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Abstract
Small interfering RNA (siRNA) and messenger RNA (mRNA) have drawn considerable attention in recent years due to 
their ability to modulate the expression of specific disease-related proteins. However, it is difficult to find safe, robust, and 
effective RNA delivery systems suitable for pulmonary delivery to treat lung diseases. In this study, two cationic peptides, 
namely LAH4-L1 and PEG12KL4, were employed as non-viral vectors for siRNA and mRNA delivery. Four formulations 
(i.e. LAH4-L1/siRNA; PEG12KL4/siRNA; LAH4-L1/mRNA and PEG12KL4/mRNA) were investigated. Microfluidic mixing 
method was utilised to fabricate RNA complexes in a controllable and reproducible manner. Upon optimisation of the micro-
fluidic mixing protocol, a vibrating mesh nebuliser was employed to aerosolise the RNA complexes, and their transfection 
efficiency was evaluated on A549 and BEAS-2B cells. Following nebulisation, inhalable mist was generated for all RNA 
formulations with mass median aerodynamic diameter below 5 μm. Although the hydrodynamic particle sizes of the RNA 
complexes were significantly reduced to around 100 nm after nebulisation regardless of the original size of the complexes 
prior to nebulisation, the RNA binding efficiency and the in vitro RNA transfection ability of all the peptide formulations 
were successfully preserved with no significant differences compared to the same system before nebulisation. The current 
result indicates that both LAH4-L1 and PEG12KL4 hold significant potential for future clinical application for pulmonary 
siRNA and mRNA delivery through nebulisation.
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Introduction

Small interfering RNA (siRNA) and messenger RNA 
(mRNA) have emerged as an important class of therapeutics 
in recent years. The former inhibits specific gene expression 
through RNA interference whereas the latter instructs the 
cells to make specific proteins to produce therapeutic effects. 

Both RNAs have huge potential for treating a wide range 
of lung diseases such as severe asthma, chronic obstructive 
pulmonary disease, respiratory viral infections, lung cancer, 
and cystic fibrosis [1–5]. The major hurdle to their clinical 
applications of treating lung diseases is the lack of efficient 
RNA delivery system to the lung [6–8].

Delivery of RNA through the pulmonary route can max-
imise the concentration at the site of action in the airways for 
rapid local effect and reduce the RNA dose required as well as 
systemic exposure and side effects [6, 9]. Dry powder inhaler 
(DPI) and nebuliser are the two most commonly investigated 
inhaler devices to deliver RNAs to the lung. DPI formulation 
has the advantages of providing a good stability of RNA in a 
solid dosage form that extends the shelf-life and avoids cold-
chain logistics. DPI is also portable and relatively simple to 
use. However, most DPIs are breath-actuated, which creates 
problem for some patients whose lung functions are incapable 
of generating sufficient inspiratory effort to disperse the pow-
der properly, leading to poor lung deposition and treatment 
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efficacy [10, 11]. On the other hand, nebulisation is less con-
venient than DPI as nebuliser device is generally bulkier, 
requires electricity for operation and routine maintenance, 
and the liquid formulation is less stable compared to its solid 
counterpart. However, nebulisation allows patients to inhale 
through tidal breathing for drug administration and lung depo-
sition, making it more suitable for a broad range of patients, 
particularly for those who are critically ill or have severely 
compromised lung function or even unconscious patients [12].

siRNA and mRNA are negatively charged hydrophilic mac-
romolecules that are susceptible to degradation. Both require 
a delivery vector to promote cellular uptake and offer protec-
tion to avoid premature RNA degradation. Lipid nanoparticles 
(LNPs) are the most popular non-viral vectors being examined 
to date for this role. Despite their success in mRNA vaccines 
and therapeutic siRNA products [13, 14], their application 
has yet to reach beyond parenteral administration. Depending 
on the inhalation method, the drying process during powder 
production (e.g. spray drying) or the nebulisation process dur-
ing drug administration may introduce thermal, shear and/or 
interfacial stresses, leading to alteration of the structural integ-
rity of LNPs, affecting the transfection efficiency of the deliv-
ery system [15]. More importantly, the airway lining fluid is 
rich in phospholipids and pulmonary surfactants which may 
easily destabilise the LNPs [16], resulting in the loss of struc-
tural features of LNPs and hence impairing the transfection 
efficiency. Alternatively, synthetic peptides have emerged to 
be promising non-viral vectors for RNA delivery [17]. These 
peptides can be used to functionalise LNPs and polymeric 
nanoparticles to achieve specific cellular uptake and improve 
intracellular trafficking, or as delivery vectors on their own 
[18, 19]. The latter are usually cationic to allow electrostatic 
interaction with the negatively charged RNA to form nano-
sized complexes. Peptide-based RNA vectors have attracted 
significant interest due to their low cost, simple preparation, 
tuneable sizes and large-scale production. There have been 
some successes of using peptides for delivering siRNA and 
mRNA into the lungs of animals [20–22].

In this study, two synthetic amphipathic peptides, namely 
LAH4-L1 and PEG12KL4 were investigated for pulmonary 
RNA delivery by nebulisation. LAH4-L1 is a pH respon-
sive peptide that can promote endosomal escape whereas 
PEG12KL4 is a surfactant peptide. Both peptides were previ-
ously demonstrated to be effective in transfecting RNAs in 
lung epithelial cells [20, 23, 24]. On a lab scale production, 

the peptide/RNA complexes are usually prepared by simple 
bulk mixing of peptide and RNA at appropriate ratio with a 
pipette manually. For pilot or industrial scale production, a 
reliable and scalable method that can generate uniform nano-
sized complexes in a reproducible manner is critical. Micro-
fluidic approach has been successfully applied to the produc-
tion of LNPs [25]. It can enhance the mixing efficiency and 
allows continuous nanoparticle production process. With the 
use of microfluidic chip devices, the flow rate and hence 
mixing rate can be controlled precisely. Here, peptide/siRNA 
and peptide/mRNA complexes were prepared by microflu-
idic mixing and their particle size distribution, stability and 
transfection efficiency were compared with those prepared 
by pipette mixing. The complexes were then aerosolised 
using a vibrating mesh nebuliser, and their suitability for 
inhalation was evaluated in terms of aerodynamic particle 
size distribution, stability, and transfection efficiency.

Material and methods

Material

LAH4-L1 and PEG12KL4 peptides (Table 1) were synthe-
sised by EZBiolab (NJ, USA). Cy3-labeled siRNA (siGLO 
Cyclophilin B Control siRNA) was purchased from Hori-
zon Discovery Ltd (Cambridge, UK). Luciferase mRNA 
(CleanCap® FLuc mRNA, 1929 nucleotides) was pur-
chased from TriLink BioTechnologies (CA, USA). Cy5-
labeled mRNA (ARCA Cy5 EGFP mRNA) was purchased 
from ApexBio Technology (TX, US). Dulbecco’s modified 
eagle medium (DMEM), keratinocyte serum-free medium 
(SFM, combined with bovine pituitary extract and human 
recombinant epidermal growth factor), OptiMEM, foetal 
bovine serum (FBS), Antibiotic–Antimycotic (100x, peni-
cillin, streptomycin, and amphotericin B), Lipofectamine 
2000 transfection reagent, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) siRNA (21 base pairs) and 
scramble siRNA were purchased from ThermoFisher (MA, 
USA). QuantiFluor ® RNA system, report lysis 5 × buffer, 
and luciferase assay system were obtained from Promega 
Corporation (Southampton, UK). Ultrapure water was 
obtained from the Purelab Chorus system (ELGA Labwa-
ter, High Wycombe, UK).

Table 1   Sequence, molecular weight (MW) and net charge (at pH 7) of peptides used in this study. PEG12 is a monodisperse PEG with 12 monomers

Peptide Sequence MW Net Charge

LAH4-L1 KKALLAHALHLLALLALHLAHALKKA-NH2 2780  + 4
PEG12KL4 PEG12-KLLLLKLLLLKLLLLKLLLLK-NH2 3068  + 5
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were air-dried. The samples were viewed under TEM (FEI 
Tecnai G2 20 S-TWIN, FEI Company, USA), and images 
were taken at 9900 and 19500 folds of magnification with a 
Gatan ORIUS SC600 Model 831 CCD Camera (2.7 k × 2.7 k 
pixel) with Digtalmicrograph software (Gatan, Inc., CA, US).

Nebulisation

A vibrating mesh nebuliser, Aerogen Solo (Aerogen, Gal-
way, Ireland), was employed in this study to nebulise the 
peptide/RNA complexes. The complexes prepared were 
either diluted in ultrapure water prior to nebulisation to 
obtain a final RNA concentration of 14 μg/mL (for particle 
size measurement and in vitro transfection) or use directly 
as prepared (for cascade impactor study). The samples were 
loaded into the medication cup of Aerogen Solo. For parti-
cle size and transfection studies, a centrifuge tube was con-
nected to the output of the nebuliser to collect the aerosol. 
The samples were centrifuged at 2,000 rpm for 10 min to 
obtain the solution adhered to the wall of the tube. The col-
lected sample was transferred to a microcentrifuge tube for 
further evaluations.

RNA binding

To measure the RNA binding ability of peptides, fluorescent 
dye (QuantiFluor® RNA system) was employed to detect 
free and total RNA in the system before and after nebulisa-
tion. The working dye solution and standard curves (in the 
presence and absence of SDS) were prepared according to 
the manufacturer protocol. The dye solution was added to 
the peptide/RNA complexes to quantify the free unbound 
RNA. SDS (10 mM) was added to the complexes to release 
the bound RNA, and the dye solution was added to quantify 
the total RNA in the system. The fluorescence intensity was 
measured by GloMax Explorer according to the programme 
protocol (Promega, Southampton, UK) at λex 475 nm and 
λem 500–550 nm. The bound RNA was calculated by sub-
tracting the free RNA from the total RNA. The RNA bind-
ing was calculated as the percentage of bound RNA in total 
RNA in the sample.

Cell culture

A549 cells (human alveolar epithelial adenocarcinoma), 
and BEAS-2B cells (human bronchial epithelial cells) were 
obtained from ATCC (Manassas, VA, USA). A549 cells 
were cultured in DMEM supplemented with 10% FBS 
and antibiotic–antimycotic. BEAS-2B cells were cultured 
in Keratinocyte SFM supplemented with bovine pituitary 
extract, human recombinant epidermal growth factor, and 
antibiotic–antimycotic. The cells were sub-cultured twice a 

Preparation of peptide/RNA complexes

All four peptide/RNA complexes (i.e. LAH4-L1/siRNA; 
LAH4-L1/mRNA; PEG12KL4/siRNA; and PEG2KL4/
mRNA) were prepared at a ratio of 10:1 (w/w) using micro-
fluidic mixing and pipette mixing method. GAPDH siRNA 
and luciferase mRNA were used unless stated otherwise. The 
microfluidic mixing method was first optimised (Table S1 and 
S2, supplementary information). In the optimised protocol, 
peptide solution (1.4 mg/mL) and RNA solution (0.14 mg/
mL) were first prepared in ultrapure water. The two solutions 
were injected separately into the two inlets of a microfluidic 
chip (hydrophilised PC Fluid 186, Microfluidic ChipShop, 
Jena, Germany) at a flow rate of 3 μL/min controlled by a 
syringe pump (KDS Legato™ 210 syringe pump, KD Scien-
tific, MA, USA). The first 20 μL of the mixed solution from 
the microfluidic chip outlet was discarded and the rest was 
collected. With the pipette mixing method, the peptide solu-
tion (1.4 mg/mL) was added to the RNA solution (0.14 mg/
mL) at equal volume. The solutions were manually mixed 
by pipetting for 10 s followed by brief vortexing (for siRNA 
complexes) or manual inverting (for mRNA complexes) for 
10 s. The mixtures were incubated at room temperature for at 
least 30 min. In both preparation methods, peptide/RNA com-
plexes at RNA concentration of 70 μg/mL were obtained, and 
they were either further diluted or used directly as prepared.

Measurement of particle size distribution and zeta 
potential

Particle size distribution and zeta potential of peptide/RNA 
complexes was measured by dynamic light scattering and 
electrophoretic light scattering, respectively (Zetasizer nano 
ZS, Malvern Panalytical, Malvern, UK). For size measure-
ment, the samples were measured at various time points after 
complexes formation and after nebulisation. The sample was 
added to a disposable microcuvette for measurement. The 
data were presented as mean hydrodynamic diameter, poly-
dispersity index (PDI). For zeta potential measurement, the 
complexes were first diluted in 10% PBS to achieve RNA 
concentration of 14 μg/mL. The samples were then loaded 
into a capillary zeta cell for measurement.

Morphology study using transmission electron 
microscope (TEM)

TEM was used to examine the morphology of peptide/RNA 
complexes. Discharged copper grids were immersed in the 
solutions of complexes (at RNA concentration of 70 μg/mL) 
for 1 min. The grids were then stained with 4% (w/v) uranyl 
acetate for 20 s followed by washing with distilled water. 
Excess liquids were removed by filter paper and the examples 
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week and were maintained in a humified incubator at 37˚C 
and 5% CO2.

In vitro siRNA transfection

A549 and BEAS-2B cells were seeded on 6-well plates at a 
density of 1.6 × 105 cells/well and 2 × 105 cells/well, respec-
tively, 24 h before transfection. The peptide/siRNA com-
plexes prepared with GAPDH siRNA or scramble siRNA 
were diluted in serum-free OptiMEM to obtain the final vol-
ume of 1 mL per well at siRNA concentrations of 50, 25, and 
12.5 nM (i.e. 0.67, 0.33, and 0.17 μg/mL, respectively). At 
5 h post-transfection, the transfection media were removed 
and replaced with normal culture media. At 48 h post-trans-
fection, the cells were washed and lysed. The total protein 
concentrations of cell lysates were measured by Bradford 
assay. The GAPDH level within the cell lysates was quanti-
fied with the Western blotting assay as previously described 
[24]. The density of GAPDH protein bands was normalised 
with β-actin bands, and the siRNA transfection efficiency 
was expressed as the percentage of the remaining expression 
of GAPDH protein bands in the peptide/GAPDH siRNA 
treated groups compared to the GAPDH protein bands of 
the corresponding peptide/scramble siRNA treated groups.

In vitro mRNA transfection

A549 and BEAS-2B cells were seeded on 24-well plates at 
a density of 5 × 104 cells/well and 1 × 105 cells/well, respec-
tively, 24 h before transfection. The peptide/mRNA com-
plexes prepared were diluted in serum-free OptiMEM to 
achieve the final mRNA concentration of 1, 0.5, and 0.25 µg/
well (0.5 mL of sample per well). At 5 h post-transfection, 
the transfection media were removed and replaced with 
normal culture media. At 24 h post-transfection, the cells 
were washed and lysed. The total protein contents in cell 
lysates were determined by Bradford assay. The luciferase 
activities were measured as previously described [20]. The 
luminescence was measured with GloMax Explorer (Pro-
mega, Southampton, UK). The relative luminescence unit 
(RLU) was calculated based on the luminescence unit per 
μg of total protein.

Cascade impactor study

Next Generation Impactor (NGI) (Copley Scientific Limited, 
Nottingham, UK) was employed to evaluate the aerosol pro-
file of nebulised peptide/RNA complexes. Prior to the exper-
iment, NGI was pre-cooled at 5˚C for at least 90 min, and it 
was placed on an ice bath during evaluation. The Aerogen 
Solo was fit on an Aerogen Ultra chamber which was con-
nected to the mouth of the induction port of NGI with a rub-
ber adaptor. A vacuum pump (HCP5 high-capacity pump, 

Copley Scientific Limited, Nottingham, UK) was connected 
to the NGI to provide a constant flow rate of 15.0 ± 0.15 L/
min during the experiment. An external filter (PARI Medi-
cal Ltd, Surrey, UK) was placed between the NGI outlet and 
the pump. The complexes were prepared with Cy3-labeled 
siRNA or Cy5-labeled mRNA, and the samples were nebu-
lised through the Aerogen Solo. After nebulisation was com-
pleted (500 µL of peptide/siRNA complexes and 800 µL 
of peptide/mRNA complexes), the NGI was rested on ice 
for additional 20 min to allow deposition of the suspended 
aerosol. Samples deposited at each stage were then collected 
with PBS and the amount of RNA deposited in each stage 
was quantified by measuring the fluorescence intensity (at 
λex 530 nm and λem 565 nm for Cy3-labeled siRNA; at λex 
640 nm and λem 670 nm for Cy5-labeled mRNA) using a 
plate reader (SpectraMax M2, Molecular Device, Berkshire, 
UK) against a standard curve. The emitted fraction (EF) was 
calculated as the percentage of the emitted dose (from induc-
tion port to micro-orifice collector, MOC) in the total recov-
ered dose. Fine particle fraction (FPF) was calculated as 
percentage of particles with aerodynamic size < 5 µm rela-
tive to the emitted dose. Mass median aerodynamic diam-
eter (MMAD) was defined as the aerodynamic diameter at 
which half of the particles by mass are larger and the other 
half smaller.

Statistical analysis

The grouped data were analysed using two-way ANOVA 
followed by post-hoc analysis with Šidák analysis for mul-
tiple group comparisons with each other and Dunnett for 
comparisons with one control group. All statistical analy-
ses were performed on GraphPad Prism Version 9.5.0. All 
experiments were repeated at least three times independently 
unless stated otherwise.

Results

Physicochemical properties peptide/RNA complexes 
prepared by the two mixing methods

Four different peptide/RNA systems were investigated here, 
including two peptides (LAH4-L1 and PEG12KL4) and two 
types of RNA (siRNA and mRNA). The complexes of all 
four systems were prepared at 10:1 peptide to RNA ratio 
(w/w) that showed the best performance according to previ-
ous studies [20, 23, 24]. This ratio is equivalent to the N/P 
ratios of 4.5:1, 5.1:1, 4.7:1, and 5.3:1 for LAH4-L1/siRNA, 
PEG12KL4/siRNA, LAH4-L1/mRNA, and PEG12KL4/
mRNA, respectively. First, the preparation of peptide/RNA 
complexes using microfluidic mixing method was optimised 
by examining the effect of the total output flow rate and the 
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input flow rate ratio of peptide to siRNA inlets. It was found 
that a low total output flow rate of 6 μL/min and the input 
flow ratio of 1:1 (i.e. 3 μL/min for each inlet) could achieve 
the smallest and most stable complexes for all four systems 
(Fig. S1 and S2 supplementary information), and this micro-
fluidic mixing protocol was adopted for subsequent studies. 
The complexes prepared by microfluidic mixing and pipette 
mixing approaches in this study were then compared side 
by side.

For siRNA (Fig. 1), the microfluidic mixing generally 
produced more stable LAH4-L1/siRNA complexes. The 
complexes prepared with pipette mixing grew in size from 
just below 200 nm to over 300 nm after 6 h of preparation, 

and they became significantly larger than their microflu-
idic counterpart. For PEG12KL4/siRNA complexes, they 
were larger in size of around 400 nm. There was no sig-
nificant difference between the two preparation methods. 
However, the size of PEG12KL4/siRNA complexes pre-
pared with microfluidic mixing had a smaller standard 
deviation and exhibited a lower PDI compared to pipette 
mixing, with a significant difference observed at 20, 120, 
and 240 min after preparation, implying that the micro-
fluidic mixing method was more consistent and capable 
of producing siRNA complexes with narrower size dis-
tribution. Both LAH4-L1/siRNA and PEG12KL4/siRNA 
complexes exhibited a zeta potential of around + 35 mV, 

Fig. 1   Particle size distribution and zeta potential of peptide/siRNA 
complexes. LAH4-L1/siRNA and PEG12KL4/siRNA complexes were 
prepared at a 10:1 ratio (w/w) at siRNA of 70 μg/mL by microfluidic 
mixing or pipette mixing. The hydrodynamic size and polydispersity 
index (PDI) were measured at different time point after complex for-

mation. For zeta potential measurement, the complexes were diluted 
in 10% PBS to achieve siRNA concentration of 14 μg/mL. The data 
were presented as mean ± standard deviation (n = 3–4). The data were 
analysed by two-way ANOVA followed by Šidák’s multiple compari-
sons test. *p < 0.05, **p < 0.01, ****p < 0.001
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and there was no significant difference between pipette and 
microfluidic mixing.

For mRNA (Fig. 2), the LAH4-L1/mRNA complexes 
produced with microfluidic mixing tended to have a 
smaller particle size of below 150 nm, whereas those 
prepared with pipette mixing exhibited size approaching 
200 nm. However, there was no statistically significant dif-
ferences between the two. On the contrary, the PEG12KL4/
mRNA complexes prepared by microfluidic mixing had a 
significantly larger size of around 200 nm, compared to 
those prepared by pipette mixing with size of just above 
100 nm. There were no differences in terms of PDI of 

the complexes prepared with both methods for either pep-
tide. Similar to siRNA complexes, the zeta potential of all 
mRNA complexes was around + 35 mV with no significant 
difference between the two mixing methods.

The complexes were also observed under TEM (Fig. 3). 
All of them showed sign of aggregation but to a different 
extent, possibly due to the relatively high concentration of 
complexes used for imaging. In general, complexes formed 
with pipette mixing tend to have a higher level of aggrega-
tion, as seen with LAH4-L1/siRNA, PEG12KL4/siRNA, 
and LAH4-L1/mRNA complexes. The PEG12KL4/mRNA 
complexes formed by microfluidic mixing and pipette 

Fig. 2   Particle size distribution and zeta potential of peptide/mRNA 
complexes. LAH4-L1/mRNA and PEG12KL4/mRNA complexes 
were prepared at a 10:1 ratio (w/w) at mRNA of 70 μg/mL by micro-
fluidic mixing or pipette mixing. The hydrodynamic size and polydis-
persity index (PDI) were measured at different time point after com-

plex formation. For zeta potential measurement, the complexes were 
diluted in 10% PBS to achieve mRNA concentration of 14  μg/mL. 
The data were presented as mean ± standard deviation (n = 3–4). The 
data were analysed by two-way ANOVA followed by Šidák’s multiple 
comparisons test. ****p < 0.001
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mixing however did not appear to have any noticeable 
differences.

Transfection efficiency of the RNA complexes 
prepared with the two mixing methods

The transfection efficiencies of siRNA complexes (Fig. 4) 
and mRNA complexes (Fig. 5) prepared by the two mixing 
methods were compared at three different RNA concentra-
tions on A549 and BEAS-2B cell lines, both of which are 
human lung epithelial cells. Representative Western blot 
images of cells transfected with siRNA were also shown 
(Fig. S3, supplementary information). In general, the two 
methods were comparable in preparing complexes with 
similar RNA transfection efficiency. Significant difference 
between the two was observed with the transfection of 
PEG12KL4/mRNA complexes on BEAS-2B cells at 1 μg/
well of mRNA. In this case, the pipette mixing method 
achieved a better transfection efficiency, but the difference 
was not substantial. For all other conditions, there were no 
significant differences between the two preparation methods.

Effect of nebulisation on particle size distribution, 
RNA binding and transfection efficiency

With the similar biological activities between RNA com-
plexes formed by microfluidic mixing and pipette mix-
ing, only the former method was used in the nebulisation 
studies. During the nebulisation process, the shear and 
interfacial stresses may impact on the stability of biologi-
cal molecules. Previous studies showed that nebulisation 

could promote aggregation of proteins [26]. Here, the 
particle size of the RNA complexes was compared before 
and after nebulisation (Fig. 6). Apart from LAH4-L1/
siRNA complexes, all other formulations experienced a 
significant reduction of particle size after nebulisation. 
Moreover, all complexes after nebulisation exhibited par-
ticle size of around 100 nm regardless of their size prior 
to nebulisation. The most prominent effect was observed 
with PEG12KL4/siRNA complexes in which the hydro-
dynamic size of particles reduced from around 400 nm 
before nebulisation to below 120 nm after nebulisation. 
They also displayed a narrower size distribution, with PDI 
value closed to 0.1 in all formulations after nebulisation. 
It appeared that the nebulisation process could de-aggre-
gate the RNA complexes. The extent of RNA binding with 
the peptides was examined by fluorescence assay (Fig. 7). 
LAH4-L1 exhibited a higher binding affinity for siRNA 
with around 85% of siRNA bound to the peptide. In con-
trast, just over 60% of mRNA bound to the LAH4-L1. 
On the other hand. PEG12KL4 displayed similar binding 
affinity for siRNA and mRNA, with RNA binding in the 
range of 70 to 80%. Despite the considerable changes in 
particle size of peptide/RNA complexes following nebu-
lisation, there was no substantial change in RNA binding 
efficiency. Similarly, the transfection efficiency of the 
RNA complexes was not affected by the nebulisation pro-
cess. Both LAH4-L1 and PEG12KL4 showed similar level 
of siRNA transfection (Fig. 8 and Fig. S4, supplementary 
information) or mRNA transfection (Fig. 9) on the two 
tested cell lines before and after nebulisation, with no 
significant differences between them.

Fig. 3   Transmission electron 
microscopy (TEM) images of 
peptide/RNA complexes. The 
complexes were prepared at 
10:1 peptide/RNA ratio (w/w) 
at RNA concentration of 70 μg/
mL. The samples were stained 
with 4% uranyl acetate prior to 
imaging. Scale bar = 500 nm
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Aerosol performance evaluation using NGI

All four peptide/RNA complexes showed similar deposi-
tion profile in NGI following nebulisation by Aerogen Solo, 
which is a vibrating mesh nebuliser (Fig. 10). An EF and 
FPF of over 90% and 50%, respectively, were achieved by all 
four formulations (Table 2), with MMAD ranged between 3 
and 5 μm. Overall, the NGI results indicated that the aero-
sols generated by the nebuliser were generally suitable for 
inhalation.

Discussion

With the success of Onpattro, an LNP formulation of siRNA 
used for the treatment of polyneuropathy caused by the 
hereditary transthyretin-mediated amyloidosis [27], and the 
mRNA vaccines developed by Moderna and Pfizer, both 
of which employ LNPs to deliver mRNA vaccine against 
COVID-19 [13], LNPs have overshadowed other RNA 
delivery systems and dominated this field of research. For 
pulmonary RNA delivery however, LNPs face additional 

challenges concerning their stability. Firstly, a number 
of studies reported that nebulisation led to destruction or 
agglomeration of LNPs, causing detrimental effect on RNA 
encapsulation and their transfection efficiency [15, 28, 29]. 
It could be due to the delicate structure of LNPs in which 
their functionality depends on. Secondly, the rich contents 
of phospholipids in the pulmonary surfactant and the mucus 
layer in the airways may pose a high risk of interacting and 
destabilising the LNPs [16, 30]. In this regard, our group 
has focused on developing peptide-based systems which are 
structurally simpler and physically more robust than LNPs 
for pulmonary RNA delivery.

Both LAH4-L1 and PEG12KL4 peptides used in this 
study can form nanosized complexes with siRNA and 
mRNA through electrostatic interaction, and they have 
shown good RNA transfection efficiency in lung epithelial 
cells [20, 23, 24, 31]. Moreover, these water-soluble pep-
tides do not require organic solvents such as ethanol, nor 
pH changes during formulation, providing an additional 
benefit over LNPs. A reliable, reproducible, and scalable 
production method needs to be considered in the subsequent 
stage of development. Conventional bulk mixing approach, 

Fig. 4   Transfection of peptide/siRNA complexes on A549 and 
BEAS-2B cells. LAH4-L1/siRNA and PEG12KL4/siRNA complexes 
were prepared at a 10:1 ratio (w/w) by microfluidic mixing or pipette 
mixing. siRNA targeting GAPDH was used. The cells were also 
transfected with Lipofectamine 2000 (Lipo2k) at a siRNA concentra-
tion of 50 nM as control. The % of remaining GAPDH was measured 

at 48 h post-transfection by Western blot analysis and the densitom-
etry results were presented as mean ± standard deviation (n = 3). The 
data were analysed by two-way ANOVA followed by Šidák’s multiple 
comparisons test. No significant difference was observed in siRNA 
transfection efficiency between complexes prepared by microfluidic 
mixing and pipette mixing
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Fig. 5   Transfection of peptide/mRNA on A549 and BEAS-2B cells. 
LAH4-L1/mRNA and PEG12KL4/mRNA complexes were pre-
pared at a 10:1 ratio (w/w) by microfluidic mixing or pipette mixing. 
mRNA encoding luciferase was used. The cells were also transfected 
with Lipofectamine 2000 (Lipo2k) at a mRNA dose of 1 μg per well 

as control. The relative light unit (RLU) per μg protein was measured 
at 24 h post-transfection. The results were presented as mean ± stand-
ard deviation (n = 3). The data were analysed by two-way ANOVA 
followed by Šidák’s multiple comparisons test. *p < 0.05

Fig. 6   Particle size distribution of peptide/RNA complexes before 
and after nebulisation. All the peptide/RNA complexes were prepared 
at a 10:1 ratio (w/w) at RNA concentration of 14 μg/mL by microflu-
idic mixing. The hydrodynamic size and polydispersity index (PDI) 

were measured by dynamic light scattering. The data were presented 
as mean ± standard deviation (n = 3–4). The data were analysed by 
two-way ANOVA followed by Šidák’s multiple comparisons test. 
*p < 0.05, **p < 0.01. ***p < 0.005 and ****p < 0.001
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frequently accomplished by using a pipette manually in lab 
scale research, often results in heterogenous products with 
significant batch-to-batch variations [32]. Here, insights 
were gained from the success of LNPs in the production 

perspective by adopting the microfluidic approach to prepare 
RNA complexes. In fact, the use of microfluidic mixing was 
reported over a decade ago for the preparation of polymer/
DNA complexes [33]. Microfluidic mixing offers the advan-
tages of high controllability, homogeneity and reproduci-
bility, and the opportunities for automation and continuous 
production process [34]. Our first objective was to identify 
a microfluidic mixing protocol that enables the production 
of small and reproducible peptide/RNA complexes. A low 
total output flow rate and a low input flow rate ratio were 
found to be critical in preparing small and stable peptide/
RNA complexes. As laminar flow was expected in the micro-
channel, mixing was achieved mainly by diffusion which 
allows the transfer of molecules through the interfacial area 
[35]. A lower total flow rate increased the contact time per 
unit area between the two liquids, and hence improved mix-
ing results. For the input flow rate ratio, the larger the dif-
ference between the input flow rate of the two solutions, the 
larger the difference in volume between the two, the larger 
the size of complexes. This could be explained by the longer 
diffusion distance between the two solutions, resulting in 
insufficient mixing. These observations were opposite to the 
preparation of LNPs where high flow rate tended to yield 

Fig. 7   RNA binding of peptide before and after nebulisation. All pep-
tide/RNA complexes were prepared at 10:1 ratio (w/w) by microflu-
idic mixing. The data were presented as mean ± standard deviation 
(n = 3). No significant difference in siRNA transfection efficiency was 
observed before and after nebulisation

Fig. 8   Transfection of peptide/siRNA complexes before and after 
nebulisation on A549 and BEAS-2B cells. LAH4-L1/siRNA and 
PEG12KL4/siRNA complexes were prepared at a 10:1 ratio (w/w) 
by microfluidic mixing. siRNA targeting GAPDH was used. The 
% of remaining GAPDH was measured at 48 h post-transfection by 

Western blot analysis and the densitometry results were presented as 
mean ± standard deviation (n = 3). The data were analysed by two-
way ANOVA followed by Šidák’s multiple comparisons test. No 
significant difference in siRNA transfection efficiency was observed 
before and after nebulisation
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Fig. 9   Transfection of peptide/mRNA complexes before and after 
nebulisation on A549 and BEAS-2B cells. LAH4-L1/mRNA and 
PEG12KL4/mRNA complexes were prepared at a 10:1 ratio (w/w) 
by microfluidic mixing. siRNA targeting GAPDH was used. mRNA 
encoding luciferase was used. The relative light unit (RLU) per μg 

protein was measured at 24 h post-transfection. The results were pre-
sented as mean ± standard deviation (n = 3). The data were analysed 
by two-way ANOVA followed by Šidák’s multiple comparisons 
test. No significant difference in mRNA transfection efficiency was 
observed before and after nebulisation

Fig. 10   Deposition profile of peptide/RNA complexes in Next Gener-
ation Impactor (NGI) following nebulisation. The NGI was operated 
at a flow rate of 15 L/ min. All complexes were prepared at a peptide 
to RNA ratio of 10:1 (w/w) by microfluidic mixing. The deposition of 
across the throat, stage 1–7 and micro-orifice collector (MOC) were 

calculated as mass fraction (%) of the emitted dose. The stage cut-
off diameters were 14.1  µm, 8.61  µm, 5.39  µm, 3.30  µm, 2.08  µm, 
1.36  µm, and 0.98  µm for stage 1–7, respectively. The results were 
presented as mean ± standard deviation (n = 3)
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better mixing and smaller LNPs [25, 36]. As the preparation 
of LNPs involved the mixing of organic and aqueous phases, 
the solubility of lipids changed gradually during the mixing 
process, hence the impact of flow rate and flow rate ratio 
would be different to the diffusion mixing in our system in 
which both RNA and peptide are dissolved in aqueous phase.

The microfluidic mixing with our established protocol 
was then compared with the pipette mixing method. In gen-
eral, siRNA complexes were larger than mRNA complexes. 
The short double-stranded siRNA has a relatively long per-
sistence length that renders it a more rigid structure [37], 
leading to the formation of larger complexes when it binds 
to the peptides. On the other hand, mRNA is a long single-
stranded molecule that is more flexible to allow the forma-
tion of smaller and more compact complexes. Microfluidics 
improved the mixing between LAH4-L1 and siRNA, as seen 
with the smaller size of complexes with better stability and 
higher binding affinity compared to the pipette mixing. The 
effect was less apparent between PEG12KL4 and siRNA as 
the size of complexes were similarly large for microfluidic 
and pipette mixing, although the former produced complexes 
with slightly lower PDI. Both LAH4-L1 and PEG12KL4 are 
cationic peptides, but the positive charges are more evenly 
distributed in LAH4-L1 along the sequence that allows more 
intimate interaction with the siRNA. PEG12KL4 contains 
a short chain of neutral PEG at one end which may either 
hinder its interaction with the rigid siRNA to form looser 
complexes or the PEG self-aligns on the surfaces of the 
complexes that give rise to larger complexes. Since the zeta 
potential of PEG12KL4/siRNA complexes was positive with 
a value similar to that of LAH4-L1 (around + 35 mV), it 
is more probable that the PEG chain was embedded in the 
complexes rather than exposed to the surface, resulting in 
the formation of looser complexes.

For mRNA complexes, microfluidic mixing produced 
smaller LAH4-L1/mRNA complexes than pipette mixing 
but the differences between the two preparation methods 
were not reflected on the PDI. On the contrary, the size of 
PEG12KL4/mRNA complexes were larger when they were 
prepared with microfluidic mixing. It appeared that the 
current microfluidic mixing protocol was still suboptimal 

to achieve effective mixing for this system. Overall, the 
microfluidics could facilitate the mixing between peptide 
and RNA to a certain extent, and the complexes appeared 
to be less aggregated as observed in the TEM images. To 
elucidate the architecture of the complexes, techniques such 
as small angle neutron scattering and small angle x-ray scat-
tering which provide detail information such as morphology 
and core/shell structure of nanosized complexes could be 
considered for future study [38].

Interestingly, the differences in physicochemical prop-
erties of peptide/RNA complexes between the two mixing 
approaches did not translate to their transfection efficiencies 
in vitro. Out of the 24 transfection conditions tested (i.e. 
2 peptides × 2 RNAs × 2 cell lines × 3 RNA doses), 23 of 
them showed no significant differences between microfluidic 
and pipette mixing. Hence, we concluded that both mixing 
methods were highly comparable in producing complexes 
that demonstrated similar in vitro biological activities. For 
the purposes of consistency and scalable manufacturing, the 
subsequent nebulisation study was conducted using com-
plexes prepared with microfluidic approach only.

Vibrating mesh nebuliser was employed in this study 
because as it is considered to be gentler compared to other 
types of nebulisers such as jet and ultrasonic nebulisers. 
When the peptide/RNA complexes were subjected to nebu-
lisation with a vibrating mesh nebuliser, there was a signifi-
cant reduction in the particle size as well as the PDI. After 
nebulisation, all complexes (regardless of the RNA type, 
peptide and the initial size of complexes prior to nebulisa-
tion) exhibited a hydrodynamic diameter of around 100 nm 
with a narrow distribution of PDI around 0.1. This was 
rather unexpected as previous studies showed that nebuli-
sation often led to an increase in particle size or rupture of 
LNPs, resulting in lower transfection efficiencies [39, 40]. 
Unlike jet and ultrasonic nebulisers which contain baffles 
to trap the large droplets so that only the smaller droplets 
are inhaled, vibrating mesh nebuliser utilises a piezoelectric 
crystal which vibrates at a high frequency, forcing the liquid 
through the perforated mesh to form fine aerosols for inhala-
tion. The lack of baffle in a vibrating mesh nebuliser reduces 
shear stress and damage to the LNPs. Nonetheless, LNPs 
gain mobility and are brought into close contact with each 
other during nebulisation. This could lead to the agglom-
eration of LNPs, possibly caused by the rearrangement and 
fusion of lipids from adjacent particles, resulting in irre-
versible structural change of LNPs [29]. It is challenging to 
identify suitable compositions of lipids to form LNPs that 
can endure the nebulisation process. In contrast, our peptide/
RNA complexes not only could resist agglomeration induced 
by nebulisation, but they were also de-aggregated by the 
vibrating energy during the process, making them particu-
larly suitable and robust for nebulisation. More importantly, 
there was no significant difference in transfection efficiency 

Table 2   Aerodynamic properties of the nebulised peptide/RNA com-
plexes evaluated by the Next Generation Impactor (NGI). The emitted 
fraction (EF), fine particle fraction (FPF) and mass median aerody-
namic diameter (MMAD) were presented as mean ± standard devia-
tion (n = 3)

EF (%) FPF (%) MMAD (µm)

LAH4-L1/siRNA 99.0 ± 1.76 77.0 ± 1.05 3.58 ± 0.180
PEG12KL4/siRNA 94.5 ± 1.47 52.6 ± 6.32 4.85 ± 0.386
LAH4-L1/mRNA 91.1 ± 11.5 56.4 ± 2.10 4.63 ± 0.130
PEG12KL4/mRNA 94.5 ± 1.93 57.0 ± 2.85 4.56 ± 0.176
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in vitro for most of the tested RNA/complexes before and 
after nebulisation, implying that de-aggregation did not 
enhance transfection nor impair the integrity of the RNAs.

Finally, the NGI results clearly suggested that Aerogen 
Solo could successfully deliver peptide/RNA complexes 
to the deep lung. A satisfactory aerosolisation profile was 
observed for all the RNA complexes, with a significant por-
tion of the aerosolised particles lied within the range for 
respiration. Interestingly, the FPF of LAH4-L1/siRNA com-
plexes were higher than other formulations which was rather 
unexpected as the aerosol size would be largely dependent 
on the nebuliser. According to the RNA binding assay, 
LAH4-L1/siRNA complexes exhibited the highest RNA 
binding % before and after nebulisation (> 80%), suggest-
ing that there was less free RNA in the solution. LAH4-L1/
siRNA formulation may have a lower viscosity compared to 
the others, leading to the formation of droplets with smaller 
size and hence higher FPF. Nonetheless, with the encour-
aging transfection results following nebulisation, this work 
revealed the promising application of peptide/RNA com-
plexes for pulmonary delivery through nebulisation. The 
next step of the study is to examine the mucus penetration 
property of the peptide/RNA systems, evaluate the in vivo 
transfection following nebulisation in animals which will 
also give us insights on the stability as well as the safety of 
the aerosolised RNA formulations in the airways.

Conclusions

In this study, an optimised microfluidic mixing method 
was established for producing peptide/RNA complexes in 
a reproducible manner, and the physicochemical properties 
and biological activities of complexes were comparable to 
those prepared with pipette mixing. Despite the particle size 
of the peptide/RNA complexes was significantly reduced 
after aerosolisation through vibrating mesh nebuliser, possi-
bly due to de-aggregation of the complexes, their vitro trans-
fection efficiency was successfully preserved, and the size 
of aerosol was suitable for inhalation. These peptide-based 
RNA delivery systems offer alternative solution to LNPs 
to the delivery of RNA therapeutics to the lung. Further 
evaluation on their performance in animal models and inves-
tigation on their potential clinical applications such as the 
treatment of cystic fibrosis and lung cancer are warranted.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13346-​024-​01773-w.

Authors’ contributions  Study conception and design: C Ma, MYT 
Chow, JKW Lam; data collection: C Ma, P Goldbaum and C Zhang; 
analysis and interpretation of results: C Ma and MYT Chow; draft 
manuscript preparation: C Ma and JKW Lam. review and editing: JCM 
Hsieh. All authors reviewed the results and approved the final version 
of the manuscript.

Funding  The study was supported by UCL Therapeutic Acceleration 
Support Scheme, MRC IAA 2021 UCL MR/X502984/1. CM would like 
to thank HKU Presidential PhD scholarship for funding. MYC would 
like to thank DDL Career Development Grant for financial support.

Data availability  The data generated in this study are available from 
the corresponding author on reasonable request.

Declarations 

Ethical approval  This study did not involve animal or human subjects. 
No ethical approval is required.

Consent for publication  The authors confirm that no consent for pub-
lications is required for this study.

Competing interests  The authors have no relevant financial or non-
financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Fan Y, Yang Z. Inhaled siRNA Formulations for Respiratory Dis-
eases: From Basic Research to Clinical Application. Pharmaceu-
tics. 2022;14(6):1193.

	 2.	 Mei D, Tan WSD, Tay Y, Mukhopadhyay A, Wong WSF. Thera-
peutic RNA Strategies for Chronic Obstructive Pulmonary Dis-
ease. Trends Pharmacol Sci. 2020;41(7):475–86.

	 3.	 Mehta A, Michler T, Merkel OM. siRNA Therapeutics against 
Respiratory Viral Infections-What Have We Learned for Potential 
COVID-19 Therapies? Adv Healthc Mater. 2021;10(7):e2001650.

	 4.	 Khan P, Siddiqui JA, Lakshmanan I, Ganti AK, Salgia R, Jain M, 
et al. RNA-based therapies: A cog in the wheel of lung cancer 
defense. Mol Cancer. 2021;20(1):54.

	 5.	 Da Silva SA, Paunovska K, Cristian A, Dahlman JE. Treating 
Cystic Fibrosis with mRNA and CRISPR. Hum Gene Ther. 
2020;31(17–18):940–55.

	 6.	 Chow MYT, Qiu Y, Lam JKW. Inhaled RNA Therapy: From 
Promise to Reality. Trends Pharmacol Sci. 2020;41(10):715–29.

	 7.	 Qiu Y, Lam JK, Leung SW, Liang W. Delivery of RNAi Thera-
peutics to the Airways-From Bench to Bedside. Molecules. 
2016;21(9):1249.

	 8.	 Ding L, Tang S, Wyatt TA, Knoell DL, Oupicky D. Pulmonary 
siRNA delivery for lung disease: Review of recent progress and 
challenges. J Control Release. 2021;330:977–91.

	 9.	 Zhang M, Lu H, Xie L, Liu X, Cun D, Yang M. Inhaled RNA 
drugs to treat lung diseases: Disease-related cells and nano-bio 
interactions. Adv Drug Deliv Rev. 2023;203:115144.

	10.	 Mahler DA. Peak Inspiratory Flow Rate as a Criterion for Dry 
Powder Inhaler Use in Chronic Obstructive Pulmonary Disease. 
Ann Am Thorac Soc. 2017;14(7):1103–7.

https://doi.org/10.1007/s13346-024-01773-w
http://creativecommons.org/licenses/by/4.0/


	 Drug Delivery and Translational Research

	11.	 Clark AR, Weers JG, Dhand R. The Confusing World of Dry Pow-
der Inhalers: It Is All About Inspiratory Pressures, Not Inspiratory 
Flow Rates. J Aerosol Med Pulm Drug Deliv. 2020;33(1):1–11.

	12	 McCarthy SD, Gonzalez HE, Higgins BD. Future Trends in 
Nebulized Therapies for Pulmonary Disease. J Pers Med. 
2020;10(2):37.

	13.	 Zhang L, More KR, Ojha A, Jackson CB, Quinlan BD, Li H, et al. 
Effect of mRNA-LNP components of two globally-marketed COVID-
19 vaccines on efficacy and stability. NPJ Vaccines. 2023;8(1):156.

	14.	 Suzuki Y, Ishihara H. Difference in the lipid nanoparticle tech-
nology employed in three approved siRNA (Patisiran) and 
mRNA (COVID-19 vaccine) drugs. Drug Metab Pharmacokinet. 
2021;41:100424.

	15.	 Lokugamage MP, Vanover D, Beyersdorf J, Hatit MZC, Rotolo 
L, Echeverri ES, et al. Optimization of lipid nanoparticles for the 
delivery of nebulized therapeutic mRNA to the lungs. Nat Biomed 
Eng. 2021;5(9):1059–68.

	16.	 Kassab G, Doran K, Mo Y, Zheng G. Inhalable Gene Therapy and 
the Lung Surfactant Problem. Nano Lett. 2023;23(22):10099–102.

	17	 Boisguerin P, Konate K, Josse E, Vives E, Deshayes S. Peptide-
Based Nanoparticles for Therapeutic Nucleic Acid Delivery. Bio-
medicines. 2021;9(5):583.

	18.	 Urandur S, Sullivan MO. Peptide-Based Vectors: A Biomolecular 
Engineering Strategy for Gene Delivery. Annu Rev Chem Biomol 
Eng. 2023;14:243–64.

	19.	 Falato L, Gestin M, Langel U. Cell-Penetrating Peptides Deliver-
ing siRNAs: An Overview. Methods Mol Biol. 2021;2282:329–52.

	20.	 Qiu Y, Man RCH, Liao Q, Kung KLK, Chow MYT, Lam JKW. 
Effective mRNA pulmonary delivery by dry powder formula-
tion of PEGylated synthetic KL4 peptide. J Control Release. 
2019;314:102–15.

	21.	 Xu Y, Zheng Y, Ding X, Wang C, Hua B, Hong S, et al. PEGylated 
pH-responsive peptide-mRNA nano self-assemblies enhance the 
pulmonary delivery efficiency and safety of aerosolized mRNA. 
Drug Deliv. 2023;30(1):2219870.

	22.	 Ullah I, Choi HS, Choi C, Chung K, Jung JW, Yun G, et al. Tar-
geted siRNA delivery to lung epithelia reduces airway inflamma-
tion in a mouse model of allergic asthma. Biotechnol Bioproc E. 
2024;29:97–108.

	23.	 Liang W, Chow MY, Lau PN, Zhou QT, Kwok PC, Leung GP, 
et al. Inhalable dry powder formulations of siRNA and pH-respon-
sive peptides with antiviral activity against H1N1 influenza virus. 
Mol Pharm. 2015;12(3):910–21.

	24.	 Qiu Y, Clarke M, Wan LTL, Lo JCK, Mason AJ, Lam JKW. Opti-
mization of PEGylated KL4 Peptide for siRNA Delivery with 
Improved Pulmonary Tolerance. Mol Pharm. 2021;18(6):2218–32.

	25.	 Maeki M, Uno S, Niwa A, Okada Y, Tokeshi M. Microfluidic 
technologies and devices for lipid nanoparticle-based RNA deliv-
ery. J Control Release. 2022;344:80–96.

	26.	 Hertel SP, Winter G, Friess W. Protein stability in pulmonary drug 
delivery via nebulization. Adv Drug Deliv Rev. 2015;93:79–94.

	27.	 Kulkarni JA, Witzigmann D, Chen S, Cullis PR, van der Meel R. 
Lipid Nanoparticle Technology for Clinical Translation of siRNA 
Therapeutics. Acc Chem Res. 2019;52(9):2435–44.

	28.	 Kim J, Jozic A, Lin Y, Eygeris Y, Bloom E, Tan X, et al. Engineer-
ing Lipid Nanoparticles for Enhanced Intracellular Delivery of 
mRNA through Inhalation. ACS Nano. 2022;16(9):14792–806.

	29.	 Lewis MM, Soto MR, Maier EY, Wulfe SD, Bakheet S, Obregon 
H, et al. Optimization of ionizable lipids for aerosolizable mRNA 
lipid nanoparticles. Bioeng Transl Med. 2023;8(6):e10580.

	30.	 Tafech B, Rokhforouz MR, Leung J, Sung MM, Lin PJ, Sin DD, 
et al. Exploring Mechanisms of Lipid Nanoparticle-Mucus Inter-
actions in Healthy and Cystic Fibrosis Conditions. Adv Healthc 
Mater. 2024;13(18):e2304525.

	31.	 Man RCH, Qiu Y, Leung SWS, Fruhwirth GO, Lam JKW. 
Co-delivery of PD-L1- and EGFR-targeting siRNAs by syn-
thetic PEG(12)-KL4 peptide to the lungs as potential strategy 
against non-small cell lung cancer. Eur J Pharm Biopharm. 
2024;195:114177.

	32.	 Grigsby CL, Ho YP, Lin C, Engbersen JF, Leong KW. Microflu-
idic preparation of polymer-nucleic acid nanocomplexes improves 
nonviral gene transfer. Sci Rep. 2013;3:3155.

	33.	 Debus H, Beck-Broichsitter M, Kissel T. Optimized preparation 
of pDNA/poly(ethylene imine) polyplexes using a microfluidic 
system. Lab Chip. 2012;12(14):2498–506.

	34.	 Zhang H, Yang J, Sun R, Han S, Yang Z, Teng L. Microfluidics for 
nano-drug delivery systems: From fundamentals to industrializa-
tion. Acta Pharm Sin B. 2023;13(8):3277–99.

	35	 Azizipour N, Avazpour R, Rosenzweig DH, Sawan M, Ajji A. 
Evolution of Biochip Technology: A Review from Lab-on-a-Chip 
to Organ-on-a-Chip. Micromachines (Basel). 2020;11(6):599.

	36.	 Leung AK, Tam YY, Chen S, Hafez IM, Cullis PR. Micro-
fluidic Mixing: A General Method for Encapsulating Mac-
romolecules in Lipid Nanoparticle Systems. J Phys Chem B. 
2015;119(28):8698–706.

	37.	 Hayashi K, Chaya H, Fukushima S, Watanabe S, Takemoto H, 
Osada K, et al. Influence of RNA Strand Rigidity on Polyion 
Complex Formation with Block Catiomers. Macromol Rapid 
Commun. 2016;37(6):486–93.

	38.	 Barriga HMG, Pence IJ, Holme MN, Doutch JJ, Penders J, Nele 
V, et al. Coupling Lipid Nanoparticle Structure and Automated 
Single-Particle Composition Analysis to Design Phospholipase-
Responsive Nanocarriers. Adv Mater. 2022;34(26):e2200839.

	39	 Zhang H, Leal J, Soto MR, Smyth HDC, Ghosh D. Aerosolizable 
Lipid Nanoparticles for Pulmonary Delivery of mRNA through 
Design of Experiments. Pharmaceutics. 2020;12(11):1042.

	40.	 van Rijn CJM, Vlaming KE, Bem RA, Dekker RJ, Poortinga A, 
Breit T, et al. Low energy nebulization preserves integrity of 
SARS-CoV-2 mRNA vaccines for respiratory delivery. Sci Rep. 
2023;13(1):8851.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


