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Introduction

A novel micelleplex for tumour-targeted delivery
of CRISPR-Cas9 against KRAS-mutated lung
cancerfy

Siyu Chen, Mariem Triki, Simone Pinto Carneiro and Olivia Monika Merkel = *

CRISPR-Cas9 has emerged as a highly effective and customizable genome editing tool, holding signifi-
cant promise for the treatment of KRAS mutations in lung cancer. In this study, we introduce a novel
micelleplex, named C14-PEl, designed to co-deliver Cas9 mRNA and sgRNA efficiently to excise the
mutated KRAS allele in lung cancer cells. C14-PEl is synthesised from 1,2-epoxytetradecane and branched
PEI 600 Da via a ring-opening reaction. The resulting C14-PE| has a critical micelle concentration (CMC)
of approximately 20.86 + 0.15 mg L™, indicating its ability to form stable micelles at low concentrations.
C14-PEl efficiently encapsulates mRNA into micelleplexes through electrostatic interactions. When the
mass ratio is 8 (w/w 8), the C14-PEI formulation exhibits conducive properties, which showed encapsula-
tion efficiency of eGFP mRNA at 99% and led to a 130-fold increase in eGFP expression in A549 cells
compared to untreated cells, demonstrating the robust delivery and expression capability of the micelle-
plexes. Importantly, toxicity tests using intracellular reduction of a tetrazolium salt revealed no significant
cytotoxicity, underscoring the biocompatibility of C14-PEl. C14-PEl also shows high efficiency in co-
encapsulating Cas9 mRNA and sgRNA, as confirmed by agarose gel electrophoresis. At an sgRNA to
Cas9 mRNA molar ratio of 10, the micelleplexes successfully mediate the cutting of mutated KRAS with
an indel efficiency exceeding 60%, as determined by the T7 Endonuclease | (T7EIl) assay. Droplet digital
polymerase chain reaction (ddPCR) further demonstrates that the gene editing efficiency, measured by
edited gene copies, is 48.5% in the w/w 4 group and 37.8% in the w/w 8 group. Treatment with C14-PEl
micelleplexes containing Cas9 mRNA and sgRNA targeting the KRAS G12S mutation significantly impairs the
migration capability of A549 cells and increases apoptosis rates. These findings suggest that C14-PE| effec-
tively disrupts KRAS signalling pathways, leading to reduced tumor cell proliferation and enhanced cell death.

to surface grooves, stalling progress in drug development for
many years.? Despite decades of research, significant progress

According to the Global Cancer Statistics 2022, lung cancer is
the most commonly diagnosed cancer and the leading cause
of cancer-related death." Lung cancer may be induced by a
variety of genomic variations, such as EGFR, ALK, and MET.
Among these mutations, Kirsten rat sarcoma 2 viral oncogene
homolog (KRAS) mutations are observed in 25% of all cases,
making it the most commonly mutated gene.” Although RAS
genes were the first human oncogenes to be identified, mutant
KRAS has long been considered an undruggable target due to
its spherical structure. The relatively smooth shape of the
protein made it difficult to design inhibitors that could bind
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in KRAS drug discovery remained elusive until the pivotal dis-
covery in 2013 of covalently targeting the KRAS p.Gly12Cys
(G12C) mutation, which catalysed transformative advance-
ments in KRAS-targeted therapy.” To date, two small molecule
inhibitors, Sotorasib and Adagrasib, have received accelerated
approval for the treatment of non-small cell lung cancer
(NSCLC) harbouring KRAS G12C mutations.” Moreover, pan-
RAS/KRAS inhibitors, combination strategies, and immu-
notherapeutic approaches have shown significant progress
from bench to bedside.® However, the adaptive resistance and
toxicity of pan-RAS inhibitors remain challenging drawbacks.
Recently, thanks to the discovery of CRISPR-Cas9, gene
therapy has seen exciting developments. Clustered regularly
interspaced short palindromic repeats (CRISPRs) are a type of
repeat sequences found in prokaryotic bacteria and archaea,
functioning as part of their adaptive immune system.
CRISPR-Cas9 proves to be an efficient and customizable
genome editing tool due to its benefits, such as quick onset,
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transient expression, low off-target effects (OTEs), and low
costs.” It is a promising strategy for regulating gene expression,
especially for correcting pathogenic mutations, and could
specifically correct KRAS mutations.® To deliver CRISPR-Cas9,
the most common forms include plasmid DNA,” mRNA/
sgRNA,® and protein/sgRNA ribonucleoprotein complexes
(RNPs).? Various advantages of the Cas9 mRNA formulation
delivery strategy have been reported. First, compared with plas-
mids, mRNAs only need to enter the cytoplasm to exert its
effects.’® The delivery of the Cas9 mRNA formulation com-
bined with sgRNA into target cells can express the Cas9
protein transiently, which shortens the duration of gene
editing and reduces the chance of OTEs.” Secondly, the intra-
cellular presence of the Cas9 protein is more persistent after
mRNA expression compared to the delivery of Cas9-RNPs,""
and systemic RNP delivery in clinical settings still requires
evaluation compared to more established mRNA-based
approaches.'*'® During the COVID-19 pandemic caused by the
SARS-CoV-2 virus, the rapid development and clinical matu-
ration of mRNA-based vaccines promoted advancements in
mRNA delivery techniques." Additionally, the ability to
modify mRNA sequences to encode regulatory elements pro-
vides a means to control the expression of gene-editing tools
in a cell-specific manner.'® In 2013, Shen and colleagues first
used the CRISPR-Cas system to cut DNA in zebrafish and
mouse embryos using Cas9 mRNA and sgRNA, paving the way
for its use in the generation of gene-disrupted animals."’
However, unlike mRNA vaccines, the efficiency of each com-
ponent must be considered in the co-delivery of Cas9 mRNA
and sgRNA. Yin and colleagues used nanoparticle-mediated
delivery of Cas9 mRNA in combination with adeno-associated
viruses (AAVs) encoding an sgRNA and a repair template to
edit the fumarylacetoacetate hydrolase (Fah) gene with signifi-
cant correction (more than 6%), demonstrating that this
method relies on viral co-delivery to supplement mRNA deliv-
ery.'® Over the past several decades, polymeric nanoparticles
have been extensively used to deliver various types of nucleic
acids, including plasmid DNA,"”'® RNAs,?' and
oligonucleotides,”* due to their advantages such as facile syn-
thesis, flexible structures and components, ease of functionali-
zation, and degradability.>* Polymeric nanoparticles are a collec-
tive term used for any type of polymer nano-sized particles, specifi-
cally polymer nanospheres and nanocapsules, generally ranging
from 100 to 500 nm in size.”® Polycationic polymers mediate the
encapsulation of CRISPR-Cas9 cargoes into positively charged
complexes to enable endocytosis into cells. To date, various poly-
mers have been employed for intracellular CRISPR delivery, such
as dendrimers,*® Polyethylene glycol (PEG)-based nanocarriers,””
poly(B-amino ester)s (PBAEs),*® supramolecular polymers,”® and
degradable polymers (such as polypeptides’ and polysacchar-
ides®®). Polyethylenimine (PEI)-based nanoparticles have demon-
strated higher editing efficacy compared to unmodified Cas9/
sgRNA complexes with conventional lipids.*® Yue and colleagues
constructed a graphene oxide (GO)-PEG-PEI nanocarrier for the
delivery of high-molecular-weight Cas9/sgRNA complexes, showing
that the nanocarrier could be successfully used for efficient gene
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editing in a human gastric adenocarcinoma cell line (AGS cells)
with an efficiency of approximately 39%, while also exhibiting
high stability to protect sgRNA from enzymatic degradation.®

In this study, following a series of screenings, we designed
a novel PEI-based micelleplex, C14-PEI, to deliver Cas9 mRNA
and sgRNA targeting mutated KRAS. We tested the encapsula-
tion efficiency and stability of the polymers, characterised the
nanoparticles, and evaluated cytotoxicity and eGFP-mRNA
expression of the micelleplexes in vitro using A549, H1299, and
Hop62 cells. The endosomal entrapment and escape of the
micelleplex were also investigated using confocal laser scan-
ning microscopy (CLSM). To achieve therapeutically relevant
gene editing, Cas9 mRNA and sgRNA targeting mutant KRAS
were delivered to A549 cells using the C14-PEI micelleplex, and
gene editing efficiency was estimated by T7EI assay, ddPCR,
and Sanger sequencing. Western blot analysis, cell migration
assays, and cell apoptosis assays were conducted to evaluate
cellular responses after treatment.

Experimental

Materials

1,2-Epoxytetradecane, branched PEI 600 Dalton, 4-(2-hydro-
xyethyl)-1-piperazineethanesul-fonic acid (HEPES), Dulbecco’s
Phosphate Buffered Saline (PBS), 0.05% trypsin-EDTA, Tris-
buffered saline, Tween 20, RPMI-1640, foetal bovine serum
(FBS), Penicillin-Streptomycin solution, 6-diamidino-2-pheny-
lindole dihydrochloride (DAPI), skim milk, heparin, pyrene,
paraformaldehyde (PFA), agarose powder, and Cell Counting
Kit-8 were purchased from Sigma-Aldrich, Germany. SYBR™
Gold Stain, SYBR Safe DNA Gel Stain, Lipofectamine™ 2000,
LysoTracker™ Green DND-26, Annexin V-AF488, GeneArt™
Genomic Cleavage Detection Kit, Phusion Hot Start II High-
Fidelity PCR Mastermix, ExoSAP-IT™ Express PCR Product
Cleanup Reagent, Pierce™ BCA Protein Assay kit, Novex™
WedgeWell™ 8-16% Tris-Glycin gel, Pierce™ Protease
Inhibitor Tablets, RIPA buffer, SuperSignal™ West Femto
Maximum Sensitivity Substrat were bought from Thermo
Fisher Scientific, Germany. ddPCR NHE] Gene Edit Assay
(primers and probes), ddPCR Supermix for Probes (no dUTP),
cartridges, gaskets, droplet generation oil, and droplet reader
oil were obtained from Bio-Rad, US. eGFP mRNA (RiboPro,
The Netherlands), CleanCap® Cas9 mRNA (5moU) (Trilink
Biotechnologies, US), cOmplete™ EDTA-free Protease
Inhibitor Cocktail (Roche, Germany), Rotiphorese®NF 10x TBE
Buffer (Carl Roth, Germany), propidium iodide (PI) (BD
Biosciences, US), DNeasy Blood & Tissue Kit (Qiagen, US), and
Amersham™ Protran® western blotting nitrocellulose mem-
branes (Cytiva technologies, Germany) were purchased from
the suppliers indicated. Methanol, ethanol, and acetone were
provided by Ludwig-Maximilians-University Munich. The
primary antibodies for p44/42 MAPK (Erk1/2), Phospho-p44/42
MAPK (T202/Y204), and AKT were from Cell Signaling, US.
KRAS polyclonal antibody, Histone-H3 polyclonal antibody,
and HRP-conjugated affinipure goat anti-rabbit IgG (H + L) sec-
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ondary antibody are from Proteintech, Germany. Cy5-mRNA
was synthesised and labelled in the laboratory. sgRNA (KRAS
G12S: 5-CUUGUGGUAGUUGGAGCUAG-3') was synthesised by
Sigma-Aldrich. Primers for PCR (F: TTTGAGAGCCTTTAGCC-
GC, R: TCTACCCTCTCACGAAACTC) and primers for Sanger
sequencing (F: TCTTAAGCGTCGATGGAG, R: ACAGAGAGTGAA-
CATCATGG) were synthesised by Sigma-Aldrich.

Cell culture

A549, H1299, and Hop-62 cells were cultured in complete
RPMI-1640 medium supplemented with 10% heat-inactivated
foetal bovine serum (FBS) and 1% penicillin-streptomycin. All
cells were subcultured, maintained, and grown in an incubator
at 37 °C in humidified air with 5% CO,.

C14-PEI synthesis and characterization

C14-PEI is prepared by reacting 1,2-epoxytetradecane with
branched PEI 600 Dalton (bPEI 600 Da) through a ring
opening reaction. Briefly, 1,2-epoxytetradecane and bPEI 600
Da were heated at 95 °C in absolute ethanol for 72 h while stir-
ring. The product was then dialyzed with a 1000 Da cut-off in
absolute ethanol, followed by ethanol removal using high-
pressure nitrogen gas.*>** The final polymer was confirmed by
nuclear magnetic resonance spectroscopy [1H NMR) and gel
permeation chromatography (GPC).

Critical micelle concentration

The CMC of C14-PEI was determined using a fluorescence
spectrometer with pyrene as the fluorescence probe.** The
fluorescence scanning ranged from 300 to 350 nm, and the
emission wavelength was set at 373 nm. Pyrene was first dis-
solved in 0.5 mL of acetone, and the acetone was then allowed
to volatilise overnight at room temperature in the dark. The
initial polymer solution obtained was diluted into a series of
concentrations ranging from 0.0001 to 0.1 mg mL™' and
added to vials containing pyrene. The mixture was left to equi-
librate in the dark for 24 h before measurement. The final con-
centration of pyrene in the aqueous solution was 6.5 x 1077 M.

Micelleplex preparation

Micelleplexes were prepared using C14-PEI and RNA through
electrostatic interactions. Briefly, 500 ng of eGFP mRNA and a
specific amount of C14-PEI based on mass ratios were dissolved
in high-purity water and mixed by pipetting and vortexing in
100 pL of 10 mM HEPES buffer, pH 7.4 or pH 5.4. The mixture
was then incubated at room temperature for 1 h. For the co-
encapsulation of Cas9 mRNA and sgRNA, a similar method was
employed, but Cas9 mRNA and sgRNA were premixed at a molar
ratio of 1: 10 before diluting in the HEPES buffer. The low mole-
cular weight PEI (LMW-PEIL, 600 Da) nanoparticles were pre-
pared with the same method. The morphology of the micelle-
plexes was examined using cryo-electron microscopy (Cryo-EM).

Micelleplex characterization

The micelleplexes were characterised using a Zetasizer Ultra
(Malvern, UK). The micelleplexes suspension was added to a
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disposable micro-cuvette, and the hydrodynamic diameter and
polydispersity indices (PDI) were measured three times per
sample using dynamic light scattering (DLS) at a 173° back-
scatter angle. Subsequently, the same suspension was trans-
ferred to a folded capillary cell for each sample to determine
the zeta ({) potential in triplicate using laser Doppler anemo-
metry (LDA), with each run consisting of up to 100 scans.
Results are presented as mean =+ standard deviation (SD, n = 3).

Encapsulation efficiency test

To evaluate the mRNA encapsulation capacity of C14-PEI,
SYBR Gold assays were conducted. SYBR Gold is a cyanine dye
that binds to nucleic acids and exhibits fluorescence upon
intercalation. Briefly, C14-PEI micelleplexes were prepared as
described earlier at weight-to-weight (w/w) ratios of 0, 0.5, 1, 2,
4, 8, and 15, and LMW-PEI nanoparticles were prepared as
controls. Subsequently, 100 pL of each micelleplex suspension
was added to black FluoroNunc 96-well plates (Fisher
Scientific, Germany). A 4x SYBR Gold aqueous solution (30 pL
per well) was then added to each well and incubated for
10 minutes in the dark. The fluorescence intensity was
measured using a fluorescence plate reader (TECAN,
Switzerland) with excitation at 485/20 nm and emission at 535/
20 nm.*® The fluorescence intensity of free mRNA (w/w = 0)
was used as a control and set as 100% fluorescence.

Encapsulation efficiency =
total input quantity of mRNA — quantity of free mRNA
total input quantity of mRNA

x 100%

Heparin competition

To assess the stability of micelleplexes, SYBR Gold assays were
conducted in the presence of competing heparin.*®
Micelleplexes were prepared at a w/w ratio of 8. LMW-PEI
nanoparticles at w/w 1 and w/w 8 were prepared as controls.
Subsequently, 60 pL of the micelleplex suspension was
pipetted into black FluoroNunc 96-well plates (Fisher
Scientific, Germany). Next, 10 pL of heparin solutions prepared
beforehand at various mass ratios of heparin to mRNA (w/w
ratios of 0, 0.5, 1, 2, 4, 6, 8, 10, and 20) were added to each
well. After incubating for 30 minutes at room temperature,
30 uL of a 4x SYBR Gold solution was added to each well, and
the plate was further incubated for 10 minutes in the dark to
allow binding. Fluorescence intensity was measured using a
fluorescence plate reader (TECAN, Switzerland) with excitation
at 485/20 nm and emission at 535/20 nm. The percentage of
free mRNA was calculated by comparing the fluorescence
intensity of each sample to that of free mRNA performed as
described in section 2.7. All measurements were performed
in triplicate, and the results are presented as mean values
(n=3).

CCK-8 cytotoxicity test

The cytotoxicity of micelleplexes was assessed using a cell
counting kit-8 (CCK-8) assay in A549, H1299, and Hop-62 cell
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lines. Specifically, 10 000 cells per well were seeded 24 h prior
in a transparent 96-well plate (Fisher Scientific, Hampton, NH,
USA). Micelleplexes were freshly prepared at w/w 15, w/w 8,
w/w 4 at pH 7.4, and w/w 4 at pH 5.4. After removing the old
medium, 100 pL of micelleplex containing medium was added
to each well and incubated for 24 h at 37 °C and 5% CO,.
Subsequently, the medium was aspirated, and fresh medium
containing CCK-8 solution (10 pL CCK-8 in 100 pL
RPMI-1640 media) was added to each well. After incubating for
3 h, a water-soluble orange formazan product formed in the
medium, and absorbance was measured at 450 nm using a
Tecan plate reader. The experiment was conducted in tripli-
cate, and the results are presented as mean values (n = 3), nor-
malised to the percentage of viable cells relative to untreated
cells (100% viability).

Endosomal escape test by confocal laser scanning microscopy

To visualize the endosomal entrapment behaviour of micelle-
plexes, A549 cells were imaged using confocal laser scanning
microscopy (CLSM, Leica SP8 inverted, software: LAS X, Leica
Microsystems GmbH, Germany) after transfection with fluo-
rescent mRNA. Specifically, 10 000 A549 cells were seeded in
ibiTreat p-Slide 8 well plates (ibidi, Germany) and transfected
with C14-PEI micelleplexes containing Cy5-mRNA at w/w of 4
and 8. PEI and free Cy5-mRNA served as controls. Following
incubation at 37 °C with 5% CO, for 4, 8, or 24 h, cells were
stained with LysoTracker Green DND-26 in pre-warmed cell
culture medium for 1 h in the cell incubator. After removing
the medium, cells were fixed with 4% PFA for 15 minutes in
the dark and washed. DAPI was added to appropriate wells at a
final concentration of 1 ug mL™" in PBS and incubated for
20 minutes at room temperature in the dark. Subsequently, all
cells were washed and maintained in PBS at 4 °C for sub-
sequent analysis using CLSM. Excitation was achieved using a
diode laser at 405 nm, an argon laser at 488 nm, and a
helium-neon laser at 650 nm. Emission was recorded in the
blue channel (420 nm-480 nm) for DAPI, the green channel
(500 nm-550 nm) for LysoTracker Green, and the red channel
(650 nm-720 nm) for Cy5-mRNA fluorescence.

eGFP expression test by flow cytometry

To evaluate the translational efficiency of mRNA delivered by
C14-PEI, we quantified the expression of the enhanced green
fluorescent protein (eGFP) reporter gene using flow cytometry.
H1299, A549, and Hop-62 cell lines were seeded at a density of
30000 cells per well in 24-well plates containing 500 pL of
growth medium. Following incubation in a cell culture incuba-
tor (37 °C, 5% CO,) for 24 h, the cells were transfected with
C14-PEI micelleplexes encapsulating eGFP-mRNA at w/w8 and
w/w 4 prepared at pH 7.4, and at a w/w ratio of 4 prepared at
PpH 5.4. PEI served as a control treatment. After 24 h of trans-
fection, cells were washed with PBS and detached using 0.05%
trypsin-EDTA. The detached cells were collected in 1.5 mL
Eppendorf tubes and centrifuged at 300g for 5 minutes. The
supernatant was aspirated, and cells were washed with PBS,
followed by another centrifugation step. The cell pellet was
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resuspended in fresh PBS, and fluorescence intensity was
measured using Attune NXT flow cytometry (Thermo Fisher,
Germany) with excitation at 488 nm and emission at 510 nm.
Results are presented as mean + standard deviation (SD, n = 2
or 3).

Agarose gel electrophoresis

Agarose gel electrophoresis was employed to confirm the co-
encapsulation of Cas9 mRNA and sgRNA, as well as to perform
the T7EI assay. A 1-1.5% agarose gel containing SYBR Safe
(1:100000 dilution) prepared in TBE buffer.
Subsequently, micelleplexes and free RNA samples, along with
products from the T7EI assay, were mixed with 6x DNA
loading dye and loaded onto the gel. Electrophoresis was con-
ducted at 150 V for 40 minutes. The gel was visualised using
the ChemiDoc imaging system (Bio-Rad, US).

was

Editing efficiency test by T7EI assay

The T7EI assay was conducted according to the manufacturer’s
protocol using the GeneArt™ Genomic Cleavage Detection Kit.
A549 cells were initially seeded in 6-well plates at a density of
100 000 cells per well in 1.5 mL of medium 24 h prior to the
experiment. Following a media change, cells were transfected
with C14-PEI micelleplexes containing Cas9 mRNA and sgRNA
at w/w 8, w/w 4 prepared at pH 7.4, and w/w 4 prepared at pH
5.4. Lipofectamine 2000 was included as a positive control.
Transfected cells were then incubated at 37 °C with 5% CO,
for 48 h. Subsequently, cells were washed with PBS, harvested
using 0.05% trypsin-EDTA, and collected by centrifugation
into 1.5 mL Eppendorf tubes. The cell pellets were lysed using
lysis buffer, and the resulting lysates were utilised for PCR
amplification of sequences containing KRAS alleles. Following
PCR amplification, the PCR products underwent re-annealing
and treatment with the detection enzyme as per the kit’s
instructions. Positive control samples provided in the kit, both
with and without enzymes, were included for validation.
Agarose gel electrophoresis was performed to visualize the
cleavage products, and images were captured using the
ChemiDoc imaging system as section 2.12 described. Data ana-
lysis was conducted using Image Lab Software.

Droplet digital PCR

A549 cells were transfected in a 6-well plate using C14-PEI at
w/w 4 and w/w 8 with Cas9 mRNA and sgRNA for 48 h, with
lipofectamine 2000 used as a positive control. Genomic DNA
was extracted from both untreated and treated A549 cells using
the DNeasy Blood & Tissue Kit (Qiagen), and the DNA concen-
tration was quantified using a Nanodrop spectrophotometer.
Primers and probes were custom-designed and obtained from
Bio-Rad. The reaction mixtures for ddPCR contained 2x
ddPCR Supermix for Probes (no dUTP), with final concen-
trations of 900 nM for each primer and 250 nM for each FAM-
or HEX-labelled probe. A total of 100 ng of template DNA was
added to achieve a final reaction volume of 20 pL. Standard
Bio-Rad reagents and consumables, including cartridges,
gaskets, droplet generation oil, and droplet reader oil, were
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used. After droplet generation, droplets were carefully trans-
ferred to a 96-well PCR plate and sealed using the PX1 PCR
Plate Sealer (Bio-Rad). The PCR conditions were as follows:
initial denaturation at 95 °C for 10 minutes, followed by 40
cycles of denaturation at 94 °C for 30 seconds, annealing/
extension at 55 °C for 3 minutes, and a final extension step at
98 °C for 10 minutes, followed by a hold at 4 °C. The ramp rate
was set at 2 °C s~ '. Droplets were read using the QX200
Droplet Reader (Bio-Rad), and each reaction included a no-
template control (NTC). Data analysis was performed using
QuantaSoft Software.?”

Sanger sequencing

Genomic DNA was extracted from A549 cells 48 h post-transfec-
tion with C14-PEI w/w 8 using the DNeasy Blood & Tissue Kit.
To visualize the gene sequence after gene editing, PCR was
performed using a pair of primers designed to target regions
before and after the cleavage site, yielding a PCR product of
approximately 500 base pairs. The Phusion Hot Start II High-
Fidelity PCR Mastermix was utilised for PCR amplification.
The cycling conditions were as follows: initial denaturation at
98 °C for 30 seconds, followed by 35 cycles of denaturation at
98 °C for 10 seconds, annealing at 61.5 °C for 30 seconds,
extension at 72 °C for 30 seconds, and a final extension at
72 °C for 10 minutes. PCR products were verified by electro-
phoresis on 1% agarose gels. Following gel verification, PCR
products were purified using the ExoSAP-IT™ Express PCR
Product Cleanup Reagent. The purified PCR products were
subsequently used for Sanger sequencing to determine the
sequence changes resulting from the gene editing process. The
results were analysed by the ICE CRISPR analysis tool.*®

Western blot

To assess the ability of C14-PEI micelleplexes to inhibit down-
stream signals in the KRAS pathway, A549 cells were seeded in
6-well plates and allowed to grow for 24 h to reach a density of
1 x 10° cells per well. The cells were then treated with C14-PEI
micelleplexes and incubated at 37 °C with 5% CO, in a
humidified incubator for 48 h. Following treatment, cells were
washed with ice-cold PBS and lysed in lysis buffer consisting of
800 pL RIPA buffer, 100 pL Phosphatase inhibitor, and 100 pL
Protease inhibitor. The protein content in the lysates was
quantified using the Pierce™ BCA Protein Assay kit (Thermo
Fisher), and equal amounts of protein were loaded for
SDS-PAGE (Novex™ WedgeWell™ 8-16% Tris-Glycin gel).
Separated proteins were then transferred onto nitrocellulose
membranes, which were subsequently blocked with 5% skim
milk in TBST (Tris-buffered saline with 1% Tween 20) for 1 h
at room temperature. Membranes were then incubated over-
night at 4 °C with primary antibodies targeting specific pro-
teins of interest in the KRAS pathway. After primary antibody
incubation, membranes were washed three times with 1%
TBST and then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for 1 h.
Protein bands were visualised using chemiluminescence sub-
strates and imaged immediately using the ChemiDoc imaging
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system (BioRad, US). Between antibody stainings, membranes
were treated with stripping buffer for 30 minutes to remove
bound antibodies, followed by washing with TBST and re-
blocking with 5% skim milk in TBST solution. This systematic
approach allowed for the quantification of protein expression
levels involved in the KRAS pathway inhibition following treat-
ment with C14-PEI micelleplexes, providing insights into their
therapeutic potential.>

Wound healing assay

The p-Dish with culture-insert 2 well (ibidi, Germany) was uti-
lised for conducting a wound healing assay.*° Initially, 10 000
A549 cells suspended in 70 pL of RPMI-1640 media were
added to each well of the Culture-Insert 2 Well and allowed to
incubate at 37 °C with 5% CO, for a minimum of 24 h to
achieve a confluent cell layer. Following incubation, the insert
was carefully removed using sterile tweezers, and the cell layer
was washed twice with PBS to eliminate any cell debris and
non-adherent cells. Subsequently, the p-Dish was filled with
2 mL of fresh complete medium containing either C14-PEI
micelleplexes or Lipofectamine 2000, as per experimental
requirements. The cells were maintained in the incubator at
37 °C with 5% CO, throughout the experiment, and images
were captured at 0, 4, 8, 24, and 48 h using an EVOS
microscopy (Thermo Fisher, Germany). The area of the wound
gap was quantified and analysed using Image] software,
providing insights into the migration and healing dynamics of
the A549 cell monolayer in response to the treatments
administered.

Cell apoptosis

Annexin V and PI staining allowed for the quantification of
apoptotic and necrotic cells, providing insights into the cellu-
lar response to C14-PEI micelleplex transfection.*' A total of
1 x 10° cells per well were initially seeded onto a 6-well plate in
RPMI-1640 complete medium and transfected with C14-PEI
micelleplexes. Following a 48 h incubation at 37 °C with 5%
CO,, the cells were washed twice with cold PBS and resus-
pended in Annexin V Binding Buffer at a concentration of 1 x
10° cells per ml. Subsequently, 100 pL of the cell suspension
was mixed with 10 pL of Annexin V-AF488 (Thermo Fisher)
and 1 pL of PI (BD Biosciences), and the mixture was incu-
bated for 15 minutes at room temperature in the dark. After
incubation, 400 pL of Annexin V Binding buffer was added to
each tube to halt the reaction. Fluorescence signals from
Annexin V-AF488 and PI staining were measured using the
Attune NxT flow cytometry (Thermo Fisher, Germany), and the
data were analysed using FlowJo software.

Statistics

Unless otherwise specified, all results are presented as the
mean value + standard deviation (SD) based on triplicate
experiments (n = 3). Statistical analyses were performed using
GraphPad Prism software (GraphPad Software, USA).

This journal is © The Royal Society of Chemistry 2025
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Results
C14-PEI synthesis and characterization

It has been reported that modifying polymeric micelleplexes
with hydrophobic groups can enhance their affinity for cell
membranes and improve the delivery of nucleic acids.**?*
Specifically, substituting free amines on cationic polymers
with alkyl tails yields amphiphilic polymers, which promote
particle formation through hydrophobic aggregation. Due to
the hydrophobic nature of cell lipid bilayers, hydrophobic
micelleplexes exhibit more favourable interactions with cell
membranes.*” However, identifying suitable cationic poly-
meric carriers for mRNA delivery remains challenging due to
mRNA’s large molecular size, secondary structure, and intrin-
sic single-strand instability.”® Effective delivery of mRNA
requires a carrier that balances stability, cellular uptake, and
transfection efficiency. To achieve this, we synthesised C14-
PEI, an amphiphilic polymer designed to enhance micelleplex
formation and nucleic acid delivery through hydrophobic
modification of PEI.

The synthesis of C14-PEI involved the reaction of 1,2-epoxy-
tetradecane with bPEI 600 Da through a ring-opening reaction
(Fig. 1A). The optimal degree of substitution was determined
by varying the molar ratio of epoxy groups to total amines, and
a 33% C14-PEI, corresponding to a 1:1 ratio of epoxy groups
to primary amines, showed the highest eGFP mRNA transfec-
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tion efficiency (Fig. S11). Therefore, 33% C14-PEI was selected
for subsequent experiments unless otherwise specified.

NMR was employed to evaluate the modification of C14-PEI
before and after purification. The "H NMR spectrum of C14-
PEI exhibited characteristic signals corresponding to both the
PEI backbone and the pendant carbon strand moieties
(Fig. 1B). The PEI backbone displayed major peaks at 6 2.2-3.8
parts per million (ppm). Additionally, characteristic proton
peaks influenced by the hydrophobic moieties were observed
at § 3.5-3.75 ppm. Strong signals at 0.75 and 1.25 ppm were
attributed to the methyl and alkyl groups on the carbon
strands, respectively. Importantly, the 'H NMR analysis
revealed the complete disappearance of the epoxy group, con-
firming the absence of free 1,2-epoxytetradecane starting
material. In comparison to unpurified C14-PEI, the purified
sample exhibited similar chemical shifts for the main func-
tional groups but with notable improvements: reduced noise,
sharper peaks, better resolution, and decreased overlap. These
characteristics collectively indicated a purer sample with suc-
cessful removal of impurities during the purification process.

The molecular weight of the final product, determined by
GPC, was M, 1700 Da (Fig. 1C), consistent with theoretical cal-
culations (M, 1600-1800 Da) based on the modification of
primary amines at a 1:1 molar ratio. The polydispersity index
(PDI) of the final product was 2.6, indicating a more uniform
polymer distribution compared to the unpurified polymer
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Fig. 1 Characterization of C14-PEl. (A) The schematic of C14-PEI synthesis. (B) *H NMR spectra of C14-PEIl before and after dialysis. (C) The mole-
cular weight of Mn 1697 Da of the final product (blue) was confirmed by GPC. (D) Pyrene fluorescence intensity at 350/330 as a function of polymer
concentration (n = 3). CMC is noted as the point of inflection where fluorescence intensity begins to increase.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025, 17, 6604-6619 | 6609


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03471f

Open Access Article. Published on 13 January 2025. Downloaded on 12/10/2025 8:10:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(PDI: 3.16, Fig. S31), which is advantageous for subsequent
drug delivery applications.

Due to its amphiphilic nature, C14-PEI forms micellar
structures in aqueous media. The CMC was determined using
pyrene as a probe molecule, based on its linear relationship
with polymer concentration.®® The CMC of C14-PEI was
measured at 20.86 + 0.15 mg L™' (Fig. 1D), which was lower
than small-molecule surfactants, supporting stability of
micelles and potential protection from opsonization in vivo.*®

Preparation and characterization of C14-PEI micelleplexes

Micelleplexes were prepared by complexing C14-PEI with eGFP
mRNA at varying mass ratios to identify optimal formulation
parameters. Based on flow cytometry screening results
(Fig. S271), 33% C14-PEI at a w/w of 8 at pH 7.4 and w/w 4 at
PH 7.4 were chosen for further testing. Additionally, a formu-
lation at w/w 4 prepared at pH 5.4 was selected for compari-
son. To characterize the micelleplexes, DLS and LDA were
employed to measure their size and zeta ({) potential. Empty
C14-PEI micelles at the same concentration as w/w 8 micelle-
plexes were analysed to assess their properties. The empty
micelles exhibited a hydrodynamic diameter of 175 nm with a
PDI of 0.19 and a zeta potential of 33 mV (Fig. 2A and B).
Upon mRNA loading, the w/w 8 micelleplexes showed an
increased size of approximately 300 nm with a PDI of 0.16. At
a lower w/w ratio of 4, the micelleplexes exhibited significant
aggregation, resulting in a particle size exceeding 1000 nm and
a PDI of 0.27. Interestingly, reducing the pH to 5.4 for the w/w
4 formulation decreased the size to 200 nm (PDI: 0.14), likely
due to enhanced electrostatic interactions. Despite these
differences in size and aggregation, all three micelleplex
groups maintained zeta potentials in the range of 40-45 mV.
This moderately positive zeta potential suggests adequate
electrostatic repulsion, crucial for preventing particle aggrega-
tion and maintaining stability in suspension.** Given that
most cellular membranes are negatively charged, positively
charged nanoparticles may facilitate enhanced cellular uptake
through strong interactions. However, cationic particles are
generally associated with increased toxicity due to potential
cell membrane disruption.*> Moreover, an excessively positive
zeta potential could lead to over-stabilization, potentially
affecting drug release profiles.”* Therefore, careful consider-
ation of particle stability, toxicity, and cellular uptake is essen-
tial for subsequent experiments.

The C14-PEI delivery system tends to form micelleplexes,
where the hydrophobic chains constitute the core and the
hydrophilic portions form the shell. Cryo-EM imaging con-
firmed the presence of a core-shell spherical structure in these
micelleplexes. Fig. 2C displays the particle sizes of C14-PEI
micelles at w/w 8, pH 7.4, which align with the DLS results,
showing sizes around 300 nm. In the images, a distinct dark
core is surrounded by a blurred corona structure. Additionally,
in Fig. 2C, bleb-like structures are observed in the nano-
structures. Similar bleb structures have been reported in lipid
nanoparticles (LNPs) by Cheng and colleagues.*® They noted
that alterations in pH and buffer concentration could induce
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the formation of these structures, thereby enhancing in vitro
transfection efficiency. This enhancement is attributed to
improved mRNA stability when sequestered within bleb struc-
tures in LNPs.

The assessment of the formulation properties

Encapsulation. As previously noted, mRNA is inherently
unstable due to its single-stranded structure, making it suscep-
tible to degradation by nucleases.”” Protecting mRNA from
nuclease digestion is crucial, and the ability of polymers to
encapsulate mRNA is a key factor in assessing their suitability
as mRNA carriers. SYBR Gold, a fluorescent intercalating dye
that stains free nucleic acids and emits fluorescence upon exci-
tation at 495 nm, is commonly used for this purpose.*®
Cationic polymers interact electrostatically with the negatively
charged phosphate groups present in mRNA molecules, facili-
tating the encapsulation of mRNA within micelleplexes
through charge complexation. This interaction decreases
accessibility for intercalation and thus reduces the fluo-
rescence intensity of SYBR Gold, allowing for the quantifi-
cation of free mRNA in the micelleplex suspensions by
measuring fluorescence intensity.

Fig. 2E illustrates the use of LMW-PEI as a control, where
fluorescence measured with free mRNA was established as
100%. The percentage of free mRNA decreased with increasing
the formulations’ mass ratio, indicating polymer-mediated
encapsulation of mRNA into polyelectrolyte complexes. Below
a mass ratio of w/w 2, C14-PEI demonstrated less efficient
mRNA condensation compared to LMW-PEI. Specifically, C14-
PEI exhibited only 20% encapsulation efficiency at w/w 1,
whereas LMW-PEI efficiently encapsulated mRNA even at very
low mass ratios. However, at a mass ratio of w/w 2, the encap-
sulation efficiency of C14-PEI began to approach that of
LMW-PEI, showing approximately 4% free mRNA. As the mass
ratio increased further, C14-PEI demonstrated superior con-
densation capability compared to LMW-PEI, achieving mRNA
encapsulation efficiencies of around 98% and nearly 100% at
w/w 4 and w/w 8, respectively. This behaviour can be attributed
to the occupation of primary amine groups by C14 chains,
which reduces positive charges. Initially, at low mass ratios,
C14-PEI exhibited lower mRNA encapsulation efficiency com-
pared to LMW-PEL However, with increasing polymer concen-
tration, as observed elsewhere,*® amphiphilic materials con-
dense mRNA through electrostatic and hydrophobic inter-
actions, demonstrating high nucleic acid-binding affinity.

mRNA release

The stability of micelleplexes can be disrupted by the presence
of competing anions.’® To assess the stability of C14-PEI/
mRNA complexes and gain deeper insights into micelleplex
behaviour, we investigated the integrity of micelleplexes in the
presence of a competing polyanion (heparin) using SYBR Gold
staining. LMW-PEI was included as a control at polymer to
mRNA mass ratios of w/w 1 and w/w 8. In Fig. 2F, at the w/w 8
polymer/mRNA mass ratio, mRNA remained tightly bound to
LMW-PEI even with a 20-fold excess of heparin relative to

This journal is © The Royal Society of Chemistry 2025
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(B) the zeta potential of micelleplexes (n = 3); (C) Cryo-EM image of C14-PEl w/w 8; (D) schematic drawing of C14-PEI w/w 8; (E) SYBR Gold assay
to assess the encapsulation and (F) heparin competition assay to determine release (n = 3); (G) the percentage of viable cells after 24 h transfection

in A549 cells (n = 3).

mRNA (heparin/mRNA w/w 20, approximately 2 units of
heparin). This strong binding is attributed to the excessive
positive charges in PEI, which result in a robust interaction
with mRNA, hampering its release. While stable complexes in
the presence of competing anions are desirable, overly strong
binding can hinder mRNA release from micelleplexes into the
cytoplasm.> Reducing the amount of LMW-PEI improved the
situation; at a w/w 1 polymer/mRNA mass ratio, the LMW-PEI/
mRNA complexes remained stable until the heparin to mRNA
ratio reached 1 unit (heparin/mRNA w/w 1).

In contrast, C14-PEI w/w 8 exhibited a release profile
similar to LMW-PEI at w/w 1. mRNA began to release from
C14-PEI at a heparin to mRNA mass ratio of w/w 2. Notably,
the micelleplexes demonstrated stability in the presence of
up to a 2-fold excess of heparin/mRNA and released approxi-
mately 70% of mRNA at a 20-fold excess of heparin (Fig. 2F).
Optimizing polymer concentrations advantageously contrib-
utes to micelleplex stability after introduction into serum-
containing cell culture media or administration in vivo, and
facilitates mRNA release from micelleplexes the
cytoplasm.

into

This journal is © The Royal Society of Chemistry 2025

Cytotoxicity. A significant drawback of cationic delivery
systems is their potential toxicity arising from high positive
charge densities, which can disrupt cellular membrane integ-
rity and lead to pore formation.> To assess cytotoxicity, the
CCK-8 assay was employed, which measures the intracellular
reduction of tetrazolium salt (WST-8) to produce an orange
water-soluble formazan dye through bioreduction in the pres-
ence of an electron carrier, 1-Methoxy PMS. The absorbance of
this dye correlates linearly with the number of viable cells, pro-
viding a direct measure of toxicity. Cytotoxicity testing was con-
ducted using different cell lines, A549, H1299, and Hop62.
C14-PEI/mRNA complexes at various mass ratios (w/w 15, w/w
8, w/w 4 prepared at pH 7.4, and w/w 4 prepared at pH 5.4)
were evaluated. After 24 h of transfection, all groups exhibited
low toxicity across the three cell lines, except for the w/w
4 group prepared at pH 7.4 (Fig. 2G). Specifically, cell viability
with C14-PEI at w/w 15 and w/w 8 prepared at pH 7.4 exceeded
80%. In contrast, the w/w 4 group prepared at pH 7.4 displayed
higher toxicity, resulting in less than 60% cell viability.
Interestingly, reducing the pH to 5.4 mitigated toxicity in the
w/w 4 group, achieving comparable cell viability (around 80%)
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to those observed in the w/w 15 and w/w 8 groups prepared at
pH 7.4. This observation is consistent with the tendency of
particles to aggregate at w/w 4 at pH 7.4, as indicated by DLS
results.

Delivery of mRNA

Endosomal escape test. The endocytic pathway is the major
uptake mechanism for nanocomplexes.”® Micelleplexes
become entrapped in endosomes and are subsequently
degraded by specific enzymes in lysosomes. Therefore, facili-
tating endosomal escape to ensure the cytosolic delivery of
therapeutics is a critical step in achieving effective macro-
molecule-based therapy.” To accurately depict the endosomal
release of micelleplexes internalised by cells, A549 cells were
transfected with Cy-5 mRNA and stained with LysoTracker
Green DND-26, a fluorescent probe that accumulates in acidic
vesicles, along with DAPI staining before analysis by CLSM.
Fig. 3A illustrates different formulation treatments and their
effects on cellular uptake and endosomal release of Cy-5
labelled mRNA. Blue areas depict cell nuclei stained with
DAPI, green staining indicates lysosomes, red staining rep-
resents incorporated Cy-5 labelled mRNA, and yellow dots
reflect mRNA co-localised within lysosomes.

As shown in the Fig. 3A, no red signal is detected in
samples with free mRNA or PEI formulation, indicating that
successful uptake cannot occur without an appropriate deliv-
ery system. However, C14-PEI transfection at w/w 4 and w/w 8
results in a punctate distribution of Cy-5 labelled mRNA,
suggesting endosomal entrapment of the delivered cargo.
Despite the persistence of yellow dots after 24 h, indicating
partial entrapment in endosomes, a significant proportion of
mRNA was able to escape and disperse into the cytoplasm.
Specifically, at 4 h post-transfection, only a few red and yellow

A) C14-PEl w/w 4 C14-PEl w/w 8

PEI w/w 8

.
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24 h

40 pm
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dots are observed in both the w/w 4 and w/w 8 groups, reflect-
ing early cellular internalization. By 8 h, maximum uptake is
observed in the C14-PEI w/w 4 samples, with the signal
decreasing by 24 h. In contrast, uptake of C14-PEI at w/w 8
continues to increase, reaching a maximum at 24 h.
Interestingly, Fig. 3A shows that the red dots, representing Cy-
5 labelled mRNA, were more enriched and appeared larger in
the w/w 4 samples compared to the w/w 8 samples. This
suggests that C14-PEI micelleplexes were more prone to aggre-
gation at the w/w 4 ratio, which aligns with the larger sizes
observed in the DLS results. Consequently, these aggregated
micelleplexes exhibited faster sedimentation and higher sedi-
mentation efficiency in the cell media. This resulted in faster
internalization of C14-PEI at w/w 4 compared to C14-PEI at
wiw 8.

eGFP mRNA expression. To investigate the mRNA expression
efficacy of the C14-PEI formulation, eGFP mRNA was trans-
fected into H1299, A549, and Hop62 cell lines using formu-
lations of w/w 8, w/w 4 prepared at pH 7.4, and w/w 4 prepared
at pH 5.4. Following transfection, median fluorescence inten-
sity (MFI) and the percentage of eGFP-positive cells were
measured using flow cytometry (FACS). As shown in Fig. 3C,
all groups exhibited eGFP expression, with over 90% of cells
in all three cell lines being eGFP-positive. The w/w 4 formu-
lation prepared at pH 7.4 resulted in an MFI that was over
1000-fold higher than the blank control (Fig. 3B). The lowest
MFI was observed with the w/w 4 formulation prepared at
pH 5.4, which showed a 30-40 fold increase compared to the
blank. The w/w 8 formulation achieved an MFI increase of
beyond 100-fold compared to the blank. The significantly
high eGFP expression observed in the C14-PEI w/w 4 group at
pH 7.4 can be attributed to rapid and efficient cellular
internalization.
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Fig. 3 Delivery of eGFP mRNA. (A) Endosomal entrapment of C14-PE| formulation via CLSM. (B) Median eGFP fluorescence intensity after C14-PEl
transfection 24 h (n = 3, *P < 0.033, **P < 0.002, ***P < 0.001). (C) The percentage of eGFP positive cells.
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Co-encapsulation of Cas9 mRNA and sgRNA

C14-PEI/Cas9 mRNA-sgRNA micelleplexes were prepared using
the previously described method and characterised with a
Nanosizer (Fig. S41). These micelleplexes, co-loaded with
Cas9 mRNA and sgRNA, displayed properties similar to those
of eGFP mRNA micelleplexes. This similarity arises from the
consistent polymer-to-total RNA ratios employed during prepa-
ration. As both sgRNA and mRNA are single-stranded RNAs,
their total mass corresponds to their nucleotide content,
resulting in comparable physicochemical properties between
the two formulations.>®™” Given that the efficiency of this
CRISPR gene editing approach relies on the successful delivery
of both mRNA and sgRNA, confirming their co-encapsulation
is essential. Electrophoretic mobility shift assays (EMSA) were
employed for this evaluation, leveraging the ability of electro-
phoresis to separate nucleic acid molecules of different sizes
by electrophoretic mobility.”® In these assays, free RNA
migrates through the gel due to its negative charge, whereas
encapsulated RNA remains in the loading slots, as the micelle-
plexes are larger than the gel’'s mesh size.”® As shown in
Fig. 4A, lanes 2 and 3 display the free Cas9 mRNA and free
sgRNA bands, located at 4500 nt and 100 nt, respectively. Lane
4 clearly shows the separated bands of the mixture of free
Cas9 mRNA and sgRNA. In contrast, lanes 5 and 6, containing
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samples of C14-PEI w/w 4 and w/w 8, show no bands on the
gel. Instead, a bright signal is visible within the slots, indicat-
ing that both Cas9 mRNA and sgRNA are encapsulated within
the micelleplexes.

Evaluation of CRISPR gene editing ability

T7EI assay. To further verify the ability of the C14-PEI formu-
lation to co-deliver Cas9 mRNA and sgRNA and facilitate gene
editing in cells, we transfected A549 cells, harbouring a KRAS
G12S mutation,®® with Cas9 mRNA and sgRNA targeting the
KRAS G12S allele using C14-PEI micelleplexes. Numerous
methods for verifying CRISPR gene editing have been reported
in the literature.*”®'"®* Due to the sensitivity limitations of
experimental and analytical methods, a single detection
method cannot accurately reflect gene knockout efficiency. We
performed three different assays to evaluate the deletion of
KRAS G128 alleles in A549 cells. Specifically, genomic DNA was
isolated from transfected cells 48 h post-transfection. The T7EI
assay, ddPCR, and Sanger sequencing were then conducted to
measure gene editing efficiency.

Non-homologous end joining (NHE]J) is the primary mecha-
nism for knockout mediated by CRISPR-Cas9.®* During NHE],
insertions and/or deletions (Indels) are commonly induced in
the DNA strand. T7 Endonuclease I, a structure-selective

-
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T7EI cleavage tests in agarose gel, gene editing efficiency is indicated below the image. (C) Droplet distribution of ddPCR, X-axis is HEX channel,
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enzyme, specifically recognizes indel sites on the DNA
sequence and cleaves them into two fragments.®® The diges-
tion products can then be visualised and analysed by agarose
gel electrophoresis.

As shown in Fig. 4B, the untreated sample exhibited only
one band corresponding to the target sequence, while all
treated samples displayed both the mother band and two
cleaved bands. From the intensity analysis, the Lipofectamine
2000 group resulted in 68.21% indels. Similarly, the w/w 8 and
w/w 4 formulations prepared at pH 7.4 mediated an average of
62.67% and 64.64% indels, respectively, demonstrating
comparable gene editing efficiency to the Lipofectamine
2000 group. However, the cells treated with the w/w 4 formu-
lation prepared at pH 5.4 exhibited only 35.88% indel for-
mation, consistent with the eGFP expression results.

ddPCR analysis. To further confirm the gene editing, the
number of gene copies was measured using ddPCR to quantify
NHEJ-mediated events in the samples. In this assay, two
specific probes within one amplicon were designed.*”*> The
first probe, a reference probe (FAM), is located away from the
mutagenesis site and counts all genomic copies of the target.
The second probe, an NHE] probe (HEX), is located at the site
where nucleases cut or nick genomic DNA and has a wild-type
(WT) sequence. If nucleases induce NHE], the NHE] probe
loses its binding site, resulting in the loss of the HEX signal
and leaving only the FAM signal from the reference probe. As
shown in Fig. 4C, the orange group indicates FAM and HEX
double-positive droplets, reflecting WT DNA copies, while the
blue group shows FAM-positive but HEX-negative droplets,
representing edited DNA copies. No blue dots are present in
the blank group, while the groups treated with C14-PEI w/w 4
and w/w 8 show 961 and 1430 blue dots respectively (edited
gene copies), indicating efficient gene editing events.
Subsequently, we quantified the percentage of single-positive
events (edited gene copies) in the total events. As shown in
Fig. 4D, the gene editing efficiency of Lipofectamine 2000
reached 93.4%, whereas C14-PEI w/w 4 showed 48.5% edited
copies and 37.8% positive droplets in the C14-PEI w/w
8 group. The data from ddPCR did not align perfectly with the
T7EI assay results. This discrepancy arises because the T7EI
assay is semi-quantitative, has limited sensitivity, is prone to
false positives, and suffers from high background signals
when sequence polymorphisms are present.®? For a typical
diploid target locus, a clone with both alleles successfully
altered via genome editing will be indistinguishable from a
clone with one mutated allele and one wild-type allele.

Sanger sequencing. To visualize the gene editing behaviour
of the C14-PEI w/w 8 micelleplexes, we performed Sanger
sequencing on the PCR products and analysed the data using
the ICE CRISPR analysis tool.>® Fig. 5D demonstrates that
indels occurred in the KRAS G12S allele edited by C14-PEI w/w
8. Sequencing confirmed that gene editing occurred after the
PAM sequence, primarily resulting in insertions and deletions
in the DNA backbones. Specifically, Fig. 5B shows a significant
signal shift (R* = 0.98) following gene editing compared with
the control sequence. Among the generated mutations (Fig. 5C
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and D), a 1 bp insertion was the most frequent, contributing
to 13% of the indels, which aligns with previously reported
findings.®° Deletions ranging from 4 to 16 bases were found at
various positions near the mutagenesis site, constituting 14%
of the indels. These indels cause frameshift mutations in the
gene, leading to the functional inactivation of the mutant
KRAS protein. In summary, the sequencing data confirmed
that KRAS in A549 cells was disrupted around the PAM (TGG)
sequence, further validating the efficacy of our C14-PEI deliv-
ery system in achieving efficient and specific targeting of KRAS
G12S alleles.

Cell capability assessment

Western blot. The KRAS gene mediates the translation of the
KRAS protein, which relays signals from outside the cell to the
nucleus. KRAS is a small GTPase that cycles between the GTP-
bound active state and the GDP-bound inactive state. In its
GTP-bound state, KRAS interacts with and activates down-
stream effector molecules, such as those in the MAPK or AKT-
mTOR signalling pathways, affecting cell proliferation and sur-
vival. However, activating mutations in KRAS result in
impaired GTP hydrolysis or enhanced nucleotide exchange,
causing continuous downstream signal activation. This leads
to a sustained proliferation signal within the cell, which is
related to the migration and invasion of cancer cells.®>°® To
assess the translation level of different signal proteins, we iso-
lated total proteins from transfected A549 cells and conducted
western blot analysis to investigate if the C14-PEI formulation
can down-regulate KRAS pathways on the protein level, includ-
ing the expression and activation of AKT and ERK. PEI and
Lipofectamine 2000 were used as controls. As shown in
Fig. 6A, compared to the housekeeping gene p-actin, the treat-
ment of A549 cells with C14-PEI w/w 8 did not suppress the
expression of wild-type KRAS protein. However, the level of
phosphorylated-ERK protein was significantly downregulated
in A549 cells edited with the micelleplexes. According to the
literature,®” phosphoproteins usually will have a minor shift in
molecular weight and total antibodies can recognize them.
Hence, the upper bands in the AKT blot were deemed to rep-
resent phosphorylated-AKT, fitting the expectation of downre-
gulation in the treated groups. As predicted, total AKT and
ERK proteins were not affected by the treatment. These results
suggest that while the overall levels of KRAS, AKT, and ERK
proteins remain unchanged, the downstream signalling path-
ways, particularly those involving phosphorylated forms of
AKT and ERK, are downregulated in cells treated with the C14-
PEI micelleplexes. This indicates the potential effectiveness of
the C14-PEI delivery system in mitigating the aberrant signal-
ling caused by mutant KRAS, thereby affecting cell proliferation
and survival pathways involved in cancer progression.

Cell migration. A wound healing assay was used to estimate
the ability of cell migration after treatment with C14-PEI micel-
leplexes in A549 cells. The gap area closure was quantified by
comparing images from time 0 h to 48 h using Image].
Generally, the treated groups showed slower cell migration
compared to the blank group, and the group treated with

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Sanger sequencing after C14-PElI w/w 8 treatment in A549 cells analysed by the ICE CRISPR analysis tool. (A) KRAS exon map (up), G12S
mutation sequence (middle), and edited sequence (down) illustrate; (B) alignment of Sanger sequencing; (C) distribution of indel sizes; (D) contri-

bution of each sequence after gene editing.

Lipofectamine 2000 exhibited the slowest migration among all
groups (Fig. 6C and D). After 8 h, the blank group migrated
and covered approximately 50% of the wound area quantified
at time 0 h. Meanwhile, the C14-PEI w/w 8 group showed the
lowest coverage of the wound area, occupying around 20%,
while cells treated with C14-PEI w/w 4 and Lipofectamine 2000
covered nearly 30% of the wound area. After 48 h, the wound
in the blank group was completely closed, and the coverage of
the wound area in the C14-PEI w/w 4 and w/w 8 groups grew to
85% and 92%, respectively. Only 70% of the wound area was
covered in the Lipofectamine 2000 group at 48 h. Given that
Lipofectamine 2000 is known to exhibit high cytotoxicity,®® the
slowest migration observed in this group is expected. However,

This journal is © The Royal Society of Chemistry 2025

since our C14-PEI formulation did not show significant cyto-
toxicity (Fig. 2G), the results are reliable and suggest that the
C14-PEI micelleplexes can effectively inhibit tumour cell
migration.

Cell apoptosis. To further investigate whether C14-PEI micel-
leplexes inhibited A549 cell growth through the induction of
apoptosis, the percentage of apoptotic cells was assessed using
flow cytometry with Annexin V-AF488/PI double-staining assay
following treatment with C14-PEI w/w 4 and w/w 8.*
Lipofectamine 2000 was included as a positive control. The
representative flow cytometry data are presented in Fig. 6D. It
was demonstrated that treatment with C14-PEI w/w 4, C14-PEI
w/w 8, and Lipofectamine 2000 for 24 h significantly increased

Nanoscale, 2025, 17, 6604-6619 | 6615
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Fig. 6 Cell capability assessment after the transfection of C14-PEI micelleplexes. (A) Western blot after transfection 48 h in A549 cells; (B) images
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in wound healing assay (*P < 0.0332, **P < 0.021, the significance against the blank group); (D) cell apoptosis after transfection 24 h in A549 cells.

the numbers of apoptotic cells compared with the blank
group. Notably, Lipofectamine 2000 exhibited the highest per-
centage of apoptotic cells (26.41%), followed by C14-PEI w/w 4
(21.92%) and C14-PEI w/w 8 (13.59%).

Protein translation and cell function don’t always show a
consistent tendency with gene editing, because of incomplete
knockout efficiency and functional compensation.®® When a
gene is edited or knocked out, cells can activate alternative
pathways to compensate for the loss of function. This can
involve the upregulation of genes with similar functions or the
activation of parallel pathways to maintain cellular homeosta-
sis. In particular, genes involved in the cell cycle and DNA
repair were identified as essential, suggesting compensatory
mechanisms when these pathways are disrupted.”® However,
our results suggested that the deletion of mutant KRAS G12S
alleles by C14-PEI micelleplexes can effectively inhibit tumour
cell proliferation and migration, and promote the apoptosis of
tumour cells after treatment, likely through downregulation of
the AKT and ERK signalling pathways. These findings further
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support the potential of C14-PEI micelleplexes as a delivery
system for gene editing and other therapeutic applications.

Conclusions

CRISPR-Cas9 has emerged as a highly effective and customiz-
able tool for genome editing, holding promise for the treat-
ment of KRAS mutations in lung cancer,’””"”> however, devel-
oping an efficient and bio-safe material is a key barrier. In this
study, we introduce C14-PEI as a micelleplex system capable of
efficiently co-delivering Cas9 mRNA and sgRNA to excise
mutated KRAS alleles in lung cancer cells. C14-PEI is syn-
thesised from 1,2-epoxytetradecane and branched PEI 600 Da
via ring-opening reaction, exhibiting a CMC of 20.86 + 0.15 mg
L™'. Effective condensation of mRNA via electrostatic inter-
action was demonstrated across all tested polymers, even at
low concentrations. Specifically, C14-PEI at w/w of 4 and 8,
under pH 7.4 conditions, as well as at w/w 4 under pH 5.4,

This journal is © The Royal Society of Chemistry 2025
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were selected for detailed investigation based on mRNA
expression levels, particle size, and material toxicity consider-
ations. Optimal conditions were identified with C14-PEI at w/w
8 and pH 7.4, revealing micelleplexes with a hydrodynamic
diameter of approximately 300 nm (PDI: 0.16) and a zeta
potential of 40 mV. Notably, C14-PEI at w/w 8, pH 7.4, exhibi-
ted stable complex formation under physiological conditions
as confirmed by the heparin competition assay, along with
efficient endosomal escape properties intracellularly.
Encapsulation efficiency of eGFP mRNA by C14-PEI reached
99% at w/w 8, resulting in a 130-fold increase in expression
compared to the blank control. These findings underscore
C14-PEI's potential as a robust delivery system for
CRISPR-Cas9 components, highlighting its suitability for tar-
geted genome editing applications in cancer therapy. The
study revealed that C14-PEI micelleplexes effectively co-deliver
Cas9 mRNA and sgRNA for targeted genome editing of KRAS
mutations in lung cancer cells. Notably, while C14-PEI at a w/w
4 and pH 7.4 exhibited the highest eGFP expression (>1000-
fold increase), it also displayed larger particle sizes (>1000 nm)
and increased cytotoxicity in the CCK-8 assay. This phenom-
enon was attributed to aggregation, as confirmed by CLSM
during endosomal escape testing. Agarose gel analysis con-
firmed efficient co-encapsulation of Cas9 mRNA and sgRNA by
C14-PEI micelleplexes. For gene editing purposes, at a SgRNA
to Cas9 mRNA molar ratio of 10, C14-PEI micelleplexes
demonstrated successful excision of the KRAS mutant with
62.67% and 64.64% indel efficacy at w/w 8 and w/w 4 pH 7.4,
respectively. ddPCR further confirmed edited gene copies at
37.8% and 48.5% for w/w 8 and w/w 4 prepared at pH 7.4,
respectively. Deletions and insertions under 16 base pairs were
predominant in the edited gene sequences, as revealed by
Sanger sequencing analysis. Following the deletion of KRAS
G12S in A549 cells, downstream signalling was attenuated, as
evidenced by decreased levels of phosphorylated-AKT and
phosphorylated-ERK observed in western blot analysis.
Moreover, the migration capability of A549 cells was impaired,
and apoptosis was increased following treatment with C14-PEI
micelleplexes containing Cas9 mRNA and sgRNA targeting
KRAS G12S. These findings underscore the potential of C14-
PEI as an efficient and relatively safe delivery system for
CRISPR-Cas9-mediated genome editing, with implications for
therapeutic interventions targeting KRAS mutations in lung
cancer.

In conclusion, this study highlights the continuous evol-
ution and potential of C14-PEI micelleplexes in advancing
CRISPR-Cas9-based therapies for targeted genetic interven-
tions, particularly in addressing mutations such as KRAS in
cancer treatment. Leveraging the straightforward synthesis
and functional groups of C14-PEI polymers, adjustments in
chemical and physical properties can readily be made to
enhance their efficacy as mRNA delivery agents and optimize
their performance. This research affirms that hydrophobic
modification of cationic polymers, C14-PEI, is conducive to
designing drug delivery systems with improved cellular intern-
alization capabilities and minimal toxicity. However, chal-

This journal is © The Royal Society of Chemistry 2025
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lenges remain, particularly concerning the size and zeta poten-
tial of micelleplexes, which may elicit immune responses and
compromise efficiency in vivo. Addressing these issues is
crucial for advancing toward clinical applications, and future
efforts will focus on polymer modifications and composition
adjustments to optimize micelleplex properties. Ongoing
studies also aim to incorporate anionic polymers into the opti-
mised formulations to further tailor nanoparticle character-
istics and enhance therapeutic outcomes.

Author contributions

Siyu Chen: data curation, investigation, methodology, and
writing - original draft. Mariem Triki: investigation and meth-
odology. Simone P. Carneiro: methodology, project adminis-
tration, supervision, and writing - review. Olivia M. Merkel:
conceptualization, funding acquisition, and
writing - review and editing.

supervision,

Data availability

All data generated or analysed during this study are included
in the main manuscript and in the ESL{

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The author Siyu Chen acknowledges the financial support
from the China Scholarship Council (CSC). Simone Carneiro
thanks the financial support from the Alexander von
Humboldt Foundation and the Center of Nanoscience (CeNS)
Munich. This research was also supported by ERC-2014-
StG-637830 to Olivia Merkel. Thanks to Prof. Roland
Beckmann and Dr Otto Berninghausen for the technical
support with Cryo-EM.

References

1 F. Bray, M. Laversanne, H. Sung, ]J. Ferlay, R. L. Siegel,
I. Soerjomataram and A. Jemal, CA Cancer J. Clin., 2024, 74,
229-263.

2 R. Salgia, R. Pharaon, I. Mambetsariev, A. Nam and
M. Sattler, Cell Rep. Med., 2021, 2, 100186.

3 A. Singhal, B. T. Li and E. M. O'Reilly, Nat. Med., 2024, 30,
969-983.

4 Y. Chen, Q. P. Liu, H. Xie and J. Ding, Acta Pharmacol. Sin.,
2024, 45, 686-703.

5 C. Liu, L. Zhang, H. Liu and K. Cheng, J. Controlled Release,
2017, 266, 17-26.

Nanoscale, 2025, 17, 6604-6619 | 6617


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03471f

Open Access Article. Published on 13 January 2025. Downloaded on 12/10/2025 8:10:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

M. Boettcher and M. T. McManus, Mol. Cell, 2015, 58, 575—
585.

L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib,
P. D. Hsu, X. Wu, W. Jiang, L. A. Marraffini and F. Zhang,
Science, 2013, 339, 819-823.

J. Germer, A. L. Lessl, J. Pohmerer, M. Grau, E. Weidinger,
M. Hohn, M. Yazdi, M. A. Cappelluti, A. Lombardo,
U. Lachelt and E. Wagner, J. Controlled Release, 2024, 370,
239-255.

Y. Lin, X. Luo, T. Burghardt, S. Dorrer, M. Hohn,
E. Wagner and U. Lachelt, J. Am. Chem. Soc., 2023, 145,
15171-15179.

P. S. Kowalski, A. Rudra, L. Miao and D. G. Anderson, Mol.
Ther., 2019, 27, 710-728.

Y. Lin, E. Wagner and U. Lachelt, Biomater. Sci., 2022, 10,
1166-1192.

P. E. Saw and E. Song, Cell Rep. Med., 2024, 5, 101555.

J. Walther, D. Porenta, D. Wilbie, C. Seinen, N. Benne,
Q. Yang, O. G. de Jong, Z. Lei and E. Mastrobattista,
Eur. J. Pharm. Biopharm., 2024, 196, 114207.

H. Parhiz, E. N. Atochina-Vasserman and D. Weissman,
Lancet, 2024, 403, 1192-1204.

B. Shen, ]J. Zhang, H. Wu, J. Wang, K. Ma, Z. Li,
X. Zhang, P. Zhang and X. Huang, Cell Res., 2013, 23,
720-723.

H. Yin, C. Q. Song, ]J. R. Dorkin, L. J. Zhu, Y. Li, Q. Wu,
A. Park, J. Yang, S. Suresh, A. Bizhanova, A. Gupta,
M. F. Bolukbasi, S. Walsh, R. L. Bogorad, G. Gao, Z. Weng,
Y. Dong, V. Koteliansky, S. A. Wolfe, R. Langer, W. Xue and
D. G. Anderson, Nat. Biotechnol., 2016, 34, 328-333.

Y. Feng, Z. Guo, ]J. Chen, S. Zhang, J. Wu, H. Tian and
X. Chen, Biomater. Sci., 2022, 10, 6230-6243.

R. Crane, M. S. Makia, S. Zeibak, L. Tebbe, L. Ikele,
C. R. Woods, S. M. Conley, G. Acharya, M. I. Naash and
M. R. Al-Ubaidi, Mol. Ther. - Nucleic Acids, 2024, 35,
102222.

F. Adams, C. M. Zimmermann, D. Baldassi, T. M. Pehl],
P. Weingarten, I. Kachel, M. Kranzlein, D. C. Jurgens,
P. Braubach, 1. Alexopoulos, M. Wygrecka and
0. M. Merkel, Small, 2024, 20, e2308775.

Y. Jin, F. Adams, A. Nguyen, S. Sturm, S. Carnerio,
K. Muller-Caspary and O. M. Merkel, Nanoscale Adv., 2023,
5, 5256-5262.

A. Greco, B. Gabold, S. Chen, X. Wang, Z. Xu, A. Hartschuh,
E. Chiesa, I. Genta, C. L. Ried, T. Merdan and
O. M. Merkel, Eur. J. Pharm. Biopharm., 2023, 188, 170-181.
T. C. Roberts, R. Langer and M. J. A. Wood, Nat. Rev. Drug
Discovery, 2020, 19, 673-694.

M. Mueller, W. Reichardt, J. Koerner and M. Groettrup,
J. Controlled Release, 2012, 162, 159-166.

S. Zhang, ]J. Shen, D. Li and Y. Cheng, Theranostics, 2021,
11, 614-648.

X.Y. Lu, D. C. Wu, Z.]. Li and G. Q. Chen, Prog. Mol. Biol.
Transl. Sci., 2011, 104, 299-323.

J. A. Kretzmann, D. Ho, C. W. Evans, J. H. C. Plani-Lam,
B. Garcia-Bloj, A. E. Mohamed, M. L. O’'Mara, E. Ford,

6618 | Nanoscale, 2025, 17, 6604-6619

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

View Article Online

Nanoscale

D. E. K. Tan, R. Lister, P. Blancafort, M. Norret and
K. S. Iyer, Chem. Sci., 2017, 8, 2923-2930.

Y. Liu, G. Zhao, C. F. Xu, Y. L. Luo, Z. D. Lu and J. Wang,
Biomater. Sci., 2018, 6, 1592-1603.

Y. K. Kang, K. Kwon, J. S. Ryu, H. N. Lee, C. Park and
H. J. Chung, Bioconjugate Chem., 2017, 28, 957-967.

J. Qiao, W. Sun, S. Lin, R. Jin, L. Ma and Y. Liu, Chem.
Commun., 2019, 55, 4707-4710.

A. S. Timin, A. R. Muslimov, K. V. Lepik, O. S. Epifanovskaya,
A. 1. Shakirova, U. Mock, K. Riecken, M. V. Okilova,
V. S. Sergeev, B. V. Afanasyev, B. Fehse and G. B. Sukhorukov,
Nanomedicine, 2018, 14, 97-108.

H. Yue, X. Zhou, M. Cheng and D. Xing, Nanoscale, 2018,
10, 1063-1071.

J. E. Dahlman, C. Barnes, O. Khan, A. Thiriot,
S. Jhunjunwala, T. E. Shaw, Y. Xing, H. B. Sager, G. Sahay,
L. Speciner, A. Bader, R. L. Bogorad, H. Yin, T. Racie,
Y. Dong, S. Jiang, D. Seedorf, A. Dave, K. S. Sandu,
M. J. Webber, T. Novobrantseva, V. M. Ruda,
A. K. R. Lytton-Jean, C. G. Levins, B. Kalish, D. K. Mudge,
M. Perez, L. Abezgauz, P. Dutta, L. Smith, K. Charisse,
M. W. Kieran, K. Fitzgerald, M. Nahrendorf, D. Danino,
R. M. Tuder, U. H. von Andrian, A. Akinc, A. Schroeder,
D. Panigrahy, V. Kotelianski, R. Langer and
D. G. Anderson, Nat. Nanotechnol., 2014, 9, 648-655.

Y.-X. Lin, Y. Wang, J. Ding, A. Jiang, J. Wang, M. Yu,
S. Blake, S. Liu, C. ]J. Bieberich, O. C. Farokhzad, L. Mei,
H. Wang and J. Shi, Sci. Transl. Med., 2021, 13, eaba9772.
G. B. Ray, 1. Chakraborty and S. P. Moulik, J. Colloid
Interface Sci., 2006, 294, 248-254.

Y. Jin, X. Wang, A. P. E. Kromer, ]J. T. Miiller,
C. Zimmermann, Z. Xu, A. Hartschuh, F. Adams and
O. M. Merkel, Biomacromolecules, 2024, 25, 4177-4191.

Y. Jin, F. Adams, J. Moller, L. Isert, C. M. Zimmermann,
D. Keul and O. M. Merkel, Macromol. Biosci., 2022, 23,
€22004009.

Y. Miyaoka, J. R. Berman, S. B. Cooper, S. ]J. Mayerl,
A. H. Chan, B. Zhang, G. A. Karlin-Neumann and
B. R. Conklin, Sci. Rep., 2016, 6, 23549.

D. Conant, T. Hsiau, N. Rossi, J. Oki, T. Maures, K. Waite,
J. Yang, S. Joshi, R. Kelso, K. Holden, B. L. Enzmann and
R. Stoner, CRISPR J., 2022, 5, 123-130.

S. Misale, J. P. Fatherree, E. Cortez, C. Li, S. Bilton,
D. Timonina, D. T. Myers, D. Lee, M. Gomez-Caraballo,
M. Greenberg, V. Nangia, P. Greninger, R. K. Egan,
J. McClanaghan, G. T. Stein, E. Murchie, P. P. Zarrinkar,
M. R. Janes, L. S. Li, Y. Liu, A. N. Hata and C. H. Benes,
Clin. Cancer Res., 2019, 25, 796-807.

E. D. Czyrnik, M. Wiesehofer, J. T. Dankert and
G. Wennemuth, Biochem. Biophys. Res. Commun., 2020, 523,
713-718.

A. Mehta, E. Dalle Vedove, L. Isert and O. M. Merkel,
Pharm. Res., 2019, 36, 133.

X. Han, H. Zhang, K. Butowska, K. L. Swingle,
M. G. Alameh, D. Weissman and M. ]. Mitchell, Nat.
Commun., 2021, 12, 7233.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03471f

Open Access Article. Published on 13 January 2025. Downloaded on 12/10/2025 8:10:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

43

44

45
46

47

48

49

50

51

52

53

54

55

56

57

A. Wadhwa, A. Aljabbari, A. Lokras, C. Foged and
A. Thakur, Pharmaceutics, 2020, 12, 102.

Z. Nemeth, I. Csoka, R. S. Jazani, B. Sipos, H. Haspel,
G. Kozma, Z. Konya and D. G. Dobo, Pharmaceutics, 2022,
14, 1798.

A. Verma and F. Stellacci, Small, 2010, 6, 12-21.

M. H. Y. Cheng, ]J. Leung, Y. Zhang, C. Strong, G. Basha,
A. Momeni, Y. Chen, E. Jan, A. Abdolahzadeh, X. Wang,
J. A. Kulkarni, D. Witzigmann and P. R. Cullis, Adv. Mater.,
2023, 35, €2303370.

F. Cheng, Y. Wang, Y. Bai, Z. Liang, Q. Mao, D. Liu, X. Wu
and M. Xu, Viruses, 2023, 15, 668.

N. Hartl, F. Adams, G. Costabile, L. Isert, M. Doblinger,
X. Xiao, R. Liu and O. M. Merkel, Nanomaterials, 2019, 9, 986.
L. Liu, M. Zheng, D. Librizzi, T. Renette, O. M. Merkel and
T. Kissel, Mol. Pharm., 2016, 13, 134-143.

S.-J. Gwak, C. Macks, S. Bae, N. Cecil and J. S. Lee, Sci. Rep.,
2017, 7, 11247.

S. Berger, U. Ldchelt and E. Wagner, Proc. Natl. Acad.
Sci. U. S. A., 2024, 121, 2307799120.

J. Chen, ]J. A. Hessler, K. Putchakayala, B. K. Panama,
D. P. Khan, S. Hong, D. G. Mullen, S. C. Dimaggio, A. Som,
G. N. Tew, A. N. Lopatin, J. R. Baker, M. M. Holl and
B. G. Orr, J. Phys. Chem. B, 2009, 113, 11179-11185.

S. Salatin and A. Y. Khosroushahi, J. Cell. Mol. Med., 2017,
21, 1668-1686.

A. K. Varkouhi, M. Scholte, G. Storm and H. ]J. Haisma,
J. Controlled Release, 2011, 151, 220-228.

S. Abbasi, S. Uchida, K. Toh, T. A. Tockary, A. Dirisala,
K. Hayashi, S. Fukushima and K. Kataoka, J. Controlled
Release, 2021, 332, 260-268.

L. Xue, A. G. Hamilton, G. Zhao, Z. Xiao, R. El-Mayta,
X. Han, N. Gong, X. Xiong, J. Xu, C. G. Figueroa-Espada,
S. J. Shepherd, A. J. Mukalel, M. G. Alameh, J. Cui,
K. Wang, A. E. Vaughan, D. Weissman and M. J. Mitchell,
Nat. Commun., 2024, 15, 1884.

C. M. Nowak, S. Lawson, M. Zerez and L. Bleris, Nucleic
Acids Res., 2016, 44, 9555-9564.

This journal is © The Royal Society of Chemistry 2025

58

59

60

61

62

63

64

65

66

67
68

69

70

71

72

View Article Online

Paper

P. Y. Lee, ]J. Costumbrado, C. Y. Hsu and Y. H. Kim,
J. Visualized Exp., 2012, 62, 3923.

M. N. Centelles, C. Qian, M. A. Campanero and
J- M. Trache, Int. J. Nanomed., 2008, 3, 451-460.

Q. Gao, W. Ouyang, B. Kang, X. Han, Y. Xiong, R. Ding,
Y. Li, F. Wang, L. Huang, L. Chen, D. Wang, X. Dong,
Z. Zhang, Y. Li, B. Ze, Y. Hou, H. Yang, Y. Ma, Y. Gu and
C. C. Chao, Theranostics, 2020, 10, 5137-5153.

Y. Lin, U. Wilk, J. Pohmerer, E. Horterer, M. Hohn,
X. Luo, H. Mai, E. Wagner and U. Lachelt, Small, 2023,
19, €2205318.

J. P. Zhang, X. X. Cheng, M. Zhao, G. H. Li, ]J. Xu, F. Zhang,
M. D. Yin, F. Y. Meng, X. Y. Dai, Y. W. Fu, Z. X. Yang,
C. Arakaki, R. J. Su, W. Wen, W. T. Wang, W. Chen,
H. Choi, C. Wang, G. Gao, L. Zhang, T. Cheng and
X. B. Zhang, Genome Biol., 2019, 20, 276.

M. F. Sentmanat, S. T. Peters, C. P. Florian, J. P. Connelly
and S. M. Pruett-Miller, Sci. Rep., 2018, 8, 888.

B. M. Sansbury, A. M. Hewes and E. B. Kmiec, Commun.
Biol., 2019, 2, 458.

J. C. Hunter, A. Manandhar, M. A. Carrasco, D. Gurbani,
S. Gondi and K. D. Westover, Mol. Cancer Res., 2015, 13,
1325-1335.

D. K. Simanshu, D. V. Nissley and F. McCormick, Cell,
2017, 170, 17-33.

T. Hunter, Cell, 2000, 100, 113-127.

T. Wang, L. M. Larcher, L. Ma and R. N. Veedu, Molecules,
2018, 23, 2564.

Y. R. Li, Z. Lyu, Y. Tian, Y. Fang, Y. Zhu, Y. Chen and
L. Yang, Mol. Ther. Oncolytics, 2023, 31, 100733.

J. Peng, J. Genet. Genomics, 2019, 46, 329-333.

X. Zhao, L. Liu, J. Lang, K. Cheng, Y. Wang, X. Li,
J. Shi, Y. Wang and G. Nie, Cancer Lett., 2018, 431, 171-
181.

W. Kim, S. Lee, H. S. Kim, M. Song, Y. H. Cha, Y.-H. Kim,
J. Shin, E.-S. Lee, Y. Joo, J. J. Song, E. J. Choi, J. W. Choi,
J. Lee, M. Kang, J. I. Yook, M. G. Lee, Y.-S. Kim, S. Paik and
H. Kim, Genome Res., 2018, 28, 374-382.

Nanoscale, 2025, 17, 6604-6619 | 6619


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr03471f

	Button 1: 


