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ARTICLE INFO ABSTRACT
Keywords: KRAS G12S mutations in non-small cell lung cancer (NSCLC) remain refractory to current targeted therapies,
Lipid nanoparticles with few clinical options and frequent resistance. While CRISPR/Cas9 enables mutation-specific gene disruption,

Pulmonary administration
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its pulmonary application is limited by systemic clearance, hepatic tropism, and airway mucus barriers. Here, we
present lipid nanoparticles (LNPs) specifically engineered for pulmonary delivery of Cas9 mRNA and KRAS
G12S-targeting sgRNA, optimized through mRNA surrogate screening and orthogonal mixture design to guide
lipid composition and Cas9:sgRNA weight-to-weight ratios. Two lead LNP formulations, A6 3:1 and A8 1:1,
exhibited robust critical quality attributes, including particle sizes below 120 nm, low polydispersity, near-
neutral zeta potential, and over 80 % encapsulation efficiency. Cryo-TEM revealed distinct morphologies
correlated with enhanced transfection. In vitro, A8 1:1 achieved up to 90 % on-target gene editing in A549 cells
and a 3.6-fold increase in apoptosis, while A6 3:1 induced a 3.7-fold apoptotic response. Both formulations
efficiently traversed airway mucus in air-liquid interface cultures and preserved over 80 % cell viability across
doses. In vivo, repeated pulmonary administration was well tolerated, with no signs of systemic toxicity or
cytokine elevation in healthy or tumor-bearing mice. In an orthotopic A549-luc lung tumor model, intratracheal
delivery of A6 3:1 and A8 1:1 modestly suppressed tumor growth, with histological evidence of tumor cell
apoptosis for A8 1:1. Quantification confirmed a statistically significant increase of apoptosis in the A8 1:1 group,
consistent with effective KRAS disruption in vivo. Overall, lead LNPs, particularly A8 1:1, enabled efficient and
localized RNA-based gene editing that induced downstream apoptotic signaling, demonstrating a preliminary,
yet promising, proof-of-concept for CRISPR/Cas9 therapy in NSCLC.
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1. Introduction

Lung cancer ranks among the most prevalent malignancies, ac-
counting for nearly 1.8 million deaths worldwide in 2020, which cor-
responds to approximately 20 % of all cancer-related mortality [1].
Oncogenic driver mutations in genes such as epidermal growth factor
receptor (EGFR), anaplastic lymphoma kinase (ALK), and ERBB2 [2] are
well-documented. Yet, mutations in the KRAS oncogene are the most
frequent and present in about 25 % of all non-small cell lung cancer
(NSCLC) cases, with the G12C point mutation being the most common
[3]. While therapies for EGFR or ALK mutations have significantly
improved patient outcomes, targeted therapies for KRAS mutations have
historically been limited [4,5]. The approval of two KRAS G12C-specific
inhibitors for the treatment of NSCLC, namely Sotorasib and Adagrasib,
by the U.S. Food and Drug Administration (FDA) represents a major
therapeutic advance. These covalent inhibitors selectively bind to the
cysteine residue at position 12 within the switch II pocket of the GDP-
bound KRAS protein, locking it in an inactive state and preventing
downstream oncogenic signaling [6,7]. Despite their clinical efficacy,
these therapies are limited to patients harboring the G12C mutation and
are typically administered after prior systemic therapy, leaving the
majority of KRAS-mutated cases without selective treatment [3,6,7].
Moreover, the reliance on a unique amino acid for inhibition is associ-
ated with susceptibility to acquired resistance, observed in nearly half of
treated patients [8]. Common resistances include secondary KRAS mu-
tations (e.g., G12D, G13D, G12S), alterations in the drug binding-pocket
(e.g., Y96C), bypass signaling via MET, NRAS, BRAF, or RET, and his-
tologic transformation [8-10]. Given these challenges, there is a clear
need for broader and more durable therapeutic strategies capable of
overcoming resistance and targeting a wider spectrum of KRAS
mutations.

Clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9, originally part of the bacterial immune system against phages, has
become a powerful and versatile genome-editing tool. When paired with
a single guide RNA (sgRNA), the complex can selectively bind to target
DNA sequences and induce site-specific double-strand breaks [11,12].
These breaks are primarily repaired by non-homologous end joining
(NHEJ), a process that directly ligates the DNA ends but is prone to
errors. As a result, insertions or deletions (indels) frequently occur [13],
often disrupting the coding sequence and leading to loss of protein
function [14]. This mechanism can be used to selectively disrupt
mutated KRAS and suppress further tumor growth. Moreover, the sys-
tem allows for rapid adaptation. The emergence of novel or uncommon
mutations can be readily addressed by redesigning the sgRNA.

Despite the therapeutic promise of CRISPR/Cas9 for the treatment of
NSCLC, efficient delivery remains challenging. CRISPR/Cas9 delivery
can be achieved through several strategies: (i) direct delivery of the
Cas9/sgRNA ribonucleoprotein complex, in which the Cas9 protein is
pre-assembled with the sgRNA prior to administration, (ii) plasmid DNA
encoding both Cas9 and the sgRNA, or (iii) mRNA encoding Cas9 in
combination with a separate sgRNA [15]. Direct cellular uptake of
proteins is inherently inefficient, and their purification is both techni-
cally demanding and cost-intensive [15,16]. An attractive alternative is
the use of mRNA encoding Cas9, which enables transient protein
expression and, thereby, minimizes the risk of off-target genome editing.
Unlike plasmid DNA, mRNA does not integrate into the host genome and
can undergo multiple rounds of translation, enhancing indel formation
while requiring less input material. Additionally, mRNA is generally less
immunogenic than plasmid DNA or the Cas9 protein, making it more
suitable for therapeutic applications [17].

Lipid nanoparticles (LNPs) have transformed nucleic acid delivery by
protecting mRNA from degradation and enabling efficient cell uptake
and cytoplasmic release [18-20]. This technology has been successfully
applied to deliver CRISPR/Cas9 components, demonstrating therapeutic
efficacy in preclinical models, including the suppression of VEGFR2-
expressing lung tumors in mice [21]. The recent FDA approval of
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Casgevy®, the first CRISPR/Cas9-based therapy for sickle cell disease
and beta-thalassemia, further validates the clinical potential of genome
editing technologies [22]. Extending these breakthroughs, LNP-
mediated delivery of CRISPR/Cas9 is now being explored through
clinical trials across a broad spectrum of indications, including meta-
bolic, immunological, and cardiovascular diseases [23-25].

The success of mRNA vaccines against COVID-19 has demonstrated
the safety, scalability, and clinical impact of LNP platforms, establishing
them as suitable vehicles for RNA therapeutics, including Cas9 mRNA
and sgRNA [18,19]. Both research-grade and FDA-approved formula-
tions rely on lipid compositions originally introduced in Onpattro®
[26], the first siRNA-based drug approved for hereditary transthyretin-
mediated amyloidosis. Onpattro's formulation was optimized for he-
patic delivery [27], taking advantage of the natural tropism of LNPs for
hepatocytes via apolipoprotein E-mediated uptake. While highly effec-
tive for liver-targeted therapies, this intrinsic hepatic tropism presents a
major barrier for pulmonary applications such as lung cancer.

This limitation is particularly critical in lung-targeted therapies,
where systemic administration fails to engage the epithelial compart-
ment. Instead of reaching the airway epithelium, intravenously deliv-
ered LNPs accumulate in the pulmonary vasculature, leading to capillary
entrapment and thrombus formation, as previously demonstrated [28].
These findings reveal a key limitation of conventional delivery routes
and emphasize the need to circumvent vascular barriers. Pulmonary
administration via intratracheal or aerosolized delivery offers a trans-
formative alternative by enabling direct epithelial deposition, mini-
mizing off-target accumulation, and maximizing the therapeutic efficacy
of RNA-based interventions for respiratory diseases [29]. Moreover, the
lung's vast surface area, thin epithelial barrier, and rich vascularization
create a uniquely permissive environment for rapid uptake and localized
action, making it an ideal gateway for gene editing, immunomodulation,
and regenerative therapies [30].

To address the unmet clinical need in KRAS G12S-driven lung cancer,
this study aims to employ a rational optimization strategy to refine LNP
formulations for efficient pulmonary delivery of CRISPR/Cas9. Down-
stream functional effects, including apoptosis, were evaluated as in-
dicators of targeted gene disruption in the lung. We first screened lipid
molar ratios to identify compositions that maximize mRNA delivery
efficiency. These were further refined by optimizing the weight-to-
weight (w/w) ratios of Cas9 mRNA and sgRNA to enhance gene edit-
ing performance. Each formulation underwent thorough physicochem-
ical characterization, including particle size, polydispersity index (PDI),
zeta potential, and encapsulation efficiency, and was evaluated in vitro
for KRAS G12S gene editing, downstream signaling disruption, and
transport performance under mucin-producing conditions mucus.
Finally, the most promising candidates were assessed in vivo via pul-
monary administration, where they demonstrated favorable tolerability
and effective apoptosis induction. This proof-of-concept study estab-
lishes its potential as a non-invasive therapeutic strategy for KRAS-
driven lung cancer.

2. Materials and methods
2.1. Materials

The ionizable lipid 1-octylnonyl 8-[(2-hydroxyethyl)[6-0x0-6-
(undecyloxy)hexyllamino]octanoate (SM-102) was purchased from
MedChemExpress (New Jersey, USA), while cholesterol, (1,2-distearoyl-
sn glycero-3-phosphocholine (DSPC)), and (1,2 dimyristoyl-rac-glycero-
3-methoxypolyethylene glycol-2000 (DMG-PEG2000)) were obtained
from Sigma-Aldrich (Taufkirchen, Germany). CleanCap® Cas9 mRNA (5
moU) was bought from TriLink Biotechnologies (California, USA).
Enhanced green fluorescent protein (eGFP) mRNA and Alexa Fluor 647-
labeled eGFP mRNA were acquired from Ribopro (Maastricht,
Netherlands). Vivaspin 6 columns (10 kDa MWCO) were purchased from
Cytiva (Marlborough, USA). DNeasy blood & tissue kit was bought from
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QIAGEN (Venlo, Netherlands). Propidium Iodide solution and the
LEGENDplex™ MU Th Cytokine Panel were purchased from BioLegend
(San Diego, USA). The TUNEL Assay Kit - HRP-DAB was acquired from
Abcam (Cambridge, United Kingdom). Droplet generation oil, ddPCR
supermix for probes, ddPCR primers G12S NEHJ, DG8™ cartridges, and
gaskets were obtained from Bio-Rad (California, USA). PCR primers (F:
TTTGAGAGCCTTTAGCCGC, R: TCTACCCTCTCACGAAACTC) and
primers for Sanger sequencing (F: TCTTAAGCGTCGATGGAG, R: ACA-
GAGAGTGAACATCATGG) were purchased from Sigma-Aldrich (Tauf-
kirchen, Germany). Dulbecco's Phosphate Buffered Saline (PBS), Fetal
Bovine Serum (FBS), KRAS G12S sgRNA (5- CUUGUGGUA-
GUUGGAGCUAG-3), Pur-A-Lyzer™ Maxi 3500 molecular weight cut-off
(MWCO), RPMI-1640, sodium acetate, 100x Tris-EDTA buffer solution,
cell counting kit 8 (CCK-8), Dulbecco's Modified Eagle Medium (DMEM)
high glucose medium, Eagle's MEM, MEM non-essential amino acid so-
lution (NEAA), and Triton™ X-100 were purchased from Sigma-Aldrich
(Taufkirchen, Germany). PBS 10x, absolute ethanol molecular biology
grade, Gibco™ Opti-MEM™ reduced serum, Gibco™ Penicillin-
Streptomycin (P/S), Quant-it™ RiboGreen RNA reagent, Annexin V-
AF488, Phusion Green Hot Start II High-Fidelity PCR Mastermix,
ExoSAP-IT Express PCR Product Cleanup Reagent, Lipofectamine 2000,
GeneRuler 1 kb Plus DNA Ladder, and trypsin-EDTA (0.05 %) phenol red
were purchased from Thermo Fisher Scientific (Darmstadt, Germany).

2.2. Methods

2.2.1. LNP preparation

eGFP mRNA-LNPs and CRISPR/Cas9-LNPs were prepared by ethanol
dilution with varied molar ratios of ionizable, helper, and cholesterol
lipids (Table 1). Briefly, SM-102, DSPC, Cholesterol, and DMG-PEG2000
were dissolved in absolute ethanol, combined as specified in Table 1,
and diluted to a total lipid concentration of 1 mM for preparation using
syringe pumps (NE-1600, New Era Pump Systems, NY, USA) connected
to a microfluidic T-junction mixing (Idex P-888, Illinois, USA) or 5 mM
for preparation using impingement jet mixing with the Knauer Nano-
Scaler® (Berlin, Germany). For eGFP mRNA-LNPs, a 25 mM sodium
acetate buffer (pH 4.0) was used to dilute the eGFP mRNA to achieve a
final N/P of 6. CRISPR/Cas9-LNPs were prepared by mixing Cas9 mRNA
with KRAS G12S sgRNA (hereafter referred to as sgRNA for simplicity).
Unless otherwise stated, KRAS G12S was used; any deviations, such as
the use of a negative control sgRNA, are explicitly indicated. All for-
mulations employed defined w/w ratios, using the same buffer and the
same final N/P ratio of 6.

LNPs for in vitro experiments were formulated using syringe pumps at
a total flow rate of 3 ml/min and an aqueous-to-organic phase flow rate
ratio of 3:1. For animal experiments, CRISPR/Cas9-LNPs were prepared
using the Knauer Nanoscaler® at a total flow rate of 10 ml/min, main-
taining the same aqueous-to-organic phase flow rate ratio.

Table 1
Molar lipid composition (%) of LNP formulations.

Formulation SM-102 Cholesterol [%] DSPC [%] DMG-PEG2000
[%] [%]
Al 20.00 19.00 59.50 1.5
A2 50.00 38.50 10.00 1.5
A3 50.00 19.00 29.50 1.5
A4 35.00 38.50 25.00 1.5
A5 20.00 38.50 40.00 1.5
A6 20.00 29.50 49.00 1.5
A7 50.00 27.90 20.60 1.5
A8 35.90 19.00 43.60 1.5
A9 35.00 28.75 34.75 1.5
B12 26.75 29.20 42.55 1.5
B13 28.60 19.00 50.90 1.5
B14 20.00 24.25 54.25 1.5
B16 27.75 24.00 46.75 1.5

B17 35.70 23.20 39.60 1.5
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Subsequently, the formulations were dialyzed overnight at 4 °C against
1x PBS using a Pur-A-Lyzer™ Maxi Dialysis kit 3.5 kDa MWCO.
Following formulation, the LNPs intended for in vivo studies were further
concentrated using Vivaspin 6 spin columns (MWCO 10,000 Da) at
4000 rpm for 60 min to achieve the desired dosing concentration. The
LNPs were sterile-filtered through 0.22 pm polyethersulfone (PES)
membranes (Pall Corporation, New York, USA), and stored at 4 °C for up
to 30 days.

2.2.2. Formulation optimization

To identify the most effective LNP formulations for CRISPR/Cas9
delivery, we first conducted a preliminary screening using eGFP mRNA-
LNPs. This surrogate system enabled rapid evaluation of transfection
efficiency and physicochemical properties across varying lipid compo-
sitions. An optimization strategy based on an orthogonal approach was
then implemented using the JMP® 17 software. Library A was designed
as an optimal mixture design comprising nine mRNA-LNP formulations,
including one center point, to explore the compositional space of four
lipid components. The molar ratios were varied as follows: SM-102
(20.0-50.0 %), DSPC (10.0-59.9 %), and cholesterol (19.0-38.5 %),
while DMG-PEG2000 content was maintained constant at 1.5 %. Based
on experimental performance metrics from Library A, a second formu-
lation set, namely Library B, was generated with refined constraints to
further narrow the search space and enhance delivery efficiency. This
iterative design enabled targeted exploration of lipid ratios, guiding the
selection of high-performing CRISPR/Cas9-LNPs with improved trans-
fection outcomes and desirable physicochemical characteristics.

CRISPR/Cas9-loaded LNPs were prepared using the lipid composi-
tions identified as top-performing in the preceding optimization work-
flow. To further enhance delivery performance, the w/w ratios between
Cas9 mRNA and sgRNA were optimized by varying across a new subset
of formulations. This allowed fine-tuning of the RNA stoichiometry to
maximize physicochemical characteristics, gene-editing activity, and
downstream signaling. Final formulations were selected based on their
ability to induce robust in vitro indel formation while maintaining par-
ticle stability and reproducibility.

2.2.3. Physicochemical characterization

2.2.3.1. Particle size and zeta potential measurements. Hydrodynamic
diameter, PDI, and zeta-potential were measured using a Zetasizer
Advance Ultra (Malvern Instruments, UK) at 25 °C. For size and PDI
measurements, samples were placed directly into disposable cuvettes
and analyzed at a backscattering angle of 173° under ambient condi-
tions. Zeta-potential measurements were conducted following a 1:8
dilution with highly purified water (HPW). Nanoparticle tracking
analysis (NTA) was performed using a Nanosight Pro (Malvern In-
struments, UK). LNPs were diluted in PBS to fall within the manufac-
turer's recommended concentration range. For each sample, three 60-s
videos were recorded at 25 °C using a syringe pump set to the arbitrary
unit of 20 speed. Video data were processed using optimized detection
thresholds to ensure accurate identification and characterization of
particle size populations.

2.2.3.2. Encapsulation efficiency. Encapsulation efficiency was quanti-
fied using a modified Quant-it™ RiboGreen (Thermo Fisher Scientific,
Darmstadt, Germany) assay [31]. To account for differences in fluores-
cence signal due to detergent, two independent calibration curves were
prepared by diluting eGFP mRNA or a Cas9 mRNA and sgRNA mixture
(1:1 w/w) in either TE buffer or 2 % Triton X-100 in TE buffer, each at a
total RNA concentration of 10 ng/pl. Serial dilutions were performed to
obtain RNA concentrations within a range of 5 to 0.3 ng/ul. In a black,
flat-bottom 384-well microplate (Greiner Bio One, Kremsmiinster,
Austria), 5 pl of each calibration standard was added in duplicate and
diluted with an equal volume of the corresponding solvent. Blanks were
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prepared by adding 10 pl of 1 % TE buffer and 10 pl of 2 % Triton™ X-
100 in separate wells. CRISPR/Cas-LNP samples were prepared in du-
plicates and diluted with either TE buffer (to measure unencapsulated
RNA) or 2 % Triton X-100 (to lyse nanoparticles and release total RNA),
yielding a final volume of 10 pl per well. The plate was sealed and
incubated at 37 °C for 60 min with shaking at 240 rpm. Subsequently,
10 pl of RiboGreen reagent diluted 1:100 in TE buffer was added to each
well. Following gentle mixing, fluorescence intensity was measured
using a plate reader (Tecan Spark, TECAN, Mannedorf, Switzerland) at
an excitation wavelength of 480 nm and an emission wavelength of 520
nm. The encapsulation efficiency was calculated as follows:
RNAtot - R-NAunen

EE [%6] =~ 100
01

where RNA(y represents the total RNA concentration measured in
Triton-X-100 buffer wells, and the RNAynen refers to the RNA concen-
tration quantified in TE buffer wells.

2.2.3.3. Morphological evaluation by Cryo-TEM. Particle morphology
was assessed using cryogenic transmission electron microscopy (Cryo-
TEM). Samples were concentrated using a spin column at 5000 x g for
25 min at 4 °C, resulting in a theoretical lipid concentration of 2.55 mg/
ml. As described in [32], 3.5 pl of the concentrated samples were applied
to 2 nm pre-coated Qunatifoil R3/3 holey carbon-supported copper
grids, followed by vitrification using a Vitrobot Mark IV (Thermo Fisher
Sciences). Vitrified samples were imaged at various magnifications
using EM-TOOLS (TVIPS GmbH) on a Tecnai G2 Spirit transmission
electron microscope (Thermo Fisher Sciences) equipped with a F218
2048 x 2048 pixel CCD camera (TVIPS GmbH) at 120 kV.

2.2.4. Cell culture

H1299 (ATCC: CRL-5803) and A549 (ATCC: CRM-CCL-185) were
cultured using RPMI-1640 containing 10 % FBS (Sigma-Aldrich, Tauf-
kirchen, Germany) and 1 % P/S. Hela-eGFP cells (Cell Biolabs: AKR-213)
were cultured in DMEM (high glucose) containing 10 % FBS, 0.1 mM
MEM NEAA, 2 mM i-glutamine, and 10 pg/ml blasticidin. Calu-3 (ATCC:
HTB-55) was cultured in Eagle's MEM containing 10 % FBS. Cells were
maintained in 75 cm? flasks and subcultured at 37 °C in a humidified
atmosphere with 5 % CO,.

2.2.4.1. mRNA expression. The delivery efficiency of the mRNA-LNPs
was examined by monitoring the expression levels of an enhanced
green fluorescent protein (eGFP) reporter gene. H1299 and A549 cells
were seeded in 24-well plates (Greiner Bio One, Kremsmdiinster, Austria)
at densities of 10,000 and 30,000 cells per well, respectively. After 24 h,
triplicate wells were treated with 100 ng of encapsulated eGFP mRNA,
and untreated cells served as a blank. Following a 48-h incubation, cells
were washed with PBS, detached using 0.05 % trypsin-EDTA, diluted 1:2
with RPMI-1640, and transferred to a centrifuge tube. Samples were
centrifuged at 500 x g for 5 min, the supernatant was discarded, and the
cell pellets were resuspended in PBS. After a second centrifugation step,
the pellets were resuspended in PBS containing 2 mM EDTA. An Attune
NxT flow cytometry (Thermo Fisher, Germany) was used to measure the
median fluorescence intensity (MFI) with excitation at 488 nm and
emission detection at 530 nm.

2.2.4.2. eGFP knockout analysis. To assess CRISPR/Cas9-mediated gene
knockout efficiency, the reduction in eGFP fluorescence was quantified
in HeLa-eGFP reporter cells by flow cytometry. HelLa cells stably
expressing an eGFP reporter were seeded in a 24-well plate at a density
of 25,000 cells per well. After 24 h, cells were treated in triplicate with
100 ng of encapsulated RNA (Cas9 mRNA and sgRNA mixed at pre-
defined w/w ratios). An equivalent amount of RNA mixed with Lip-
ofectamine 2000 (Thermo Fisher Scientific) served as a positive control
(PC), while RNA resuspended in Opti-MEM was used as the negative
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control (NC). Untreated cells were included as a blank. Following a 48-h
incubation, cells were washed with PBS, detached using 0.05 % trypsin-
EDTA, and diluted 1:2 with RPMI-1640. The suspension was transferred
to a centrifuge tube and centrifuged at 500 x g for 5 min. After removing
the supernatant, cells were resuspended in PBS, centrifuged again, and
finally resuspended in PBS containing 2 mM EDTA. The MFI of eGFP was
analyzed using an Attune NxT flow cytometry (Thermo Fisher, Ger-
many) with excitation at 488 nm and emission at 530 nm.

2.2.4.3. Evaluation of gene editing efficiency. To confirm CRISPR/Cas9-
mediated gene editing, complementary methodologies were employed.
Unless otherwise stated, A549 cells were seeded in a 24-well plate at a
density of 30,000 cells per well. After 24 h, the cells were transfected
with 240 ng of total encapsulated RNA, consisting of Cas9 mRNA and
sgRNA mixed at pre-defined w/w ratios. As a PC, Lipofectamine 2000
(Thermo Fisher Scientific) complexed with Cas9 mRNA and sgRNA at
the same total RNA concentration was used. For the NC, Cas9 mRNA and
sgRNA were diluted in Opti-MEM without any transfection reagent. All
treatments were performed in triplicate under identical conditions.
Following a 48-h incubation, the cells were harvested, and genomic DNA
was extracted using the DNeasy blood & tissue kit (Qiagen, Venlo,
Netherlands), according to the manufacturer's protocol.

2.2.4.3.1. Droplet digital PCR (ddPCR). ddPCR was employed to
precisely quantify gene editing events at the target locus. Each reaction
was prepared using 2x ddPCR Supermix for Probes (no dUTP), sup-
plemented with primers at a final concentration of 900 nM, FAM- or
HEX-labeled probes at 250 nM, and HindIII restriction enzyme to facil-
itate template digestion. The template DNA (100 ng per reaction) was
added to reach a total volume of 20 pl. The reaction mixtures were
loaded into a droplet generation cartridge along with droplet generation
oil, and droplets were formed using the QX200™ Droplet Generator
(Bio-Rad). The resulting emulsions were transferred to a 96-well plate
and sealed for thermal cycling. PCR amplification was performed under
the following conditions: initial denaturation at 95 °C for 10 min, fol-
lowed by 40 cycles of denaturation at 94 °C for 30 s, and annealing/
extension at 55 °C for 6 min. A final extension was carried out at 98 °C
for 10 min, followed by a hold at 4 °C. After amplification, droplets were
analyzed using the QX200™ Droplet reader (Bio-Rad), and fluorescence
signals were quantified using the QuantaSoft™ Analysis Pro software.

2.2.4.3.2. Sanger sequencing. Sanger sequencing was used as a
complementary approach to ddPCR to detect indels at the target locus.
To visualize the gene sequence following CRISPR-mediated editing, PCR
was performed using primers flanking the target site, designed to
amplify a ~ 500 bp region spanning the expected cleavage site. PCR
amplification was performed using the Phusion Hot Start II High-Fidelity
PCR Mastermix. The following cycling conditions were employed: initial
denaturation at 98 °C for 10 s, 35 cycles of additional denaturation at
98 °C for 10 s, annealing at 61.5 °C for 30 s, extension at 72 °C for 30 s,
followed by a final extension at 72 °C for 10 min. The PCR products were
verified by electrophoresis on a 1 % agarose gel and subsequently pu-
rified using ExoSAP-IT Express PCR Product Cleanup Reagent. Purified
amplicons were subjected to Sanger sequencing, and the gene editing
efficiency was analyzed using the ICE CRISPR analysis tool [33].

2.2.4.3.3. T7 endonuclease I (T7ED) assay. The T7EI was employed
as an additional method for detecting CRISPR/Cas9-induced indels by
cleaving mismatched DNA heteroduplexes formed during reannealing of
PCR-amplified target sequences. A549 cells were seeded in a 24-well
plate at a density of 30,000 cells per well. After 24 h, the cells were
treated with 50-150 ng of encapsulated RNA containing Cas9 mRNA
and sgRNA mixed at predefined w/w ratios. Following a 48-h incuba-
tion, cells were washed with PBS, detached using 0.05 % trypsin-EDTA,
diluted 1:2 with RPMI-1640, and transferred to a centrifuge tube.
Samples were centrifuged at 500 x g for 5 min, and the supernatant was
discarded. The assay was conducted using the GeneArt™ Genomic
Cleavage Detection Kit, following the manufacturer's instructions. The
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cell pellet was lysed using the provided lysis buffer and proteinase K.
After lysis, the KRAS sequences were amplified using the kit's supplied
reagents and primers. The resulting amplicons were denatured and
reannealed to form heteroduplexes, which were then digested with the
detection enzyme to identify indels introduced by CRISPR/Cas9 activity.
For the NC, the cleavage enzyme was replaced with RNase-free water to
confirm the background signal. Cleaved products were resolved on a
1.25 % agarose gel with 1x SYBR® Gold. Using a ChemiDoc (Bio-Rad)
imaging system, the gel bands were visualized.

2.2.4.4. Transport under mucin-producing conditions. To assess the abil-
ity of the optimized CRISPR/Cas9-LNPs to traverse the mucus barrier
and achieve cellular uptake under mucin-producing conditions
following pulmonary administration, a transport assay was carried out.
Calu-3 cells were cultured and transfected at the air-liquid interface
(ALI) using Transwell™ inserts (Corning™, NY, USA). Basolateral
chambers were filled with 700 pl supplemented Eagle's MEM. The apical
chamber was seeded with 100 pl of a single-cell suspension at 2.5 x 10°
cells per insert. After 72 h, the ALI was established by aspirating the
apical medium. The basolateral medium was then replaced with
Pneuma-Cult™ ALI medium (STEMcell Technology, Vancouver, Can-
ada), which was exchanged twice at 48-h intervals. Transfection was
performed seven days after the airlift. LNPs were formulated using 80 %
Cas9 mRNA and 20 % Alexa Fluor™ 647-labeled eGFP mRNA, and the
sgRNA, following the microfluidic protocol described in Section 2.2.1.
As a PC, Lipofectamine 2000 (Thermo Fisher Scientific) was complexed
with the same RNA mixture (80 % Cas9 mRNA, 20 % labeled eGFP
mRNA) and sgRNA at an equivalent total RNA concentration. For the
NC, the same RNA mixture was diluted in Opti-MEM without any
transfection reagent. The formulation was applied apically, and cultures
were incubated for 24 h. For staining, Hoechst 33342 stock (10 mg/ml in
HPW) was diluted 1:200 in PBS and added basolaterally (400 pl).
Apically, 100 pl of Hoechst (1:200) and AF488-WGA (1:100) was
applied. Following a 15-min incubation at 37 °C, the staining solution
was removed, and the apical side was washed twice with 50 pl PBS.
Basolaterally, inserts were transferred sequentially through three wells
containing 400 pl PBS each. Membranes were excised, mounted on
coverslips using FluorSave™ (Merck, Darmstadt, Germany), and imaged
using 40x and 63 oil-immersion objectives on a SP8 inverted confocal
laser scanning microscope (Leica, Wetzlar, Germany).

2.2.4.5. Cytotoxicity. The Cell Counting Kit-8 (CCK-8) assay was used to
evaluate the cytotoxicity and viability of the cells following treatment
with CRISPR/Cas9-LNPs. A549 cells were seeded in 96-well plates at a
density of 5,000 cells per well. Following a 24-h incubation, the cells
were transfected with CRISPR/Cas9-LNPs containing total RNA,
composed of a mixture of Cas9 mRNA and negative control sgRNA at
predetermined w/w ratios, across a concentration range of 10 to 80 ng
per well. This range corresponds to the effective working concentration,
taking into account the adjusted cell density to ensure consistent RNA
exposure per well. Untreated cells were included as blank controls. After
48 h, 5 pl of CCK-8 solution was added to each well, followed by another
4-h incubation at 37 °C. The absorbance of each well was measured at
450 nm using a Tecan Spark (Mannedorf, Switzerland) plate reader. The
cell viability (%) was quantified based on the metabolic activity of viable
cells, according to the following equation:

Abssample — Absmedia

100
Absblank - Absmedia *

Viability [%] =
where Abssample is the absorbance of the wells transfected with LNPs,
Abspedia refers to the absorbance of wells containing only culturing
medium, and Abspank denotes the absorbance of wells containing both
cells and culturing medium.

2.2.4.6. Cell apoptosis assay. To investigate the cellular response to
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CRISPR/Cas9-LNP transfection, apoptosis and necrosis were evaluated
with Annexin V and PI staining followed by flow cytometry analysis.
A549 cells were seeded in a 12-well plate at a density of 100,000 cells
per well and incubated for 24 h. Cells were then transfected with
CRISPR/Cas9-loaded LNPs containing total RNA, composed of Cas9
mRNA and sgRNA mixed at predetermined w/w ratios, at a final con-
centration of 500 ng per well. Following 48 h of incubation, the cells
were harvested, washed twice with PBS, and adjusted to 1 x 10° cells/
ml using the Annexin-binding buffer. Subsequently, 10 pl of AF488-
Annexin V and 1 pl of PI were added to 100 pl aliquots of the cell sus-
pension. After a 15-min incubation in the dark, the aliquots were further
diluted with 400 pl Annexin-binding buffer and vortexed. Fluorescence
signals were measured using a flow cytometer, and data were analyzed
to distinguish live, apoptotic, and necrotic cell populations based on
Annexin V and PI staining profiles.

2.2.5. Invivo studies

All animal experiments in this study were conducted in full compli-
ance with Spanish and European regulations (Royal Decree 53/2013 and
Directive 2010/63/EU), under authorization from the competent au-
thority (Xunta de Galicia, project ID #15012/2023/007). Ethical
approval was obtained following a mandatory positive evaluation by the
Bioethics Committee of the University of Santiago de Compostela. All
procedures adhered to the principles of the Three Rs (Replacement,
Reduction, and Refinement) in animal research.

2.2.5.1. Repeated-dose safety evaluation. To assess the safety profile of
two lead formulations designed for CRISPR/Cas9 delivery, a short-term
repeated-dose safety study was carried out in healthy mice. Briefly,
seven-week-old female Swiss mice weighing approximately 20 g were
randomly assigned to four groups: PBS, LNP NC, A6 3:1,and A8 1:1 (n=
3 animals per group). The LNP NC group received a formulation
matching the lipid composition and Cas9 mRNA/sgRNA w/w ratio of
LNP A6, but with a scrambled sgRNA sequence serving as a non-
targeting negative control. Each formulation was administered intra-
tracheally at a dose of 0.3 mg/kg in a volume of 50 pl, twice weekly for
two weeks. The animals were clinically observed for 30 min following
each administration, and body weights were recorded twice a week.
Clinical signs were monitored throughout the study using a standardized
scoring system to assess fur condition, respiratory rate, behavior, and
posture. On day 14 after the first dose, mice were euthanized, and blood
samples were collected to evaluate potential systemic toxicity. Hema-
tological analysis was performed using a Mindray BC5000-Vet analyzer,
while serum samples were assessed for clinical biochemistry with a
VetScan VS2 analyzer (Zoetis) employing the Comprehensive Diagnostic
Profile (Zoetis).

2.2.5.2. Efficacy evaluation of CRISPR/Cas9-LNPs in a murine lung tumor
model. To assess the therapeutic potential of CRISPR/Cas9-LNPs in a
physiologically relevant setting, we employed an orthotopic lung cancer
model in immunodeficient mice. Human NSCLC A549 cells expressing
luciferase (A549-luc) were injected into the left lung of female NMRI-
nude mice (Janvier Laboratories) via the intercostal space at a dose of
1 x 10° cells in 50 ul PBS per mouse, following the protocol described by
Borrajo et al. [34]. Bioluminescence imaging was performed twice
weekly in anesthetized animals using an IVIS Spectrum imaging system
(Revity), starting on day 7 post-implantation. Animals were enrolled in
the study once the bioluminescent signal exceeded 10° (total flux) and
showed a consistent increase across two consecutive measurements,
indicating successful tumor establishment. Mice were assigned to four
experimental groups (n = 6 animals per group) to ensure comparable
mean luminescence signals and standard deviations across groups. An-
imals exhibiting bioluminescence signals beyond +2 standard de-
viations from the group mean were excluded from the study.
Intratracheal administration of 50 pl was performed twice weekly for
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three weeks, delivering either formulation A6 3:1 (0.3 mg/kg), formu-
lation A8 1:1 (0.3 mg/kg), LNP negative control (LNP-NC, prepared
identically to the formulation used in the toxicity study; 0.3 mg/kg), or
PBS. Animals were monitored daily, with body weights recorded and
tumor progression assessed twice weekly using the IVIS Spectrum im-
aging system. At study termination, animals were euthanized, lungs
were harvested, and blood was collected for serum isolation and sub-
sequent downstream analyses.

2.2.5.2.1. Cytokine assessment. To assess systemic immune re-
sponses, serum samples were collected from NMRI-Nu mice following
treatment and from untreated controls. Concentrations of key cytokines
such as IFN-y, TNF-q, IL-6, and IL-10 were measured using a multiplex
bead-based immunoassay (LEGENDplex™ Mouse Th Cytokine Panel,
BioLegend; Cat#741044), performed according to the manufacturer's
protocol.

2.2.5.2.2. Histological analysis of murine lungs post-treatment. Lung
tissue was harvested from 8 mice (2 per group). Immediately after
excision, the lungs were gently inflated with 4 % paraformaldehyde
(PFA) in PBS and subsequently immersion-fixed in the same fixative for
24 h at 4 °C. After fixation, tissues were dehydrated through a graded
ethanol series, cleared in xylene, and embedded in paraffin. Paraffin-
embedded lung tissues of 1 animal per group were sectioned at 5 pm
thickness using a microtome and mounted on Superfrost glass slides. For
general histological evaluation, four consecutive sections per animal
were stained with hematoxylin and eosin (H&E, Morphisto, Germany).
To assess extracellular matrix composition and connective tissue struc-
tures, Azan staining (Morphisto, Germany) was performed. Periodic
Acid-Schiff (PAS, Morphisto, Germany) staining was used to visualize
polysaccharides and glycoproteins. For the detection of apoptotic cells,
the terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was carried out using a commercial in situ cell death
detection kit (HRP-DAB ab206386, Abcam) according to the manufac-
turer's instructions. All stained sections were dehydrated, coverslipped
with mounting medium, and imaged using a brightfield microscope
(Axiolab 5, Zeiss, Germany) and a digital camera setup (Axiocam 208
color, Zeiss, Germany). Image analyses were performed using ZEN
software (Zeiss, Germany). Apoptotic cells were quantified by calcu-
lating the density of TUNEL-positive cells, defined as the number of
TUNEL-positive cells divided by the area of the tumor section. Quanti-
fication was performed across n = 8 sections per group.

2.2.6. Statistics

Unless otherwise stated, all experiments were performed in tripli-
cate, and the results are presented as the mean + standard deviation. All
statistical analysis was performed using GraphPad Prism (GraphPad
Software, USA).

3. Results and discussion
3.1. Formulation development and optimization

To address the poor druggability and frequent resistance associated
with KRAS mutations, this study leveraged the high therapeutic poten-
tial of CRISPR/Cas9 systems. However, the limited number of clinical
trials involving CRISPR/Cas9 highlights the challenge of achieving
efficient and safe delivery. This hurdle is even more pronounced for non-
viral platforms targeting extrahepatic tissues, such as the lung. To
overcome these barriers, we implemented an optimization strategy
using eGFP mRNA-LNPs as a surrogate to rapidly evaluate transfection
efficiency and physicochemical properties across diverse lipid compo-
sitions. This approach, supported by recent studies validating the pre-
dictive value of mRNA surrogates for CRISPR delivery [35], enabled
rational formulation design through orthogonal mixture modeling.
Iterative refinement led to the identification of lead formulations with
enhanced gene editing activity and favorable biocompatibility, estab-
lishing the platform for in vivo validation.
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Current FDA-approved LNPs are optimized for hepatic transfection,
requiring re-engineering for efficient transfection in other tissues such as
the lungs. Given their established safety and clinical efficacy, we
selected these lipid components and varied their lipid molar ratios to
enhance delivery to pulmonary cells (Fig. 1A). Specifically, the ionizable
lipid SM-102 content was adjusted between 20.0 mol% and 50.0 mol%,
cholesterol between 19.0 mol% and 38.0 mol%, and DSPC between 10.0
mol% and 59.5 mol%. The N/P ratio and DMG-PEG2000 lipid content
were fixed at 6 and 1.5 mol%, respectively, for all formulations.
Formulation A2 replicated the composition of Moderna's Spikevax vac-
cine, serving as a clinically relevant benchmark for comparison. LNPs
encapsulating eGFP mRNA with varied lipid molar ratios were prepared
(Fig. 1A, Library Al - A9) and allowed for the rapid and quantitative
assessment of transfection efficiency. Based on initial screening results
from Library A, a refined subset (Library B) was set up to further
investigate promising compositions. Remarkably, formulations A6 and
A8 demonstrated nearly 10-fold higher MFI in H1299 cells, an NSCLC
cell line, compared to the benchmark A2 (Fig. 1B). This is in agreement
with previous findings, emphasizing the necessity of tissue-specific
formulation optimization to ensure efficient transfection [36]. Inter-
estingly, formulations of library B did not surpass the performance of A6
and A8, suggesting a plateau of effectiveness within the tested compo-
sitional space.

All formulations met critical quality attributes, with hydrodynamic
diameters below 120 nm and PDI under 0.2 (Fig. 1C). Similarly, the
{-potential measurements revealed near-neutral surface charges, indic-
ative of favorable tolerability (Fig. S1), and encapsulation efficiencies
remained uniformly high (Fig. 1D). Notably, the most effective formu-
lations contained substantially lower amounts of ionizable lipid than the
benchmark formulation (A2). This was unexpected, given the central
role of ionizable lipid in facilitating endosomal escape, often considered
the main bottleneck in mRNA delivery [37,38]. The reduced SM-102
content may also confer an immunological advantage of minimizing
the overall immunogenicity of the formulation [39]. Collectively, these
results indicate that while physicochemical properties remain largely
unchanged across lipid ratios (excluding PEGylated lipids), transfection
efficiency is highly sensitive to compositional tuning.

Based on the initial screening, formulations A6 and A8 were selected
for further evaluation and loaded with Cas9 mRNA and sgRNA at a 3:1
(w/w) ratio. Their physicochemical properties were then compared to
their respective eGFP-loaded counterparts. Formulation A6 showed no
significant differences in hydrodynamic diameter, while formulation A8
presented a modest increase. Despite this variation, both formulations
remained within the critical quality attribute specifications for LNPs and
are expected to remain suitable for pulmonary delivery, as particle size
alone does not fully determine deposition efficiency (Fig. 1E). Both
formulations maintained low PDI (< 0.2) and near-neutral {-potentials,
regardless of payload (Fig. 1E and Fig. 1G). Similarly, no significant
differences in the encapsulation efficiency of both Cas9 mRNA/sgRNA
were identified (Fig. 1F). These results indicate the RNA payload can be
interchanged without compromising the physicochemical properties of
the delivery system. The capacity of the formulation to co-encapsulate
both RNA species offers an advantage over adeno-associated viral vec-
tors, which are constrained by their limited packaging capacity (~4.7
kb) and therefore often require sgRNA to be delivered separately [40].
Polymeric nanoparticles have been explored for pulmonary CRISPR
delivery but face challenges such as cytotoxicity, mucociliary clearance,
and limited transfection efficiency, highlighting the potential of opti-
mized LNPs as a safer and more effective alternative [41]. This modu-
larity is particularly advantageous for clinical translation, as it allows
the incorporation of patient-specific sgRNAs into pre-validated LNP
platforms, accelerating personalized therapeutic development.

3.2. Optimization of Cas9 mRNA/sgRNA LNPs

Based on the optimized lipid compositions identified in Fig. 1 and the
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Fig. 1. Characterization of two mRNA LNP libraries (A and B) with varied lipid compositions and subsequent preparation of Cas9 mRNA/sgRNA -LNPs. A) Lipid
composition of screened formulations. B) eGFP expression of screened formulations in H1299 cells. C) Hydrodynamic diameter and PDI. D) Encapsulation efficiency.
E - G) Impact of RNA loading on hydrodynamic diameter, PDI, encapsulation efficiency, and {-potential. Statistical analysis: B—D, Ordinary one-way ANOVA with

Tukey's multiple comparisons test; E-G: two-way ANOVA; **p < 0.01, *

optimal physicochemical profile obtained for the lead candidate, we
initially assessed formulation A6 for gene editing using the T7EI assay.
LNP A6 showed only modest gene editing efficiency (Fig. S2). This
outcome encouraged us to explore whether altering the w/w ratios of
Cas9 mRNA to sgRNA could enhance performance without compro-
mising colloidal stability. Because editing efficiency may also depend on
the specific lipid composition, we extended the analysis to include
formulation A8, which was identified as an additional lead candidate
with a robust physicochemical profile. Therefore, formulations A6 and

p < 0.0001. NC: negative control.

A8 were selected for further screening across Cas9 mRNA to KRAS
sgRNA ratios ranging from 1:1 to 10:1.

Physicochemical characterization revealed no significant differences
in hydrodynamic diameter, PDI, encapsulation efficiency, or {-potential
across all tested Cas9 mRNA and sgRNA ratios (Fig. 2A, S3), suggesting
that RNA stoichiometry does not substantially influence the physico-
chemical properties of the LNPs. Comparable particle size measurements
for formulations A6 3:1 and A8 1:1 were confirmed using the orthogonal
method of NTA (Fig. S4).
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test; **** p < 0.0001.

To initially assess gene knockout efficiency, we employed eGFP-HeLa
reporter cell lines, which provide a robust and standardized system for
quantifying CRISPR/Cas9 activity. The stable and uniform expression of
eGFP in this model enables rapid and sensitive detection of knockout
events by flow cytometry, thereby allowing us to benchmark the per-
formance of novel formulations under controlled conditions. This
approach ensured reproducibility and facilitated direct comparison with
Lipofectamine as a PC. Formulations A8 1:1 and 3:1 achieved the highest
knockout levels, comparable to Lipofectamine, with no significant dif-
ference between them (Fig. 2B).

These variations in performance may be attributed to differences in
LNP morphology. Conventional LNP formulations, such as A2, exhibit an
electron-dense core, where lipids and RNA co-localize [42]. However,
recent studies have shown that inducing a bleb-like structure (a spher-
ical protrusion attached to the main LNP) can drastically enhance

transfection efficiency. This compartment is believed to be enriched in
RNA and may improve payload stability and delivery [43]. Blebs can be
induced by high-molarity acidic buffers used for RNA dissolution during
LNP preparation, which promote the fusion of small positively charged
vesicles with RNA-loaded LNPs during dialysis. Upon neutralization,
phase separation occurs, with the RNA migrating toward the bleb
compartments [43]. Notably, none of the investigated formulations in
this study exhibited the canonical electron-dense core morphology
usually found in LNP, potentially explaining their superior transfection
efficiency compared to A2. Formulation A6 3:1 most closely resembles
the bleb structure (Fig. 2C). In contrast, A8 (1:1 and 3:1) showed a
divesicular lipid architecture more akin to liposomes (Fig. 2D and F),
which may explain their superior performance. Cheng et al. have simi-
larly observed that the induction of liposomal LNPs can increase the
transfection efficiency and promote extrahepatic delivery. In their
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formulations, a solid core within an aqueous spherical lipid bilayer was
observed, depending on the ratio of ionizable lipid to bilayer-forming
lipids [44]. Interestingly, formulations A8 at different RNA molar ra-
tios displayed a similar liposomal structure, but with elongated, ellip-
soidal vesicular structures. Such ellipsoidal morphology may contribute
to the improved transfection efficiency observed, as rod-like geometries
are known to enhance cellular internalization in inorganic nanoparticles
[45]. Notably, formulation A8 at a 10:1 Cas9 mRNA to sgRNA ratio also
exhibits a divesicular structure (Fig. 2E), but one vesicle appeared
multivesicular, possibly hindering RNA release and limiting transfection
efficiency.

A possible mechanistic explanation for the improved efficiency is the
“warhead” theory [44]. According to this model, the lipid-rich domain
of the particle interacts with the endosomal membrane, promoting
fusion with the liposome. This interaction then facilitates the release of
the particle's components into the cytosol. As the adjacent compartment
is believed to be rich in mRNA, this fusion event may enable a greater
fraction of the payload to reach the cytosol, thereby enhancing expres-
sion. This provides a structural rationale for why bleb-like or liposomal
morphologies may outperform conventional electron-dense cores. The
morphologies observed in the cryo-TEM images may also influence the
apparent sizes measured by DLS. DLS assumes spherical particles and
calculates the hydrodynamic radius of an equivalent sphere that diffuses
at the same rate. For nonspherical particles, this results in biased esti-
mates, with intensity-weighted measurements skewed toward larger
diameters [46,47]. A similar limitation applies to NTA, which also re-
ports sphere-equivalent hydrodynamic diameters derived from trans-
lational diffusion. Nonetheless, this does not compromise the
conclusions presented in this study, as the main objective was to identify
particles below 120 nm, which remains valid even if the sizes are slightly
overestimated.

3.3. In vitro evaluation of optimized Cas9 mRNA/sgRNA LNPs

Following optimization of the Cas9 mRNA/sgRNA w/w ratios, we
next assessed the in vitro gene editing efficiency of selected formulations
using high-precision quantification techniques, evaluated cytotoxicity,
examined the impact on downstream cellular signaling, and analyzed
their ability to penetrate mucus. These studies aimed to validate the
therapeutic potential of the LNPs prior to in vivo application.

3.3.1. Gene editing

Based on the gene knockout results (Fig. 2B), formulations A6 (3:1
and 5:1) and A8 (1:1 and 3:1) were selected for further evaluation in
A549 cells, which harbor the KRAS G12S mutation. Unlike HeLa, A549
cells more closely represent the target pulmonary tissue. However, the
absence of a readily detectable reporter gene requires the use of more
sophisticated detection methods, which in turn reduces experimental
throughput. ddPCR analysis revealed that formulations A6 3:1, 5:1, and
A8 3:1 achieved gene editing efficiencies of approximately 60 %, while
A8 1:1 reached nearly 90 %, with no statistically significant difference to
Lipofectamine (PC) (Fig. 3A). These results are notable when compared
with previous studies employing viral vectors or adenoviral CRISPR
systems targeting KRAS G12S, which reported tumor suppression of
approximately 77 % in A549 cells but required invasive delivery and
showed limited editing specificity [48]. Additionally, viral vectors carry
the undesired risk of integrating into the host genome at sites of DNA
breakage, whereas mRNA-based delivery systems remain confined to the
cytosol [49]. Our LNP-based approach achieved comparable or superior
editing efficiency with a non-viral, biocompatible platform.

The marked difference in editing efficiencies between formulations
A8 1:1 and A8 3:1, yielding approximately 90 % and 60 % gene editing,
respectively, highlights the critical role of RNA stoichiometry in deter-
mining CRISPR/Cas9-LNP performance. As both formulations were
evaluated in the same cell line, these differences cannot be attributed to
cell-specific metabolic activity but rather suggest that imbalances in the
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availability of Cas9 mRNA and sgRNA influence the extent of ribonu-
cleoprotein complex formation. An equimolar 1:1 ratio likely ensures
sufficient sgRNA to guide all newly synthesized Cas9 proteins, thereby
maximizing editing efficiency. In contrast, an excess of Cas9 mRNA at a
3:1 ratio may lead to disproportionate Cas9 expression relative to
sgRNA, resulting in incomplete complex formation and reduced func-
tional activity. These findings emphasize that optimal gene editing
outcomes require a finely tuned balance between Cas9 mRNA and
sgRNA, tailored to the biological context. Importantly, formulation A8
1:1 combines high editing efficiency with a clinically relevant target and
a scalable, non-viral delivery platform, establishing a proof-of-concept
study while demonstrating its translational potential. The robust per-
formance in A549 cells strongly motivates subsequent in vivo evaluation,
particularly in pulmonary models of KRAS G12S-driven tumors, where
therapeutic options remain limited.

To further support the ddPCR-based quantification of gene editing,
we performed Sanger sequencing on genomic DNA from transfected
A549 cells. The representative chromatogram from the lead formulation
(A8 1:1) showed overlapping and diminished peak intensities in the
edited sequence compared to the unedited control (Fig. 3B). These
features are consistent with mixed alleles resulting from CRISPR-
induced indels, providing qualitative confirmation of successful gene
editing. While not used for primary quantification, this sequencing data
serves as an orthogonal method that complements the ddPCR findings
and supports the presence of on-target genomic disruption.

3.3.2. Cytotoxicity

To mitigate potential in vivo liabilities, further in vitro experiments
were conducted, beginning with a cytotoxicity profile. Although the
lipid components used in formulations A6 and A8 are FDA-approved and
widely regarded as safe [19], formulation-specific effects on cell
viability can vary depending on lipid ratios, total lipid dose, and ioniz-
able lipid content [50,51]. Ionizable lipids, while essential for RNA
complexation and endosomal escape, can contribute to membrane
destabilization and inflammatory signaling if present at high concen-
trations [52]. Therefore, evaluating the cytotoxicity of newly optimized
formulations is critical, especially when modifying the molar ratios of
ionizable lipids. A CCK-8 assay was performed to investigate cell
viability in A549 cells treated with the Cas9 mRNA-loaded A6 and A8
formulations containing an NC sgRNA. Both formulations maintained
high cell viability across all tested doses, with only a modest dose-
dependent reduction. Even at the highest dose, cell viability remained
above 80 % (Fig. 3C), indicating good tolerability. This provides a direct
advantage over permanently cationic polymeric systems, which often
induce cytotoxicity through nonspecific electrostatic interactions and
membrane destabilization [53]. These findings confirm that our lead
formulations not only demonstrate potent gene editing activity but also
maintain a favorable safety profile in vitro.

3.3.3. Apoptosis

KRAS is a central regulator of multiple downstream pathways that
control cell proliferation, survival, and apoptosis. Oncogenic KRAS
mutations, such as G12S, confer constitutive activation of these
signaling cascades, promoting tumor growth and resistance to cell death
[54]. Therefore, it is essential not only to achieve efficient gene editing
of mutant KRAS but also to confirm that such disruption translates into
functional consequences, particularly apoptosis, which is a key thera-
peutic goal in cancer treatment. To assess whether KRAS editing induced
apoptosis, we performed an Annexin V/propidium iodide (PI) double
staining assay in A549 cells transfected with our optimized LNP for-
mulations (Fig. 3D). No apoptosis was detected in the untreated control
(blank), while the PC (Lipofectamine 2000) showed a measurable in-
crease. Importantly, both A6 3:1 and A8 1:1 formulations showed clear
apoptotic responses, exceeding those observed in the PC by nearly 3.7
and 3.6-fold, respectively. These results suggest that our formulations
not only achieve gene editing but also trigger downstream cell death
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pathways, consistent with the therapeutic intent of KRAS disruption.

Interestingly, ddPCR analysis (Fig. 3A) showed similar or higher
editing values in the PC compared to the LNP-transfected groups, while
apoptosis was significantly more pronounced in the latter. This
discrepancy may be attributed to differences in the delivery systems.
Lipofectamine, composed of cationic and helper lipids, is known to
activate inflammatory signaling pathways such as NF-kB, which can
modulate cell stress responses and alter cell-death outcomes indepen-
dently of gene editing [55]. Cationic lipids are particularly prone to
disrupting cellular membranes and indirectly triggering innate immune
sensors such as Toll-like receptors and RIG-I-like receptors, which can
initiate pyroptosis, necroptosis, or other non-apoptotic death modes
[56]. These mechanisms can confound the interpretation of gene editing
outcomes, as elevated cell death may reflect inflammatory toxicity
rather than on-target disruption of KRAS. In contrast, our LNP formu-
lations, which were designed with near-neutral surface charge and
optimized lipid ratios, appear to induce apoptosis through direct genetic
targeting, as evidenced by Annexin V/PI staining and the absence of
clear inflammatory effects.

3.3.4. Transport under mucin-producing conditions

Efficient transport and cell uptake in the presence of mucus is a
critical prerequisite for LNP formulations intended for pulmonary and
local delivery. The respiratory tract is lined with a dense mucus barrier
that can impede nanoparticle diffusion and limit therapeutic efficacy.
Given the inherent liver tropism of LNPs, direct pulmonary adminis-
tration via intratracheal instillation was employed in the subsequent in
vivo studies to bypass systemic distribution and target the lungs more
precisely. To assess the mucosal penetrative and cell uptake properties
of the formulations, the lead candidates A6 3:1 and A8 1:1 were trans-
fected into Calu-3 cells, a mucin-producing epithelial model widely used
for evaluating airway drug delivery. This model was chosen over A549
because Calu-3 cells form a multilayered epithelium with enhanced
barrier function, thereby providing a physiologically relevant system for
assessing nanoparticle transport and cell uptake in a mucin-rich envi-
ronment. In contrast, A549 cells were reserved for gene editing experi-
ments, as they harbor the KRAS G12S mutation and more closely
represent the disease-relevant pulmonary cancer context used in our in
vivo studies [57,58]. For visualization, 20 % of the encapsulated Cas9
mRNA was replaced with red-fluorescing AF647-mRNA, mucin was
stained with green-fluorescing AF488, and nuclei with blue Hoechst
33342. We acknowledge that AF488-WGA staining is not selective for
secretory mucins, but it nonetheless highlights glycoprotein-rich do-
mains relevant for nanoparticle interactions. Although a continuous
mucus layer was not observed, the presence of mucus regions still
influenced nanoparticle behavior by facilitating surface interactions.
Orthogonal views from confocal imaging revealed co-localization of
mRNA with mucus in the NC (Fig. 3E). This co-localization is expected,
as the negatively charged RNA was simply dissolved in Opti-MEM and
lacks the physicochemical properties required to overcome mucus and
cell uptake barriers. Without a protective or penetrating delivery sys-
tem, the RNA remains trapped, unable to reach the underlying epithe-
lium, demonstrating the importance of the Calu-3 barrier model for
evaluating LNP performance.

In contrast, both formulations (A6 3:1 and A8 1:1) exhibited strong
mRNA signal at the cellular level, indicating successful transport
through mucins and cellular uptake by the Calu-3 epithelium. These
observations highlight the importance of tailored delivery systems that
are specifically engineered to navigate biological barriers such as mucus,
while also demonstrating the utility of the Calu-3 multilayered epithelial
model as a physiologically relevant platform for assessing nanoparticle
transport and cell uptake. The near-neutral surface charge and PEGy-
lation of the LNPs likely minimized nonspecific interactions with
glycoprotein-rich mucus regions and facilitated subsequent cellular
entry [29], preliminarily indicating the potential to overcome key
physiological challenges. These results should be interpreted as an initial
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indication of LNP behavior in a mucin-producing system, with further
validation planned in more physiologically relevant models, including
nebulized and spray-dried LNP formulations.

3.4. In vivo studies

Based on the in vitro evaluation and the selection of lead Cas9 mRNA/
sgRNA-LNP formulations, we proceeded to in vivo validation in healthy
and lung tumor-bearing mouse models. This allowed us to investigate
the safety profile, delivery efficiency, and therapeutic impact of the
system under physiologically relevant conditions. Formulations A6 3:1,
A8 1:1, and the LNP-NC were prepared using impingement jet mixing
and subsequently concentrated. The physicochemical properties of these
batches remained consistent with those produced via syringe pump,
exhibiting particle sizes below 120 nm, PDI under 0.2, and encapsula-
tion efficiencies exceeding 80 % across all LNPs (Fig. S5).

3.4.1. Safety assessment of formulations

First, a short-term repeated-dose safety study was conducted in
healthy Swiss mice to assess the tolerability of the best-performing Cas9
mRNA/sgRNA-LNPs, A6 3:1 and A8 1:1. No mortality or clinical signs of
toxicity were observed in any groups following administrations during
the experimental period. The animals consistently received the lowest
clinical severity scores, as vital and critical clinical signs like respiratory
function, behavior, and posture remained within normal parameters
throughout the study. Body weight followed a gradual increase trend
across all groups (Fig. 4A), indicating overall good health with preserved
appetite. At the end of the experiment, mice were sacrificed, and serum
was collected for additional analysis. Serum biochemistry revealed no
significant alterations in hepatic, pancreatic, or renal markers for the
animals treated with both LNPs A6 3:1 and A8 1:1 (Fig. 4B and C),
suggesting a well-tolerated systemic safety profile. The hematological
profile further supported this assumption. Parameters, including
leukocyte, erythrocyte, and platelet counts, remained within normal
ranges across all groups (Fig. 4D). Besides, no evidence of bone marrow
suppression or systemic hematotoxicity was detected, confirming the
good tolerability of the Cas9 mRNA/sgRNA-LNPs. It should be noted
that the safety assay was designed to assess tolerability and the absence
of systemic adverse effects, rather than to characterize potential local
responses, thereby ensuring that the treatment could be advanced with
confidence into subsequent efficacy studies.

The absence of systemic toxicity following repeated intratracheal
administration of LNPs A6 3:1 and A8 1:1 provides strong evidence that
optimized pulmonary delivery of CRISPR/Cas9 can be achieved with a
favorable safety profile. This is particularly important given that pre-
vious studies have reported acute toxicity associated with certain
cationic lipid-based formulations. For instance, DDAB30 LNPs have
been shown to induce elevated liver enzymes (alanine aminotransferase
(ALT) and aspartate aminotransferase (AST)), increased liver-to-body
weight ratios, and histological damage in multiple organs, including
the heart and liver, following intratracheal administration [59]. These
findings demonstrate the critical importance of rational LNP design to
minimize off-target toxicity while preserving delivery efficiency.

As CRISPR-based therapeutics move closer to clinical translation, the
development of safe and scalable delivery platforms remains a central
challenge. Unlike viral vectors, for instance, which are often limited by
immunogenicity and poor tolerability upon repeated dosing, our data
demonstrate that optimized Cas9 mRNA/sgRNA-LNPs can be adminis-
tered intratracheally multiple times without compromising systemic
health. This capacity for repeat dosing is especially advantageous in the
context of lung cancer, where sustained therapeutic exposure may be
required to target heterogeneous tumor populations or address residual
disease. By circumventing the immune barriers typically associated with
viral delivery, our approach enables a more flexible and safer dosing
regimen, expanding the clinical potential of gene editing therapies.
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Fig. 4. Serum toxicity assessment of LNPs A6 3:1 and A8 1:1 in healthy mice. Serum samples were collected after administration of formulations and compared to
PBS control and LNP NC (n = 3 mice per group; n = 2 for LNP NC). A) Animal body weight change. B) Markers of hepatic (albumin (ALB), alanine aminotransferase
(ALT), alkaline phosphatase (ALP)), and pancreatic (amylase (AMY)) function. C) Kidney function markers: blood urea nitrogen (BUN) and creatinine (CRE). D)
Relative distribution of circulating immune cell subsets, and platelet counts (PLT). Data are presented as mean + SD. Statistical significance was determined using
one-way ANOVA with Tukey's post-hoc test. ns: not significant compared with PBS for A6 3:1 or A8 1:1.

3.5. Efficacy evaluation of formulations

3.5.1. Establishment of a murine lung cancer tumor model

To evaluate the therapeutic efficacy of Cas9 mRNA/sgRNA-loaded
LNPs, we employed an orthotopic A549 cell xenograft model in immu-
nodeficient mice. These human lung adenocarcinoma cells harbor the
KRAS G12S mutation, the specific target of our gene editing strategy.
Following intrapulmonary injection, luminescence imaging revealed the
formation of small tumor nodules throughout the pulmonary tissue,
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confirming successful dissemination and establishment of the orthotopic
disease (Fig. 5A). Once at least six animals exhibited detectable lung
nodules, the efficacy study was initiated. PBS, LNP NC (0.3 mg/kg), and
A6 3:1 (0.3 mg/kg) and A8 1:1 (0.3 mg/kg) Cas9 mRNA/sgRNA-LNPs
were administered intratracheally twice weekly for three weeks,
enabling localized delivery to the lungs and targeted assessment within
the primary tumor site. At the study endpoint, lungs and blood were
collected for further analyses (Fig. 5B).
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Fig. 5. Establishment of an orthotopic lung cancer model and treatment scheme for evaluating the therapeutic efficacy of Cas9 mRNA/sgRNA-loaded LNPs. A)
Bioluminescence imaging of immunodeficient mice following intrapulmonary injection of A549-Luc cells, showing disseminated tumor nodules throughout the lungs
and confirming successful model establishment. B) Treatment protocol: once lung nodules were detected in >6 animals, mice were assigned to four groups and
administered intratracheally twice weekly for three weeks with PBS, LNP negative control (NC, 0.3 mg/kg), or Cas9 mRNA/sgRNA-loaded LNP formulations A6 3:1
(0.3 mg/kg) and A8 1:1 (0.3 mg/kg). At the study endpoint, lungs and blood were collected for subsequent analyses. C) Longitudinal monitoring of tumor progression
by bioluminescence imaging, quantified as percentage increase relative to baseline signal. D) Systemic cytokine profiles in A549 lung tumor-bearing NMRI mice
following administration of PBS, LNP NC, A6 3:1, or A8 1:1. Data are presented as mean =+ SD. Statistical significance was determined using one-way ANOVA with
Tukey's post-hoc test. ns: not significant.
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3.5.2. Tumor progression

To assess the impact of CRISPR/Cas9-loaded LNPs on tumor pro-
gression, tumor growth was monitored via bioluminescence imaging and
expressed as a percentage increase relative to baseline (Fig. 5C).
Although no statistically significant differences in tumor growth were
observed at most time points compared to the PBS group, all LNP-treated
groups (NC, A6 3:1, and A8 1:1) exhibited a consistent trend toward
reduced tumor burden. Notably, at day 16, tumor growth was lower in
these groups relative to PBS, indicating a delayed and modest benefit in
arresting tumor growth. A potential explanation for the reduction
observed in the LNP-NC group is that the negative control sgRNA,
despite being designed as non-targeting, may exhibit partial comple-
mentarity to murine or human transcripts. This could result in low-level
off-target activity or induce cellular stress responses within tumor cells.
Such unspecific recognition has been previously reported in CRISPR/
Cas9 systems, where even scrambled or non-targeting guides can elicit
detectable cellular effects under certain experimental conditions [60].

The modest and delayed effect size, together with partial activity in
the LNP-NC group, highlights the need to interpret these findings
cautiously. Two key limitations likely contribute: (1) the small sample
size (n = 6 per group), which reduces statistical power, and (2) the
limited fraction of tumor cells successfully targeted by the CRISPR/Cas9
system. These constraints demonstrate that volumetric tumor measure-
ments alone may not fully capture early molecular or cellular responses.
Therefore, to better define therapeutic activity, we extended our eval-
uation to downstream apoptotic signaling to provide mechanistic insight
into the activity of the CRISPR/Cas9 cargo. These complementary ana-
lyses establish proof-of-concept for targeted gene editing activity in vivo,
while also acknowledging that extended treatment regimens, larger
cohorts, and longitudinal follow-up will be required to fully capture the
impact on tumor burden.

3.5.3. Cytokine profile

To evaluate the systemic immunogenicity of our LNPs, we quantified
serum cytokine levels in A549-cell-based lung tumor-bearing NMRI-nu
mice following administration of PBS, LNP NC, and formulations A6 3:1
and A8 1:1. NMRI-nu mice harbor a Foxnl mutation that causes thymic
aplasia. This condition is characterized by a sub-development or absence
of the thymus gland, which consequently results in a lack of mature af T
cells, including Th1, Th2, Th17, and Treg subsets. This immunological
background minimizes confounding T cell-driven effects, thereby
allowing tumor growth following xenotransplantation and a more direct
assessment of innate immune activation. Notably, B cells remain func-
tional, and innate immune effectors such as NK cells, macrophages,
dendritic cells, neutrophils, mast cells, and innate lymphoid cells are
intact and active [61]. Thus, cytokine profiling in this model provides a
clear readout of the innate and humoral components of LNP-induced
immune responses, independent of T cell contributions. Additionally,
innate immune sensors like TLRs and RIG-I-like receptors are well-
characterized in murine models and are known to trigger cytokines
such as IL-6, TNF-a, IFN-y, IL-10, IL-1p, and various chemokines upon
activation by nucleic acid-based stimuli, making this model highly
relevant for evaluating LNP immunogenicity.

Our results showed no statistically significant differences across
treatment groups for key inflammatory cytokines, including IFN-y, TNF-
a, and IL-6 (Fig. 5D). Furthermore, IL-10 levels remained below the
detection threshold in all samples, indicating an absence of compensa-
tory anti-inflammatory signaling, which often accompanies immune
perturbation. These findings are consistent with our prior safety studies
in healthy mice, which demonstrated no systemic toxicity based on
hepatic, pancreatic, and renal biomarkers, further supporting the non-
inflammatory profile of these formulations. These data indicate that
LNPs A6 3:1 and A8 1:1 do not trigger overt innate immune activation in
vivo, supporting their safety profile and suitability for continued thera-
peutic development.
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3.5.4. Efficacy assessment

Histopathological evaluation of murine lung tissue post-treatment
with Cas9 mRNA/sgRNA-LNP formulations revealed key insights into
tumor pathology and therapeutic response. The H&E staining (Fig. 6A)
demonstrated the presence of a well-demarcated, solid tumor mass
compressing adjacent lung parenchyma, consistent with a poorly
differentiated NSCLC subtype. Notably, the absence of necrosis, hem-
orrhage, and inflammatory infiltration across all groups demonstrates a
non-immunogenic tumor phenotype, often associated with resistance to
conventional therapies [62].

Next, we performed Azan staining on lung sections from A549-Luc
xenograft mice. This trichrome method distinguishes cellular and stro-
mal components, with nuclei and cytoplasm appearing red/pink and
collagen-rich extracellular matrix staining blue. In the LNP NC group,
lung tissue exhibited intense pink staining, indicative of high cellular
density, which is consistent with active tumor proliferation or immune
cell infiltration. In contrast, sections from mice treated with our LNP
formulations showed a pronounced shift toward blue staining, indica-
tive of reduced cellularity and increased deposition of fibrotic tissue
(Fig. 6B). The presence of tumor-associated desmoplastic stroma is also
evident, characterized by dense connective tissue surrounding or
interspersed within the tumor mass. This reactive fibrosis is character-
istic of tumor-stroma interactions observed in NSCLC, particularly ad-
enocarcinomas, where stromal remodeling plays a critical role in disease
progression and therapeutic response [63]. The observed increase in
blue-stained fibrotic regions supports the notion that KRAS gene
disruption not only reduces tumor cell viability but also alters the tumor
microenvironment, potentially through apoptosis-induced remodeling
or immune-mediated clearance. These findings are consistent with prior
reports demonstrating that stromal reorganization and desmoplasia are
hallmarks of NSCLC and can be modulated by effective therapeutic
intervention [64].

To further characterize the tumor microenvironment in our A549-
Luc xenograft model, we performed PAS staining, which highlights
neutral mucins and glycoproteins within tissue sections. Tumor cells in
all groups exhibited strong PAS-positive cytoplasmic staining (Fig. 6C),
consistent with intracellular accumulation of neutral mucins, which is a
hallmark of mucinous adenocarcinomas and KRAS-driven lung tumors.
Notably, no luminal PAS-positive secretion was observed, reinforcing
the interpretation that mucins were retained intracellularly rather than
secreted into glandular spaces. Histological comparison revealed a more
pronounced pinkish PAS signal in the PBS-treated control group, while
LNP-treated groups appeared to exhibit reduced staining intensity
(Fig. 6C). Although these differences were not quantified and should be
interpreted cautiously, the observed trend may reflect alterations in
mucin dynamics, potentially due to reduced mucin synthesis or
increased degradation following KRAS gene disruption. KRAS mutations
are known to regulate mucin gene expression, particularly MUC5AC and
MUC1, which contribute to tumor progression and immune evasion
[65]. Therefore, the apparent reduction in PAS signal in treated groups
may suggest a shift in tumor cell phenotype and a possible attenuation of
oncogenic signaling.

As discussed above, apoptosis is a key downstream consequence of
KRAS disruption, especially in oncogene-addicted tumors such as KRAS-
mutant NSCLC (Fig. 6E). As illustrated in the figure, wild-type KRAS
(Figure 6Ei) cycles between inactive and active states in response to
upstream signals, thereby regulating key cellular processes such as cell
survival and proliferation. In contrast, KRAS G12S mutations lock the
protein in a constitutively active state, driving persistent proliferative
signaling (Figure 6Eii). Gene editing disrupts this oncogenic activity,
resulting in a loss-of-function phenotype (Figure 6Fiii) that removes
critical survival cues and shifts the cellular balance toward apoptosis.

To evaluate whether our gene editing strategy translated into func-
tional cell death in vivo, we performed TUNEL staining on lung sections
from A549-Luc xenograft mice. The TUNEL assay detects DNA frag-
mentation, characteristic of late-stage apoptosis, by labeling free 3-
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Fig. 6. Histological evaluation of lung tumors following treatment with Cas9 mRNA/sgRNA-LNPs. Tumor sections from mice treated with PBS, LNP-NC, A6 3:1, or
A8 1:1 were stained with A) Hematoxylin and Eosin (H&E) to assess general morphology, B) Azan to visualize desmoplastic stroma, C) Periodic Acid-Schiff (PAS) to
detect mucopolysaccharides and glycogen, and D) TUNEL assay to evaluate apoptosis. Representative images are shown for each group. E) Mechanistic basis of
apoptosis induction following KRAS G12S disruption. Schematic representation showing i) balanced signaling of wild-type KRAS, ii) constitutive activation of mutant
KRAS G128 driving uncontrolled proliferation, and iii) gene editing-mediated disruption of oncogenic KRAS signaling, resulting in loss of survival cues and induction
of apoptosis. F) Quantification of TUNEL assay. Relative TUNEL-positive nuclei are expressed as fold-change values normalized to PBS controls across all treatment
groups. Data are presented as mean + SD. Statistical significance was determined using one-way ANOVA with Tukey's post-hoc test (*p < 0.05).
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hydroxyl termini in cleaved chromatin [66]. Histological analysis
revealed TUNEL-positive nuclei (brown) within the tumor mass across
all groups, indicating the presence of apoptotic cells (Fig. 6D). Notably,
the LNP A8 1:1-treated group exhibited a higher density of apoptotic
bodies (arrowheads), suggesting more extensive apoptotic activity.
While apoptosis appeared focal rather than diffuse, the presence of these
apoptotic structures is consistent with localized tumor cell death and
remodeling of the tumor microenvironment. These observations were
corroborated by quantification analysis, which confirmed statistically
significant increases in apoptotic bodies compared to other groups
(Fig. 6F). Specifically, A8 1:1 exhibited a ~ 3.0-fold increase in TUNEL-
positive nuclei relative to PBS, demonstrating its efficacy in disrupting
KRAS signaling and driving robust pro-apoptotic activity. These findings
are particularly promising given the central role of KRAS in regulating
cell survival pathways. KRAS mutations suppress apoptosis by upregu-
lating anti-apoptotic proteins such as Bcl-xL and survivin [67]. There-
fore, the induction of apoptosis following KRAS gene editing provides
evidence of therapeutic efficacy and pathway-specific disruption. The
evident presence of apoptotic bodies in the A8 1:1 group further sup-
ports the pro-apoptotic activity of this formulation and its potential as a
targeted therapeutic strategy for KRAS-mutant malignancies.

3.6. Scaling challenges

The study provides a novel proof-of-concept for the treatment of
KRAS G12S mutations in NSCLC. Although the formulation represents a
promising therapeutic approach, key translational challenges remain to
be addressed. The first relates to aerosol performance, which is funda-
mental for pulmonary administration. Among available technologies,
nebulization for liquid aerosols and spray-drying for dry powder for-
mulations are currently considered the most suitable strategies. How-
ever, both approaches require further optimization of operational
parameters and excipient selection to ensure consistent performance
and long-term stability [68-70]. A second challenge concerns interac-
tion with human airway mucus. While formulations A6 and A8 were
able to transport through the mucin-rich environment and achieved
cellular uptake, the pronounced inter-individual and regional hetero-
geneity of human airway mucus could markedly influence delivery ef-
ficiency [58]. Addressing these challenges will be essential to advance
the formulations from proof-of-concept toward clinical translation.

4. Conclusion

This study provides a structural approach for the design and evalu-
ation of LNPs tailored for pulmonary delivery of gene editing thera-
peutics in targeting KRAS G12S in NSCLC. By optimizing lipid molar
ratios, we developed and screened a library of LNPs using eGFP mRNA
as a surrogate for CRISPR/Cas9 cargo, identifying formulations A6 and
A8 as lead candidates. Subsequent optimization of Cas9 mRNA/sgRNA
ratios further enhanced their performance. These formulations exhibited
distinct morphological features, high gene editing efficiency, and robust
downstream responses in vitro, along with enhanced transport across
airway mucus barriers, properties that likely contribute to their superior
transfection efficiency. In vivo, both candidates demonstrated good
tolerability, with no significant alterations in systemic toxicity markers.
Tumor progression was moderately attenuated, and histological analysis
of lung nodules revealed increased apoptosis consistent with on-target
CRISPR/Cas9 activity. Notably, formulation A8 1:1 achieved the most
robust and reproducible activity across in vitro and in vivo models,
validating its promise as a clinically relevant vehicle for localized gene
editing in the lung.

Looking forward, mechanistic studies of A8 1:1-mediated apoptosis
and evaluation of long-term survival benefit in tumor-bearing models
will be critical. In parallel, advancing delivery strategies, particularly via
vibrating-mesh nebulization and spray drying, will be essential to
address key translational hurdles. These efforts will help determine
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whether the observed molecular activity can be advanced toward
patient-centered, non-invasive administration of RNA-based precision
therapies for NSCLC.
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