 2.6 51 

tRNA LNPs with PBS and E % T80 4.8 2.4 47 

 

The delivered dose test using the method described in subchapter 2.2.8, was performed with-

out success due to the challenges in mass recovery mentioned in the previous subchapter relative to 

tRNA formulations. 

  

With these results, it was proven that a similar formulation used as a nebulization platform to 

tRNA can be used to deliver mRNA to the lungs, although some optimization is required to achieve 

optimal performance in all particle characterization and mRNA integrity tests.  
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4  

CONCLUSIONS AND FUTURE PERSPECTIVES  

In the present work, tRNA LNPs were produced through a microfluidics technique proven to be 

a replicable process, confirmed by the 19 batches produced with an average particle size of 48.88 ± 

3.73 nm and a polydispersity index (PDI) of 0.198 ± 0.032, complying with the target quality attrib-

utes: particle size < 200nm, PDI < 0.300 and encapsulation efficiency (EE) > 80 %. Even though there 

is no available literature on encapsulated tRNA, the results observed were in accordance with the ex-

pected for lipid nanoparticles (LNPs) that encapsulate nucleic acid as payloads.  

 Stability studies showed that LNPs stored at 2-8 ºC and room temperature could maintain their 

particle size for up to 100 days. In this study, it was also concluded that LNPs should not be frozen at -

20 ºC in any circumstances as it was observed an increase in size and PDI, possibly due to irreversible 

fusion or aggregation during the freezing process. 

The produced batches were dialyzed in different excipient solutions to replace the solvent with a 

solvent system safe for inhalation and to protect the LNPs from the mechanical stress caused by the 

vibrating mesh nebulizer. PBS based solutions presented better results than NaCl 0.9 %, but none of 

the formulations initially tested maintained the LNPs colloidal stability after nebulization, since sec-

ondary populations were detected due to LNPs aggregation, fusion, or leakage. When osmolarity was 

optimized to physiological conditions (osmolarity between 300-310 mOsm), by performing a dilution 

ratio of 1:10 (V/V), it was concluded that the formulation in PBS with E % T80 was able to maintain 

the LNPs stability throughout the process, as the particle size and PDI were not significantly affected 

during dialysis and nebulization.  

Therefore, a more extensive characterization was performed in the nebulized solution of PBS 

with E % T80 formulation, to show that it complied with the defined values for the critical quality 

attributes. This formulation was compatible with physiological conditions and ensured the stability of 

LNPs after nebulization with the following characteristics: particle size of 79 ± 1.87 nm with a PDI of 

0.238 ± 0.02, an encapsulation value of 94 %, a neutral pH of 7.4 (at 22 ºC), a neutral zeta potential 

value of 0.03 mV and an osmolarity of 307 mOsm. 
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 Moreover, evaluation of the aerodynamic performance showed that the aerosol droplets could 

reach the lungs with high efficiency, as the mass median aerodynamic diameter (MMAD) attained was 

4.8 µm, being within the inhalable range (between 1 and 5 µm), with a geometric standard deviation 

(GSD) of 2.4 and a fine particle fraction (FPF) of 47 %. Even though the mass deposition profile 

showed a low mass recovery in lower stages, leading to higher MMAD values and lower FPF than the 

nebulizer’s specification, the results for the formulations under study were very similar to the refer-

ence salbutamol solution, indicating that the formulation was appropriate for administration by nebuli-

zation. The nebulizer’s mesh was likely impacted due to a defective cleaning process or nebulizer 

malfunction caused by excessive use, and future work should focus on optimizing the cleaning proce-

dure to avoid impacting the nebulizer’s mesh. 

The formulation containing tRNA encapsulated in LNPs is the first product reported in the liter-

ature to present colloidal stability after nebulization and successfully comply with all key quality at-

tributes defined, which opens the door for the future use of LNPs as an RNA vehicle for respiratory 

diseases. Thus, the same nebulization platform was used for mRNA, which is a molecule of high in-

terest for new therapeutics and gained more expression since the commercialization of Covid-19 vac-

cines. 

The microfluidics production process produced mRNA LNPs with a particle size two times 

higher than tRNA LNPs (97.38 ± 1.20 nm) and lower encapsulation efficiency (85 %). The larger 

particle size and lower encapsulation efficiency observed are related to the fact that the production 

process of LNPs was optimized for tRNA, a molecule that has a smaller size than mRNA (70 bp and 

1000 bp respectively). Although these values have complied with the target key attributes, the produc-

tion process of mRNA LNPs should be further optimized to increase the encapsulation efficiency by 

changing the N/P ratio, total flow rate, flow rate ratio, or ionizable lipid concentration. Nonetheless, 

mRNA LNPs were dialyzed and diluted in the previous best-performing formulation (PBS with E % 

T80). After nebulization, a particle size of 133.2 ± 1.7 nm, a PDI of 0.284 ± 0.025, and an encapsula-

tion efficiency of 72 % were determined. While the particle size and PDI were within acceptable rang-

es, the low EE is expected to increase after the optimization of the microfluidic process for this mole-

cule.  

Since encapsulation efficiency is not critical to evaluate mRNA integrity inside LNPs nor the 

aerodynamic performance of the solution, these characterization tests were conducted. mRNA integri-

ty was demonstrated throughout all process steps, from LNPs production until nebulization, since a 

single peak was detected by chromatography. However, in the agarose gel, the band size shifted from 

around 1000 bp to 2000 bp, which may indicate either a different mRNA conformation or conjugation 

with LNP material remaining from the extraction protocol. Future work should focus on the evaluation 

of the composition of the heavier band by preparing gel electrophoresis where mRNA samples are 
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extracted after LNPs lysis to separate mRNA from the lipids, and by running a denaturing gel to assess 

the possibility of a different mRNA conformation.  

The good aerodynamic performance of the mRNA LNPs formulation in PBS with E % T80 was 

demonstrated by attaining the critical quality attributes within the acceptance range, with an MMAD 

of 4.6 µm, a GSD of 2.6, and an FPF of 51 %. These results were well aligned with the reference sal-

butamol solution and tRNA LNPs formulation, indicating the formulation developed has an aerody-

namic performance capable of effectively delivering mRNA LNPs into the deep lungs. 

It can be concluded that the work goals were attained, with the development of a proof of con-

cept for a nebulization platform for the delivery of tRNA and mRNA into the lungs through inhalation, 

which are promising results for future RNA therapeutics for respiratory diseases. The present findings 

work as a proof of concept that good quality formulations of LNPs encapsulating RNA material can be 

developed for nebulization purposes. Most importantly, this work was a significant contribution to the 

field of nebulization of biopharmaceuticals, where the knowledge has been limited to the advancement 

of biotechnology but has been significantly boosted in the last years due to the pandemic.   
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