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Polymeric carriers have long been recognized as some of the most effective and promising systems for
nucleic acid delivery. In this study, we utilized an anionic di-block co-polymer, PEG-PLE, to enhance the
performance of lipid-modified PEI (C14-PEI) nanoplexes for delivering Cas9 mRNA and sgRNA targeting
KRAS G12S mutations in lung cancer cells. Our results demonstrated that PEG-PLE, when combined with
C14-PEl at a weight-to-weight ratio of 0.2, produced nanoplexes with a size of approximately 140 nm, a
polydispersity index (PDI) of 0.08, and a zeta potential of around —1 mV. The PEG-PLE/C14-PEl nano-
plexes at this ratio were observed to be both non-cytotoxic and effective in encapsulating Cas9 mRNA
and sgRNA. Confocal microscopy imaging revealed efficient endosomal escape and intracellular distri-
bution of the RNAs. Uptake pathway inhibition studies indicated that the internalization of PEG-PLE/C14-
PEI primarily involves scavenger receptors and clathrin-mediated endocytosis. Compared to C14-PE| for-
mulations, PEG-PLE/C14-PEI demonstrated a significant increase in luciferase mRNA expression and gene
editing efficiency, as confirmed by T7El and ddPCR, in A549 cells. Sanger sequencing identified insertions
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and/or deletions around the PAM sequence, with a total of 69% indels observed. Post-transfection, the
KRAS-ERK pathway was downregulated, resulting in significant increases in cell apoptosis and inhibition of
cell migration. Taken together, this study reveals a new and promising formulation for CRISPR delivery as
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Introduction

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPRs) are sequences found in prokaryotic bacteria and
archaea that function as part of an adaptive immune system.
In 2012, Jennifer A. Doudna and Emmanuelle Charpentier
introduced the CRISPR-Cas9 system as a groundbreaking tool
for genome editing, marking a significant advancement in
molecular biology." Their pioneering work earned them the
Nobel Prize in Chemistry in 2020. Among the various
CRISPR-Cas systems, Cas9 stands out as the most widely used
and extensively studied. The mechanism by which
CRISPR-Cas9 targets and edits DNA is closely tied to its struc-
ture. The system relies on the Cas9 protein, a 160-kilodalton
endonuclease with a bi-lobed architecture, composed of the
REC and NUC lobes.> Cas9 forms a ribonucleoprotein complex
with CRISPR RNA (crRNA) and tranms-activating crRNA
(tracrRNA), or a chimeric single-guide RNA (sgRNA), which
guides it to the target double-stranded DNA (dsDNA).*> The
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SgRNA or crRNA-tracrRNA complex directs the Cas9 protein to
cleave any DNA sequence that contains a 20-nucleotide comp-
lementary target sequence in vicinity to the protospacer adja-
cent motif (PAM) sequence. This two-component system can
be easily used in applied science by designing the sgRNA to
target virtually any DNA sequence in the genome, enabling
precise site-specific double-strand breaks (DSBs). Once the
DSB is introduced by Cas9, the cell can repair the break
through two primary pathways: nonhomologous end joining
(NHE]J) or homology-directed repair (HDR). NHE]J often results
in small insertions or deletions (indels) at the cleavage site,
while HDR allows for precise genome modification using a
homologous repair template. Due to its efficiency, versatility,
and relatively low cost, CRISPR-Cas9 has become a powerful
and customizable tool for genome editing, offering advantages
such as rapid onset, transient expression, and minimal off-
target effects.”

CRISPR-Cas9 delivery methods typically include plasmid
DNA,” mRNA/sgRNA,® and protein/sgRNA ribonucleoprotein
complexes (RNPs).” Over the past two decades, mRNA delivery
technology has seen significant advancements. Most notably,
the rapid development and widespread use of mRNA vaccines
have played a crucial role in combating the COVID-19 pan-
demic.® The success of nucleoside-modified mRNA-LNP vac-
cines developed by Moderna and Pfizer/BioNTech against
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SARS-CoV-2 marked a pivotal moment, establishing mRNA
therapeutics as a viable approach in modern medicine. While
mRNA vaccines have demonstrated the potential of mRNA
delivery in nucleic acid therapy, the therapeutic applications of
mRNA extend far beyond vaccines for infectious diseases.
mRNA-based CRISPR-Cas9 therapeutics offer several distinct
advantages.”'® One key benefit is the ability to achieve transi-
ent expression, providing controlled and time-limited thera-
peutic effects."’ This feature reduces the risk of off-target
effects, enabling more precise and safer delivery. Additionally,
mRNA-based systems avoid the risk of genomic integration,
thereby preserving the integrity of the host genome.'?
Combined with their lower immunogenicity compared to viral
vectors, these factors underscore the safety and growing inter-
est in mRNA-based CRISPR-Cas9 delivery. Despite these advan-
tages, effective delivery of mRNA in vivo and in vitro remains a
significant challenge, limiting the full potential of CRISPR-
mediated gene editing.'® Various strategies are being explored
to address this challenge, including viral delivery,"® cell-pene-
trating peptides (CPPs),"* gold nanoparticles (AuNPs)," lipid
nanoparticles (LNPs),"® and polymeric carriers.'” Among
these, polymer-based delivery systems, though often over-
looked in favor of lipid nanoparticles, offer unique benefits.
They allow for precise tuning of chemical properties to
enhance mRNA protection, favorable pharmacokinetics, and
targeted delivery.'® One of the most commonly used cationic
polymers for nucleic acid delivery is polyethylenimine (PEI)."°
PEI is known for its high loading capacity, efficient cellular
internalization, strong endosomal disruption, and low cost.'®
However, its strong cationic nature also poses challenges,
including toxicity, which can lead to necrosis, apoptosis, and
inflammation.® In the context of mRNA delivery, PEI tends to
have relatively low transfection efficiency because its strong
binding to RNA can impair mRNA release from the complex.”"
Therefore, optimizing PEI-based vehicles is essential for
achieving safe and efficient mRNA delivery.

In previous studies, lipid-modified PEI has been proven
successful for nucleic acid delivery.”” In our earlier study,>® we
developed a lipid-modified PEI (C14-PEI) polyplex system to
co-deliver Cas9 mRNA and sgRNA, achieving promising gene
editing results in A549 lung cancer cells. However, this delivery
system was characterized by large particle sizes and highly
positive zeta potentials, which may limit its effectiveness and
cause unwanted inflammatory effects in vivo. However, the co-
delivery of Cas9 mRNA and sgRNA still faces challenges due to
the necessity of considering multiple components.>* To
enhance the biophysical and chemical properties of nano-
particles for in vivo applications, non-cationic polymers are
often employed as core or shell stabilizers for mRNA and for
positively charged segments.'® These polymers contribute to
surface adsorption or charge shielding, improving the nano-
particles’ performance. Among these, poly(ethylene glycol)
(PEG) is widely recognized for its role in drug delivery.”> PEG
is highly hydrophilic and electrostatically neutral, and when
present on the surface of nanoparticles, it provides colloidal
stability through steric repulsion, which increases with the
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length of the PEG chains.>®”” Modifying PEI-based nano-
particles with PEG terminal groups has shown promise in tar-
geting lung tissues, though this modification reduces stability
against heparin compared to unmodified PEI polyplexes.>®
Additionally, negatively charged macromolecules can serve as
protective shells, shielding the positively charged nano-
particles and prolonging their circulation time in the
bloodstream.**" For instance, anionic polysaccharides can
either covalently bond with cationic materials or incorporate
directly into nucleic acid complexes via electrostatic inter-
actions, effectively masking the cationic regions of the delivery
carriers.”” These findings underscore the significant role that
PEG chains with anionic groups play in the performance of
polyplexes. They also highlight the need for further research to
fully understand how non-cationic block co-polymers influ-
ence mRNA delivery in CRISPR-Cas9 gene editing applications.

In this study, we utilized methoxy-poly(ethylene glycol)-
block-poly(i-glutamic acid sodium salt) (PEG-b-PLE) as an
auxiliary component in a lipid-modified PEI (C14-PEI) delivery
system to target mutated KRAS with Cas9 mRNA and sgRNA.
We systematically characterized and compared the C14-PEI
and PEG-PLE/C14-PEI nanoparticles in terms of size, zeta
potential, cytotoxicity, and encapsulation efficiency. The dur-
ation and degradation of the Cas9 mRNA and sgRNA were
monitored using colocalization techniques under confocal
laser microscopy. We also investigated the cellular uptake
pathways and endosomal entrapment, followed by an assess-
ment of luciferase MRNA expression and gene editing
efficiency in A549 lung cancer cells. To evaluate the thera-
peutic relevance, we performed western blot analysis, wound
healing assays, and cell apoptosis tests. Our findings showcase
the innovative potential of PEG-PLE and C14-PEI blends as a
robust delivery platform for mRNA delivery and gene editing.
This unique combination introduces specific functional
advantages by shielding particle surface charges in
Cas9 mRNA and sgRNA delivery, including optimized size and
zeta potential, enhanced stability, improved cellular uptake,
successful mRNA expression, and efficient gene editing. In
summary, this study underscores the evolving role of poly-
meric nanoparticles in advancing mRNA-based therapies,
offering more possibilities for polymer-based CRISPR delivery
systems aimed at targeting oncogenic mutations such as KRAS
in cancer treatment.

Experimental
Materials

Methoxy-poly(ethylene glycol) (5000 Da)-block-poly(L-glutamic
acid sodium salt) (7500 Da) (PEG-b-PLE) was obtained from
Alamanda Polymers (Huntsville, AL, US). 1,2-epoxytetradecane,
Branched PEI 600 Da, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), Dulbecco’s Phosphate Buffered Saline (PBS),
0.05% trypsin-EDTA, Tris-buffered saline, Tween 20, RPMI-1640,
fetal bovine serum (FBS), penicillin-streptomycin solution, 6-di-
amidino-2-phenylindole dihydrochloride (DAPI), skim milk, par-
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aformaldehyde (PFA), agarose powder, and Cell Counting Kit-8
were purchased from Sigma-Aldrich (Darmstadt, 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
(Planegg, 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 pur-
chased from Bio-Rad, US. RNeasy Mini Kit (QIAGEN, US), pCp-
AF488 (Jena Bioscience, Germany), Oligo Clean & Concentrator
Columns (Zymo, Germany), Luciferase mRNA (RiboPro,
Niederland), 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 membranes (Cytiva
technologies, Germany) were obtained from the suppliers indi-
cated. Methanol, ethanol, and acetone were provided by Ludwig-
Maximilians-University Munich. The primary antibodies for p44/
42 MAPK (Erk1/2) and Phospho-p44/42 MAPK (T202/Y204) were
from Cell Signaling Technology (Danvers, MA, US). KRAS poly-
clonal antibody, Histone-H3 polyclonal antibody, and HRP-con-
jugated affinipure goat anti-rabbit IgG (H + L) secondary anti-
body are from Proteintech (Planegg, Germany). Cy5-mRNA was
synthesized and labeled in the laboratory. sgRNA (KRAS G12S: 5'-
CUUGUGGUAGUUGGAGCUAG-3') was synthesized by Sigma-
Aldrich. Primers for PCR (F: TTTGAGAGCCTTTAGCCGC, R:
TCTACCCTCTCACGAAACTC) and primers for Sanger sequencing
(F: TCTTAAGCGTCGATGGAG, R: ACAGAGAGTGAACATCATGG)
were synthesized by Sigma-Aldrich (Darmstadt, Germany).

C14-PEI synthesis

C14-PEI was synthesized by reacting 1,2-epoxytetradecane with
branched PEI 600 Dalton through a ring cleavage reaction as
in the previous report.>* Briefly, 1,2-epoxytetradecane and bPEI
600 Da were heated at 95 °C in absolute ethanol for 72 h while
stirring. The product was then dialyzed with a 1000 Da cutoff
in absolute ethanol, followed by ethanol removal using high-
pressure nitrogen air.

Nanoparticle preparation

C14-PEI nanoparticles were prepared by pipette mixing
through electrostatic interactions. Specifically, 500 ng of luci-
ferase mRNA or Cas9 mRNA with sgRNA at a molar ratio of
1:10 was added into 100 pL of 10 mM HEPES buffer, pH 7.4,
and C14-PEI solution with an eightfold weight excess in com-
parison to total RNA (w/w 8) were added and mixed with RNA
by pipetting and vortexing in HEPES buffer. The mixture was
then incubated at room temperature for 1 hour. For PEG-PLE/
C14-PEI nanoparticles, a predetermined amount of PEG-PLE
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was added to the RNA solution in the first step, which was
then mixed with C14-PEI in HEPES buffer. The morphology of
the polyplexes was examined using cryo-electron microscopy
(Cryo-EM).

Nanoparticle characterization

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

Nanoparticle Tracking Analysis (NTA) combines light scat-
tering and Brownian motion to determine the size distribution
of nanoplexes in liquid suspension. By tracking individual par-
ticles’ mean squared displacement, the NTA software calcu-
lates their hydrodynamic diameter using the Stokes-Einstein
equation.®> Using the NanoSight Pro system (Malvern
Instruments, Amesbury, UK), subtle changes in particle popu-
lation characteristics are detected, with real-time visual vali-
dation. For measurement, nanoplexes were vortexed and
diluted in particle-free HEPES buffer to achieve a concen-
tration within the recommended range (1 x 10°-1 x 10° par-
ticles per mL). Videos were captured using the NanoSight NTA
software version 3.4 in script control mode (3 videos, each 60
s) at 25 °C, with a syringe pump speed of 20. Each video con-
sisted of 1500 frames, and camera levels were adjusted accord-
ing to the scatter properties of the first measurement. Video
analysis settings were fine-tuned by increasing the screen gain
and adjusting the detection threshold for optimal single-par-
ticle tracking, while other parameters were set to default or
automated.

SYBR gold assay

To evaluate the mRNA encapsulation capacity of PEG-PLE/C14-
PEI nanoparticles, SYBR Gold assays were conducted. SYBR
Gold is a cyanine dye that binds to nucleic acids and exhibits
fluorescence upon excitation. Briefly, nanoparticles were pre-
pared as described earlier at weight-to-weight (w/w) ratio of 8
and with addition of PEG-PLE to C14-PEI at weight-to-weight
(w/w) ratios of 0, 0.1, 0.2, 0.3, 0.4, and 0.5. Subsequently,
100 pL of each polyplex solution 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 min in the dark. The fluo-
rescence 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 (polymer to RNA w/w = 0) was used as a control and set
as 100% fluorescence.
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Agarose gel electrophoresis

Agarose gel electrophoresis was used to confirm the co-encap-
sulation of Cas9 mRNA and sgRNA and to perform the T7
endonuclease I (T7EI) assay. For each run, a 1% agarose gel,
containing SYBR Safe dye at a 1:100000 dilution, was pre-
pared in Tris Borate EDTA (TBE) buffer. The nanoparticle
samples, free RNA, and products from the T7EI assay were
mixed with 6x DNA loading dye and then loaded onto the gel.
Electrophoresis was carried out at 150 V for 40 min, and the
gel was visualized using the ChemiDoc imaging system (Bio-
Rad, US).

Cell culture

A549 cells were cultured in complete RPMI-1640 medium sup-
plemented with 10% heat-inactivated fetal 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,.

Cytotoxicity test

The cytotoxicity of nanoparticles was assessed using a CCK-8
assay in A549 cells. Specifically, 10000 cells per well were
seeded 24 h prior in a transparent 96-well plate (Fisher
Scientific,c, Hampton, NH, USA). PEG-PLE/C14-PEI nano-
particles were freshly prepared at polymer w/w 0.5 and w/w 0.2.
C14-PEI nanoplexes were used as a control. After removing the
old medium, the fresh medium containing nanoparticles with
different concentrations (1x, 5x, 10x, 20x, 40%, and 80x fold
increase of PEG-PLE/C14-PEI w/w 0.2) was added to each well
and incubated for 24 h at 37 °C and 5% CO,. Subsequently,
the medium was aspirated, and a fresh medium containing
CCK-8 solution (10 pL CCK-8 in 100 uL RPMI-1640 media) was
added to each well. After incubating for 4 h, a water-soluble
orange formazan product formed in the medium, and absor-
bance was measured at 450 nm using a Tecan plate reader.
The experiment was conducted in triplicate, and the results
are presented as mean values (n = 3), normalized to the percen-
tage of viable cells relative to untreated cells (100% viability).

Uptake pathway

To investigate the route of nanoparticle uptake, experiments
with different types of specific uptake inhibitors were per-
formed.** A549 cells (100 000 per well) seeded 24 h prior to the
experiment were incubated with nystatin (20 pg mL™"), dextran
sulfate (100 pg mL™"), chlorpromazine (5 pg mL™"), or methyl-
beta-cyclodextrin (1 mg mL™") for 1 h followed by incubation
with C14-PEI or PEG-PLE/C14-PEI nanoparticles containing
Cy5-labeled mRNA for 2 h. Incubation at 4 °C for energy inhi-
bition was set as a control. Positive control cells without
inhibitor treatment were transfected with polyplexes, and
untreated cells served as a blank control. After 2 h of transfec-
tion, the cells were washed with PBS and detached using
0.05% trypsin-EDTA. The detached cells were then collected in
1.5 mL Eppendorf tubes and centrifuged at 300 g for 5 min.
After centrifugation, the supernatant was aspirated, and the
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cells were washed again with PBS, followed by a second cen-
trifugation step. The resulting cell pellet was resuspended in
fresh PBS, and the fluorescence intensity was measured using
an Attune NxT flow cytometer (Thermo Fisher, Planegg,
Germany) with excitation at 651 nm and emission at 670 nm.
The experiments were performed in triplicate. Results are
shown as a percentage of median fluorescence intensity nor-
malized to not inhibited positive control samples (100%).

Endosomal entrapment

To visualize the endosomal entrapment of nanoplexes, A549
cells were imaged using confocal laser scanning microscopy
(CLSM, Leica SP8 inverted; software: LAS X, Leica
Microsystems GmbH, Wetzlar, Germany) following transfec-
tion with fluorescently labeled mRNA. A total of 10 000 A549
cells were seeded into ibiTreat p-Slide 8-well plates (ibidi,
Grifelfing, Germany) and transfected with PEG-PLE/C14-PEI
(w/w 0.5) containing Cy5-mRNA. Lipofectamine 2000, PEI
nanoparticles, and free Cy5-mRNA were used as controls. After
incubation at 37 °C with 5% CO, for 4, 8, or 24 h, the cells
were stained with LysoTracker Green DND-26 in pre-warmed
cell culture medium for 1 hour. Following medium removal,
cells were washed and fixed with 4% paraformaldehyde (PFA)
for 15 min in the dark and then washed again with PBS. DAPI
was added to the appropriate wells at a final concentration of
1 pg mL™" in PBS and incubated for 20 min at room tempera-
ture in the dark. After washing, the cells were maintained in
PBS at 4 °C for subsequent analysis by CLSM. For imaging,
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 (420-480 nm) for
DAPI, the green channel (500-550 nm) for LysoTracker Green,
and the red channel (650-720 nm) for Cy5-mRNA
fluorescence.

Co-localization of mRNA and sgRNA

To assess the duration and degradation of Cas9 mRNA and
sgRNA within cells using PEG-PLE/C14-PEI nanoparticles, we
employed co-localization techniques with CLSM. Cas9 mRNA
and sgRNA were labeled with Cy5 and AF488, respectively, for
visualization. Cas9 mRNA was synthesized through in vitro
transcription (IVT) using a mixture of nucleoside triphospho-
sphates (NTPs) containing Cy5-UTP (Jena Bioscience,
Germany). The linearized DNA templates, NTP mixture, Cy5-
UTP, and T7 polymerase were combined according to the
HiScribe® T7 ARCA mRNA Kit with tailing (NEB, US) protocol.
The reaction was incubated overnight at 37 °C, and the RNA
products were purified using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) and verified by agarose gel electrophoresis.
For sgRNA labeling, pCp-AF488 (Jena Bioscience, Germany)
was added at the 3’ end. The reaction mixture included sgRNA,
pCp-AF488, ATP, T4 RNA Ligase, Reaction Buffer, RNAse
inhibitor, 10% DMSO, and 15% PEG8000, which was incu-
bated for 18 h at 16 °C. The AF488-labeled sgRNA was purified
from the reaction mix using Oligo Clean & Concentrator
Columns (Zymo, Germany) and analyzed by UV/VIS spec-
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troscopy (A260 nm: total RNA population; A494 nm: AF488-
labeled RNA). A549 cells were transfected with PEG-PLE/C14-
PEI nanoparticles containing Cy5-labeled Cas9 mRNA and
AF488-labeled sgRNA. At various time points (1 h, 4 h, 8 h,
24 h, 36 h, and 48 h), cells were fixed with 4% paraformalde-
hyde (PFA) and nuclei were stained with DAPIL. Images were
captured using CLSM and analyzed with Image] to determine
the duration and degradation of the mRNA and sgRNA.

Luciferase mRNA expression

To evaluate the translational efficiency of mRNA delivered by
PEG-PLE/C14-PEI, we quantified the expression of the luci-
ferase protein reporter mRNA (Fluc mRNA) using a plate
reader (TECAN, Minnedorf, Switzerland). A549 cells were
seeded at a density of 10000 cells per well in 96-well plates
containing 200 pL of growth medium. Following incubation in
a cell culture incubator (37 °C, 5% CO,) for 24 h, the cells were
transfected with PEG-PLE/C14-PEI nanoparticles encapsulating
Fluc mRNA at w/w 0, w/w 0.1, w/w 0.2, w/w 0.3, w/w 0.4, w/w
0.5. PEI served as a control treatment. After 24 h of transfec-
tion, cells were washed with PBS and lysed by lysis buffer fol-
lowed by incubation at room temperature for 30 min. Of each
sample, 35 pL lysate was added to a white 96-well plate, and
the samples were activated by 0.25 mM luciferin substrate with
an  autosampler (TECAN, Minnedorf, Switzerland).
Subsequently, the samples were measured for relative light
unit (RLU) of luminescence with the plate reader. Results are
presented as mean + standard deviation (SD, n = 3).

T7 endonuclease I (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 before the
experiment. Following a media change, cells were transfected
with PEG-PLE/C14-PEI nanoparticles containing Cas9 mRNA
and sgRNA. Lipofectamine 2000, PEI, and C14-PEI were
included as controls. 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 uti-
lized for polymerase chain reaction (PCR) amplification of
sequences containing KRAS alleles. Following PCR amplifica-
tion, the PCR products underwent re-annealing and treatment
with the detection enzyme as per the kit’s instructions. The
positive control sample provided in the kit was included for
validation. Agarose gel electrophoresis was performed to visu-
alize the cleavage products, and images were captured using
the ChemiDoc imaging system as described in the section of
agarose gel electrophoresis. Data analysis was conducted using
Image Lab Software (Bio-Rad, USA).

Droplet digital PCR

A549 cells were transfected in 6-well plates using PEG-PLE/
C14-PEI nanoparticles with Cas9 mRNA and sgRNA for 48 h,
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with Lipofectamine 2000, PEI, and C14-PEI used as controls.
Genomic DNA was extracted from both untreated and treated
A549 cells using the DNeasy Blood & Tissue Kit (Qiagen), and
the DNA concentration was quantified using a Nanodrop
spectrophotometer. Primers and probes were custom-designed
and obtained from Bio-Rad (Feldkirchen, Germany). The reac-
tion mixtures for droplet digital PCR (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-labeled 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
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 min, followed by 40 cycles
of denaturation at 94 °C for 30 s, annealing/extension at 55 °C
for 3 min, and a final extension step at 98 °C for 10 min, fol-
lowed 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 PEG-PLE/C14-PEI nanoparticles 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 utilized for PCR
amplification. The cycling conditions were as follows: initial
denaturation at 98 °C for 30 s, followed by 35 cycles of dena-
turation at 98 °C for 10 s, annealing at 61.5 °C for 30 s, exten-
sion at 72 °C for 30 s, and a final extension at 72 °C for
10 min. PCR products were verified by electrophoresis 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 ana-
lyzed by the ICE CRISPR analysis tool.*

Western blot

To assess the ability of PEG-PLE/C14-PEI nanoparticles to
inhibit downstream 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 PEG-PLE/C14-PEI nanoparticles 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 RIPA buffer containing phosphatase inhibitors and
protease inhibitors. The protein content in the lysates was
quantified using the Pierce™ BCA Protein Assay kit (Thermo
Fisher), and equal amounts of protein were loaded onto
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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 hour at room temperature. Membranes were then incubated
overnight at 4 °C with primary antibodies targeting specific
proteins of interest in the KRAS pathway. After primary anti-
body incubation, membranes were washed three times with
1% TBST and then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies at room temperature
for 1 hour. Protein bands were visualized using chemilumines-
cence substrates and imaged immediately using the
ChemiDoc imaging system (BioRad). Between antibody stain-
ings, membranes were treated with stripping buffer for 30 min
to remove bound antibodies, followed by washing with TBST
and re-blocking with 5% skim milk in TBST solution. This sys-
tematic approach allowed for the quantification of protein
expression levels involved in the KRAS pathway inhibition fol-
lowing treatment with C14-PEI nanoplexes, providing insights
into their therapeutic potential.>®

Wound healing assay

The p-Dish with culture-insert 2 well (ibidi, Germany) was uti-
lized for conducting a wound healing assay.?” Initially, 10 000
A549 cells suspended in 70 pL of RPMI-1640 media were
added to each 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 com-
plete medium containing either PEG-PLE/C14-PEI nano-
particles or Lipofectamine 2000, as per experimental require-
ments. The cells were maintained in the incubator at 37 °C
with 5% CO, throughout the experiment, and images were cap-
tured at 0, 4, 8, and 24 h using an EVOS microscope (Thermo
Fisher, Germany). The area of the wound gap was quantified
and analyzed using Image] software, providing insights into
the migration and healing dynamics of the A549 cell mono-
layer in response to the treatments administered.

Cell apoptosis

Annexin V and propidium iodide (PI) staining allowed for the
quantification of apoptotic and necrotic cells, providing
insights into the cellular response toward PEG-PLE/C14-PEI
nanoparticle 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 PEG-PLE/C14-PEI nanoparticles.
Following a 48-hour incubation at 37 °C with 5% CO,, the cells
were washed twice with cold PBS and resuspended 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 incubated for 15 min at
room temperature in the dark. After incubation, 400 pL of
Annexin V Binding buffer was added to each tube to halt the
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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 analyzed using
Flow]Jo software.

Statistics

Unless otherwise specified, all results are presented as the
mean value + standard deviation (SD) based on triplicate
experiments (n = 3). Statistical significance was investigated
using one-way ANOVA or two-way ANOVA. All statistical analysis
was performed using GraphPad Prism software (GraphPad
Software, USA).

Results
Nanoparticle preparation

Although cationic polymers have been widely used for CRISPR
Cas9 delivery, their performance in mRNA and sgRNA delivery
systems is still unsatisfactory.®® Literature suggests that
coating with anionic polymers can shield positive charges and
enhance the properties of nanoparticles, making PEG-PLE a
potential candidate for this purpose.>*>***' We prepared nano-
plexes with lipid-modified polymer (C14-PEI) and mRNA at a
w/w ratio of 8 in 10 mM HEPES buffer at pH 7.4 and coated
these nanoplexes with PEG-PLE at various mass ratios relative
to C14-PEI (Scheme 1).

The hydrodynamic diameter, PDI, and { potential of the
nanoparticles were measured using DLS and LDA, respectively.
As shown in Fig. 1A, without PEG-PLE coating, the C14-PEI
nanoplexes with mRNA at a w/w ratio of 8 had a size of
approximately 400 nm and a PDI of 0.3. In contrast, PEG-PLE/
C14-PEI nanoparticles exhibited sizes ranging from 100 to
200 nm for PEG-PLE to C14-PEI ratios of 0.1 to 0.5, with an
average PDI of 0.1. Even with a minimal amount of PEG-PLE at
a polymer w/w ratio of 0.1, the nanoparticles maintained a
compact size and effective charge shielding. Theoretically, at a
mass ratio of 2.6, PEG-PLE is expected to neutralize the posi-
tive charges of C14-PEL. However, neutral charge was experi-
mentally found around PEG-PLE/C14-PEI w/w 0.1, while nano-
particles at w/w 2 exhibited strong negative zeta potentials,
indicating an excess of anions in the system (Fig. 1B). This can
be attributed to the random polymer modification process,
which may lead to errors in the N/P calculation.

C14-PEI nanoplexes had a zeta potential of approximately
40 mV. Increasing PEG-PLE content reduced the zeta potential,
reaching near-neutral values (0 mV) at a polymer w/w ratio of
1.5 and transitioning to negative values at polymer w/w ratios
of 2 and above. As the ratio increased, the zeta potential
became more negative, ranging from —1.0 to —14 mV (Fig. 1B).
Nanoparticles with zeta potentials between +10 mV and
—10 mV are approximately neutral and often considered ideal,
as this range provides sufficient electrostatic repulsion to
prevent agglomeration, maintain stability, and reduce inter-
actions with negatively charged cell membranes, thus reducing
potential cytotoxicity and immune responses.’>*! Based on

This journal is © The Royal Society of Chemistry 2025
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these properties, PEG-PLE/C14-PEI nanoparticles with polymer
w/w ratios of 0.2 and 0.5 were selected for further experiments.

To further verify the size of PEG-PLE/C14-PEI nanoparticles,
we employed Nanoparticle Tracking Analysis (NTA) using a
Malvern NanoSight Pro system. As shown in Fig. 1D and E, the
C14-PEI nanoparticles had an average size of 331.6 + 4.3 nm
with a standard deviation (SD) of 104.2 + 1.1 nm. In compari-
son, PEG-PLE/C14-PEI nanoparticles with w/w ratios of 0.2 and
0.5 measured 139.7 + 4.7 nm (SD: 40.0 = 5.1 nm) and 117.4 +
2.1 nm (SD: 39.5 + 2.7 nm), respectively, indicating that the
presence of PEG-PLE resulted in smaller and more uniformly
sized nanoparticles. The sizes obtained from NTA were smaller
than those measured by DLS. This discrepancy arises from the
different methodologies employed by the two techniques. NTA
tracks the trajectories of individual particles under a micro-
scope, correlating their movement to size. In contrast, DLS
measures the intensity fluctuations of scattered light, which
reflects particle diffusion.”” Larger particles can dominate
the scattered light signal in DLS, potentially dominating over

smaller particles and leading to less accurate size

This journal is © The Royal Society of Chemistry 2025

determination.*®** This explains the broader size range and

lower reproducibility observed with DLS for the C14-PEI
formulation.

Cryo-electron microscopy (Cryo-EM) was used to confirm
the micelle structure of C14-PEI and to examine the mor-
phology of PEG-PLE/C14-PEI nanoparticles. As shown in
Fig. 1C, PEG-PLE/C14-PEI nanoplexes displayed a spherical
shape with a more compact surface compared with C14-PEI
nanoplexes (Fig. S21). A distinct shadow on the surface indi-
cates the presence of PEG-PLE coating. Fig. 1C displays the
geometric particle sizes of PEG-PLE/C14-PEI at w/w 0.2, which
align with the NTA results, showing sizes around 130 nm. This
further confirmed that, for the highly dispersed particle sus-
pensions with large sizes, NTA can offer a higher resolution of
peaks and more precise particle size distribution compared
with DLS.

Cytotoxicity

Cationic carriers facilitate the delivery of nucleic acids by
interacting with cell membranes through electrostatic forces.
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Fig. 1 Characterization of PEG-PLE/C14-PEIl. (A) Hydrodynamic diameters (bars) and polydispersity indices (PDI, dots) of nanoplexes (n = 3); (B)
zeta potentials of nanoplexes (n = 3); (C) Cryo-EM image of PEG-PLE/C14-PEl; (D) size distributions of PEG-PLE/C14-PEI measured by NTA; (E) the

table of NTA results.

However, an excess of cationic materials can disrupt the
dynamic cell membrane and cause significant
cytotoxicity.?®*> By neutralizing the cationic charges, nega-
tively charged polymers can offer improved biocompatibility
compared to traditional cationic delivery systems.>’ To evalu-
ate cytotoxicity, we used the CCK-8 assay, which measures
the intracellular reduction of tetrazolium salt (WST-8) to
produce an orange water-soluble formazan dye. This reac-
tion, facilitated by the electron carrier 1-Methoxy PMS, pro-
duces a dye whose absorbance correlates linearly with the
number of metabolically active cells, providing a direct
measure of cytotoxicity. We assessed PEG-PLE/C14-PEI nano-
plexes at polymer w/w ratios of 0.2 and 0.5 across various
concentrations (1%, 5%, 10x, 20x%, 40x increase based on the
w/w 0.2 ratio) and compared them with C14-PEI complexes
and a lysis buffer control. As shown in Fig. 2A, compared
with PEI-C14 which illustrated 82% valid cells, PEG-PLE/C14-
PEI nanoplexes showed less toxicity at w/w 0.2 and w/w 0.5
(98% and 101% valid cells respectively). This indicates that
nanoplex biosafety and biocompatibility are improved with
the shielding of the positive charges. However, at higher con-
centrations, cell viability decreased significantly. Cytotoxicity
began to increase noticeably at a 5-fold concentration, result-
ing in 75% cell death. At a 40-fold increase, cell death
approached 98%, comparable to the lysis buffer positive
control.

666 | Biomater. Sci, 2025,13, 659-676

Encapsulation

Encapsulation efficiency is crucial for evaluating mRNA deliv-
ery systems due to mRNA’s inherent instability and suscepti-
bility to degradation by nucleases.’® To assess encapsulation,
we used SYBR Gold, a fluorescent dye that binds to free
nucleic acids and fluoresces upon excitation at 495 nm.** This
method leverages the interaction between cationic polymers
and the negatively charged phosphate groups of mRNAs,
which promotes mRNA encapsulation within nanoparticles
through charge complexation. As a result, the fluorescence
intensity of SYBR Gold decreases, allowing for the quantifi-
cation of free mRNA in nanoparticle suspensions. Fig. 2B
shows the results using C14-PEI as a control, with free mRNA
set at 100%. The percentage of free mRNA increased as the
amount of PEG-PLE increased. At PEG-PLE to C14-PEI mass
ratios below w/w 0.3, mRNA encapsulation exceeded 90%.
Specifically, at ratios of w/w 0.1 and w/w 0.2, the encapsulation
efficiencies were 99% and 98%, respectively, comparable to
the C14-PEI group. However, at a mass ratio of w/w 0.4, mRNA
release began, with only 12% encapsulated. At w/w 0.5, the
free mRNA increased to approximately 90%, indicating poor
mRNA condensation. This reduced efficiency can be attributed
to the competition with the negatively charged poly(i-glutamic
acid) (PGA), which competes with mRNA for binding the posi-
tively charged PEI. PEG-PLE contains r-glutamic acid sodium

This journal is © The Royal Society of Chemistry 2025
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salt, which is ionized into sodium and glutamate ions when
dissolved in water, resulting in negative charges in the
polymer. Literature suggests that the stability of polyplexes can
be compromised by competing anions.?” Anionic PEG-PLE will
compete with mRNAs for cationic C14-PEI binding position.
Hence, the mRNA binding will be reduced at a high concen-
tration of PEG-PLE. While the positive charge of polymers
facilitates mRNA encapsulation through electrostatic inter-
actions, strong polymer-mRNA binding can also impede
mRNA release.*® In this study, the nanoparticle formulations
with intermediate negative-to-positive polymer w/w ratio
demonstrated a balanced interaction between polymers and
mRNA, allowing sufficient encapsulation and mRNA release in
the presence of competing molecules at the same time.
Additionally, co-encapsulation of Cas9 mRNA and sgRNA
was evaluated using electrophoretic mobility shift assays
(EMSA). In this assay, negatively charged free RNA migrates
through the agarose gel, while encapsulated RNA remains in
the wells due to the larger size of the nanoparticles relative to
the gel mesh size. Fig. 2C illustrates that free Cas9 mRNA and
sgRNA are present as bands at 4500 nt and 100 nt, respectively
(lanes 2 and 3). Lane 4 shows the bands of a mixture of free
Cas9 mRNA and sgRNA. In contrast, lane 5, containing

This journal is © The Royal Society of Chemistry 2025

PEG-PLE/C14-PEI at polymer w/w 0.2, displays no bands on the
gel but a bright signal around the wells, indicating encapsula-
tion of both Cas9 mRNA and sgRNA within nanoparticles.
Conversely, lane 6 shows two RNA bands for PEG-PLE/C14-PEI
at polymer w/w 0.5, suggesting that neither Cas9 mRNA nor
sgRNA was encapsulated, consistent with the results from the
SYBR Gold assay.

Uptake pathway

The route of cellular uptake plays a crucial role in determining
the intracellular processing and transfection efficiency of deliv-
ery systems. For instance, it has been established that lipo-
plexes are predominantly internalized via clathrin-mediated
endocytosis, whereas polyplexes utilize both clathrin-mediated
and caveolae-mediated endocytosis.*®”° However, the caveolae-
dependent route appears to lead to more successful transfec-
tion,* as polyplexes and their payloads often undergo lysoso-
mal degradation following clathrin-mediated entry.
Furthermore, the internalization of nanoparticles is generally
considered to be an energy-dependent endocytosis
mechanism.>** To elucidate the uptake pathway of PEG-PLE/
C14-PEI nanoparticles, we performed a cellular uptake experi-
ment comparing PEG-PLE/C14-PEI with C14-PEI nanoplexes.
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Cells were incubated with various chemical uptake inhibitors,
including nystatin, dextran sulfate, chlorpromazine, and
methyl-p-cyclodextrin, along with a low-temperature (4 °C)
inhibition group, prior to transfection. The samples were then
processed and analyzed using flow cytometry. Each inhibitor
targets different pathways: nystatin inhibits caveolae and lipid
raft-mediated endocytosis by depleting cholesterol from the
cell membrane;> dextran sulfate inhibits scavenger receptor-
mediated endocytosis;>> chlorpromazine disrupts clathrin-
coated pit formation by causing clathrin to translocate from
the plasma membrane to intracellular vesicles;** and methyl-
B-cyclodextrin inhibits cholesterol-dependent endocytosis by
depleting membrane cholesterol.® The cellular uptake data,
expressed as a percentage of mean fluorescence intensity
(MFI) relative to uninhibited samples, provided insight into
the primary uptake pathways of these nanoparticles.

The low-temperature group and dextran sulfate treatments
significantly inhibited nanoplex uptake, reducing cellular uptake
by approximately 70% and 90%, respectively, for both C14-PEI
and PEG-PLE/C14-PEI formulations (Fig. 2D). This indicates that
both formulations predominantly rely on energy-dependent
endocytosis and scavenger receptor-mediated pathways. Notably,
there was no significant difference in uptake between the two
formulations under these conditions, suggesting that energy-
dependent endocytosis and scavenger receptor-mediated intern-
alization are equally important for both nanoparticle types.
Given the strong inhibitory effects of dextran sulfate, it is likely
that polyplexes with higher lipid content, such as PEG-PLE/C14-
PEI, share similarities with lipoplexes regarding their uptake
route. Indeed, lipid nanoparticles are often internalized via sca-
venger receptor-mediated uptake.”®” The remaining uptake
after treatment with nystatin, chlorpromazine, and methyl-
B-cyclodextrin was 112.09%, 77.89%, and 133.97% for C14-PE],
and 98.74%, 55.65%, and 109.20% for PEG-PLE/C14-PEI,
respectively, compared to uninhibited conditions (Fig. 2D).
These results suggest that neither formulation primarily relies on
caveolae-mediated or cholesterol-dependent endocytosis.
Instead, they are only partially dependent on clathrin-mediated
endocytosis. Recent studies have shown that while lipoplexes are
taken up via clathrin-mediated endocytosis, PEI polyplexes lose
transfection efficiency if caveolae-mediated endocytosis is
blocked.*® Furthermore, amphiphilic polyplexes have been found
to depend on both clathrin-mediated endocytosis and fusogenic
uptake mechanisms. These findings collectively suggest that
PEG-PLE/C14-PEI nanoparticles utilize a complex uptake mecha-
nism, with a potential preference for pathways that avoid lysoso-
mal degradation, thereby enhancing transfection efficiency.*®

Endosomal entrapment

Through our cellular uptake experiments, we confirmed that the
internalization of nanoparticles via the endocytic pathway is con-
sistent with previous reports.”® During this process, nano-
particles are typically trapped within endosomes and eventually
degraded by lysosomal enzymes. To ensure effective biological
effects, it is essential for these nanoparticles to escape from lyso-
somes and deliver their therapeutic payloads to the cytosol.>® To
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visualize endosomal entrapment and the subsequent escape of
nanoparticles within cells, we transfected A549 cells with Cy-5
labeled mRNA. We used LysoTracker Green DND-26, a fluo-
rescent dye that specifically stains acidic compartments such as
lysosomes, and DAPI to stain the cell nuclei. Confocal laser scan-
ning microscopy (CLSM) was employed to co-locate the mRNA
with the lysosomes, allowing for detailed imaging of the intra-
cellular distribution and release dynamics of the nanoparticles.
The study compared the C14-PEI and PEG-PLE/C14-PEI formu-
lations, with PEI and Lipofectamine 2000 serving as controls. In
the microscopy images (Fig. 2E), the blue areas represent cell
nuclei stained with DAPI, red dots indicate the presence of Cy-5
labeled mRNA, green regions correspond to lysosomes stained
by LysoTracker, while yellow dots signify mRNA that is co-loca-
lized within lysosomes. In the control groups of free mRNA and
PEI-transfected cells, there were no red dots and only a few green
dots, indicating that the mRNA did not successfully transfer into
the cytoplasm. In contrast, the Lipofectamine 2000 group exhibi-
ted a punctate distribution of Cy-5 labeled mRNA (red) as early
as 1 hour after transfection, along with the formation of acidic
lysosomes (green dots). The signal intensity increased over time,
with maximum mRNA uptake observed at 24 h.

For the C14-PEI and PEG-PLE/C14-PEI formulations, red
dots were clearly visible on the cell membrane surfaces within
1 hour, indicating the initiation of internalization. After 8 h,
numerous acidic lysosomes had formed, and significant co-
localization (yellow dots) with the mRNA presented. Maximum
uptake was observed after 24 h for both formulations. While
yellow dots persisted after 24 h, signifying partial entrapment
within endosomes, a substantial portion of the mRNA
managed to escape and disperse into the cytoplasm. Notably,
compared to C14-PEI, the PEG-PLE/C14-PEI formulation dis-
played more red dots and fewer yellow dots after 24 h,
suggesting a higher efficiency in endosomal escape. One com-
monly proposed mechanism for the endosomal escape of poly-
plexes is the “proton sponge effect”.®® According to this
hypothesis, once inside the acidifying environment of endo-
somes or lysosomes, materials containing amine groups can
sequester endosomal protons, thereby slowing the pH drop. As
a result, cells pump additional protons into the endosomes to
reach the target pH, leading to an influx of counterions and an
increase in osmotic pressure within the endosomes. This
heightened pressure can cause the endosomal membrane to
rupture, facilitating the escape of the delivery system into the
cytoplasm. However, emerging evidence suggests that the
process of polyplex-mediated endosomal escape is more
complex than just the proton sponge effect. For instance, it
has been shown that introducing PEG to create long-circulat-
ing nanoparticles can inhibit endosomal escape.®® Moreover,
studies have highlighted that the fusion of hydrophobic nano-
particles with lysosomal or endosomal membranes occurs
through a combination of hydrophobic interactions, pH-trig-
gered responses, and membrane destabilization, enabling the
release of cargo into the cytoplasm.’®®' Hydrophobic or
amphiphilic nanoparticles often interact more readily with
these membranes, facilitating fusion by promoting closer

This journal is © The Royal Society of Chemistry 2025
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contact between the hydrophobic parts of the particles and the
membrane lipids.®® This interaction, driven by direct electro-
static forces with negatively charged membrane components
or the insertion of hydrophobic domains, can destabilize the
membrane, allowing cargo or nanoparticles to escape.
Additionally, certain nanoparticles remain stable at neutral pH
but become more hydrophobic or undergo charge alterations
in acidic conditions, further promoting membrane fusion and
escape.®® Additionally, a report by Galliani et al. demonstrated
that drugs delivered via anionic poly(lactic-co-glycolic) acid
(PLGA) nanoparticles exhibited a lower degree of co-localiz-
ation with lysosomes after 2 h of incubation, which was attrib-
uted to a burst release mechanism.** These findings highlight
the need for further research to fully understand the mecha-
nisms behind endosomal escape and improve the design of
nanoparticle-based delivery systems.®

Co-localization of Cas9 mRNA and sgRNA

Co-delivering Cas9 mRNA and sgRNA presents a significant chal-
lenge, primarily due to the risk of sgRNA degradation before it
can effectively pair with the Cas9 protein. To ensure sufficient
sgRNA is available for the formation of ribonucleoprotein com-
plexes (RNPs), strategies such as increasing sgRNA quantity and
enhancing its stability through modification have been
employed."”®® To better understand the intracellular distri-
bution, kinetics, and behavior of Cas9 mRNA and sgRNA, we
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developed a fluorescence labeling-based method for tracking
these molecules using confocal microscopy. Cas9 mRNA was syn-
thesized via in vitro transcription using Cy5-UTP, while sgRNA,
sourced from Sigma-Aldrich, was labeled with pCp-AF488 (Jena
Bioscience, Germany). These labeled RNAs were co-delivered to
A549 cells using PEG-PLE/C14-PEI at polymer weight ratios (w/w)
of 0.2 and 0.5, with C14-PEI and Lipofectamine 2000 serving as
comparison controls. Fluorescence images were captured at
various time points: 1, 4, 8, 24, 32, 48, and 72 h, allowing us to
estimate the relative duration and degradation of the RNAs by
measuring fluorescence intensity.

As illustrated in Fig. 3A, C14-PEI, Lipofectamine 2000, and
PEG-PLE/C14-PEI demonstrated distinct behaviors and distri-
bution patterns over 72 h. Both C14-PEI and Lipofectamine
2000 showed high levels of co-localization of Cas9 mRNA and
sgRNA, with Lipofectamine 2000, in particular, forming larger,
more enriched complexes. This is likely due to Lipofectamine
2000s mechanism of action, where nucleic acids are encapsu-
lated in lipoplexes, facilitating their uptake via clathrin-
mediated endocytosis and resulting in enriched vesicular dis-
tribution. In contrast, C14-PEI quickly released the RNAs,
leading to a more homogeneous distribution within cyto-
plasmic compartments. However, as Fig. 3B shows, this formu-
lation provided less protection for the RNAs, resulting in faster
degradation and a shorter intracellular lifespan. Interestingly,
the PEG-PLE/C14-PEI formulation exhibited a delayed yet more
efficient RNA distribution. In Fig. 3B, the signal accumulation
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of PEG-PLE/C14-PEI formulation kept a high level after 24 h,
with Cas9 mRNA and sgRNA displaying distinct distribution
patterns and lower co-localization in Fig. 3C. Cy5-labeled
Cas9 mRNA initially concentrated on the cell surface before
gradually dispersing into the cytoplasm, while AF488-labeled
sgRNA quickly localized to the cytoplasm and subsequently
migrated into the nucleus over time (Fig. 3A). This distribution
aligns with the expected mechanism, where Cas9 mRNA is
translated into Cas9 protein in the cytoplasm, which then
interacts with sgRNA within the nucleus.’

In summary, the PEG-PLE/C14-PEI formulation not only
facilitated a more efficient distribution of Cas9 mRNA and
sgRNA but also extended their intracellular persistence. This
prolonged presence resulted in higher expression levels and
greater gene-editing efficiency compared to C14-PEL

Luciferase mRNA expression

To evaluate the mRNA expression efficiency of the PEG-PLE/
C14-PEI formulation, luciferase mRNA (Fluc mRNA) was trans-
fected into A549 cells at various mass ratios of PEG-PLE to
C14-PEL: 0, 0.1, 0.2, 0.3, 0.4, and 0.5. For comparison, PEI and
C14-PEI formulations were used as controls. Following trans-
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fection, relative luminescence units (RLU) were measured with
a plate reader (TECAN). As shown in Fig. 4A, all PEG-PLE/C14-
PEI groups successfully induced luciferase expression.
Notably, the inclusion of PEG-PLE in the C14-PEI nano-
particles significantly enhanced luciferase expression levels.
The highest RLU was observed in the 0.3 w/w PEG-PLE group,
representing a 385-fold increase compared to the blank
control. Interestingly, mRNA expression did not increase line-
arly with the amount of PEG-PLE. At higher PEG-PLE ratios,
the luciferase signals decreased, with the 0.5 w/w group
showing around a 300-fold increase in RLU. The enhanced
mRNA expression observed with the PEG-PLE/C14-PEI formu-
lation is likely due to improved endosomal escape, as evi-
denced by the expression profile across different PEG-PLE
ratios, which aligns with encapsulation test results. In con-
clusion, the PEG-PLE/C14-PEI formulations demonstrated
more efficient endosomal escape and higher mRNA expression
compared to the C14-PEI formulation.

T7EI assay

To further assess the capability of the PEG-PLE/C14-PEI formu-
lation to co-deliver Cas9 mRNA and sgRNA and facilitate gene
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editing, we transfected A549 cells, a cell line known to harbor
KRAS G12S mutations,®” with Cas9 mRNA and sgRNA specifi-
cally targeting the KRAS G12S allele. The gene editing
efficiency was then evaluated using PEG-PLE/C14-PEI nano-
particles. As described previously, non-homologous end
joining (NHEJ) is the primary mechanism for CRISPR-Cas9-
mediated gene knockout, often resulting in insertions and/or
deletions (indels) in the DNA strand.®® T7 Endonuclease 1, a
structure-selective enzyme, recognizes these indel sites on the
DNA sequence and cleaves them into two fragments.®® The
resulting digestion products can be visualized and analyzed
through agarose gel electrophoresis. C14-PEI and PEG-PLE/
C14-PEI formulations at polymer weight ratios (w/w) of 0.2 and
0.5 were transfected into A549 cells for 48 h. PEI and
Lipofectamine 2000 were used as controls. As shown in the gel
imaging (Fig. 4B), samples treated with C14-PEI and PEG-PLE/
C14-PEI nanoparticles demonstrated efficient gene editing
after 48 h. The blank control, which received no treatment,
showed only a single band corresponding to the target
sequence, indicating no editing. The PEI control exhibited a
similar result, confirming the absence of gene editing, likely
due to the inability of mRNA to enter the cells, as corroborated
by CLSM. In contrast, the Lipofectamine 2000-treated sample
displayed both the original band and two cleaved bands, indi-
cating a successful gene editing event with an indel percentage
of 72.1%. This highlights the necessity of an appropriate deliv-
ery system for effective gene editing. Similarly, C14-PEI and
PEG-PLE/C14-PEI at w/w ratios of 0.2 and 0.5 achieved average
indel rates of 38.4%, 68.6%, and 60.2%, respectively. Notably,
the PEG-PLE/C14-PEI formulation demonstrated higher gene
editing efficiency than the C14-PEI group, consistent with its
superior endosomal escape and increased luciferase
expression observed in earlier experiments.

Droplet digital PCR

The T7 Endonuclease I (T7EI) assay, while useful for detecting
indels, is semi-quantitative, has limited sensitivity, and is
prone to false positives. It also suffers from high background
signals when sequence polymorphisms are present.®® To over-
come these limitations, we employed droplet digital PCR
(ddPCR) to more accurately assess the deletion of KRAS G12S
alleles in A549 cells. In ddPCR, two specific probes within a
single amplicon are used to detect NHEJ-mediated events.**”°
The first probe, labeled with FAM, serves as a reference and is
located away from the mutagenesis site, counting all genomic
copies of the target. The second probe, labeled with HEX, is
positioned at the site of nuclease-induced cuts or nicks in the
DNA. If NHE]J occurs, the HEX probe loses its binding site,
resulting in the loss of the HEX signal, leaving only the FAM
signal from the reference probe. To perform the ddPCR assay,
genomic DNA was isolated from transfected cells 48 h post-
transfection. The DNA was then subjected to droplet gene-
ration, PCR amplification, and fluorescence analysis.

As shown in Fig. 4C, droplets that were positive for both
FAM and HEX (orange group) represent unedited DNA copies,
while droplets positive for FAM but negative for HEX (blue

This journal is © The Royal Society of Chemistry 2025
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group) represent edited DNA copies. Consistent with the T7EI
assay results, no edited events were detected in the blank and
PEI control groups. However, in the Lipofectamine 2000 group,
3017 positive droplets were observed, compared to 573 in the
C14-PEI group, and 1768 and 617 edited events in the
PEG-PLE/C14-PEI groups with w/w ratios of 0.2 and 0.5,
respectively. Subsequently, we calculated the percentage of
edited gene copies among the total events. As shown in
Fig. 4D, the gene editing efficiency of Lipofectamine 2000
reached 94.2%, while C14-PEI achieved 21%. Notably, the
PEG-PLE/C14-PEI formulation outperformed C14-PEI, with
editing efficiencies of 79.4% and 60.3% in the w/w 0.2 and
w/w 0.5 groups, respectively.

Sanger sequencing

To further validate the gene editing efficacy of the PEG-PLE/C14-
PEI formulation, we performed Sanger sequencing on the PCR
products from PEG-PLE/C14-PEI treated A549 cells. The sequen-
cing data was analyzed using the ICE CRISPR analysis tool,*?
confirming that the KRAS G12S allele had been successfully
edited by the PEG-PLE/C14-PEI system (Fig. 5A and D). Indels
were detected around the protospacer adjacent motif (PAM)
sequence (TGG) in the DNA backbone, indicating successful
gene editing. The KRAS G12S editing efficiency showed a strong
correlation (R> = 0.98) based on sequence alignment (Fig. 5B).
Overall, the analysis revealed that 69% of the sequences con-
tained indels of varying sizes, while 29% exhibited base altera-
tions. Among the detected indels, a 1 bp insertion was the most
common, accounting for 37% of the total, which is consistent
with findings by Gao and colleagues.®”” This was followed by a
—10 bp deletion (15%) and other indels (17%), aligning with the
expected outcomes of NHEJ-mediated knockouts. The presence
of these deletions can induce frameshift mutations within the
KRAS gene, potentially leading to the functional inactivation of
the mutant KRAS protein. The indels detected near the PAM
sequence confirm the precision and efficiency of the PEG-PLE/
C14-PEI delivery system in targeting KRAS G12S alleles, high-
lighting its potential for effective gene editing.

Western blot

KRAS plays a crucial role in activating downstream effector mole-
cules, including those in the MAPK and AKT-mTOR signaling
pathways, which are essential for cell proliferation and survival
(Scheme 1B).”* Therefore, assessing the protein levels in these
downstream pathways after gene editing is critical. We per-
formed a western blot analysis to evaluate the expression of
downstream proteins following the knockout of the KRAS G12S
allele. Given that mutant KRAS leads to the continuous activation
of downstream signaling, particularly resulting in the phos-
phorylation of ERK, we focused on analyzing both total ERK and
phosphorylated ERK (pERK) levels. Lipofectamine 2000 and PEI
were used as controls for comparison. In the experiment,
100000 A549 cells were seeded in a 6-well plate 24 h before
transfection with PEG-PLE/C14-PEI. After 48 h, total protein was
extracted from the cells and analyzed by western blotting. As
shown in Fig. 6A, the total ERK levels remained consistent
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Fig. 5 Sanger sequencing after PEG-PLE/C14-PEl w/w 0.2 treatment in A549 cells analyzed by the ICE CRISPR analysis tool. (A) KRAS exon map
(up), and edited sequence (reverse strand, down) illustrate; (B) alignment of Sanger sequencing; (C) distribution of indel sizes; (D) contribution of

each sequence after gene editing.

across all groups, indicating that the overall expression of ERK
was not affected by the treatments. However, a significant down-
regulation of pERK was observed in the groups treated with
Lipofectamine 2000 and PEG-PLE/C14-PEI, suggesting effective
inhibition of downstream signaling following KRAS G12S knock-
out. In contrast, the C14-PEI formulation did not mediate a
similar downregulation of pERK, possibly due to functional com-
pensation by the cells, where protein translation does not always
correlate directly with gene editing efficiency.””> This could
explain why the C14-PEI formulation was less effective in down-
regulating pERK despite successful gene editing.

Cell migration

Activating mutations in KRAS lead to impaired GTP hydrolysis
or enhanced nucleotide exchange, resulting in continuous
downstream signaling that drives sustained cell proliferation.
This signaling is closely related to the migration and invasion
of cancer cells.”"”® Therefore, knocking out mutant KRAS is

672 | Biomater. Sci,, 2025,13, 659-676

expected to inhibit cancer cell migration. To evaluate the
impact of KRAS gene editing on cell migration, we conducted a
wound healing assay using a cell culture dish with a 2-well
insert from ibidi (Germany). A549 cells were seeded into the
insert chambers 24 h before transfection. The insert was
removed once the cells reached 100% confluence. Following
nanoparticle transfection, cell migration was assessed by
measuring the gap area between the two cell groups from time
0 h to 24 h using Image] (Table S1t). As shown in Fig. 6B and
C, cells treated with the PEG-PLE/C14-PEI formulations exhibi-
ted significantly slower migration compared to the C14-PEI
control group, which shows a similar profile with the blank
control. After 4 h, the C14-PEI group had covered approxi-
mately 35% of the wound area, while the PEG-PLE/C14-PEI
w/w 0.2 and w/w 0.5 groups covered around 21%. After 8 h, the
PEG-PLE/C14-PEI w/w 0.2 and w/w 0.5 groups covered nearly
35%. By 24 h, the wound was completely closed in the C14-PEI
and blank groups, whereas the PEG-PLE/C14-PEI w/w

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Cell capability assessment after the transfection of PEG-PLE/C14-PEl nanoplexes. (A) Western blot after 48 h transfection in A549 cells; (B)
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C14-PEl); (D) cell apoptosis after 48 h transfection in A549 cells, x-axis shows intensity of Annexin V-AF488, and y-axis shows intensity of PI.

0.5 group showed 94% wound coverage, and the PEG-PLE/C14-
PEI w/w 0.2 showed a further inhibition with 82% coverage
though no significance was observed at this point. Consistent
with western blot findings, the PEG-PLE/C14-PEI formulations
mediated a stronger impact on cell migration compared to the
C14-PEI group, further demonstrating the superior efficacy in
inhibiting tumor cell proliferation.

Cell apoptosis

Cell apoptosis is a crucial indicator for evaluating the effective-
ness of KRAS mutation excision following CRISPR-Cas9 treat-
ment, as KRAS is integral to cell proliferation. To investigate
whether KRAS mutant deletion induces apoptosis in cancer
cells, we assessed the percentage of apoptotic cells using flow
cytometry with an Annexin V-AF488/propidium iodide (PI)
double-staining assay.*® The assay was conducted on A549
cells treated with PEG-PLE/C14-PEI formulations at w/w ratios
of 0.2 and 0.5, with C14-PEI, Lipofectamine 2000, and PEI
used as controls. The representative flow cytometry data are
shown in Fig. 6D. After 48 h post-transfection, the
Lipofectamine 2000 group exhibited the highest percentage of
apoptotic cells at 33.00%. The C14-PEI group showed a slightly

This journal is © The Royal Society of Chemistry 2025

lower apoptosis rate at around 28.00%. In contrast, the PEI
group demonstrated only 11.95% apoptosis, indicating
minimal gene editing effects. The PEG-PLE/C14-PEI groups
showed 31.8% and 26.4% apoptotic cells for the w/w 0.2 and
w/w 0.5 formulations, respectively. These results reflect a sig-
nificant increase in apoptosis compared to the blank and PEI
groups. Notably, the PEG-PLE/C14-PEI w/w 0.2 formulation
achieved apoptosis levels comparable to Lipofectamine 2000,
demonstrating its effectiveness in inducing cell apoptosis
through KRAS mutant excision.

Conclusions

Polymeric nanocarriers have played a crucial role in delivering
a wide variety of nucleic acids, including DNA,”* RNAs,”>”®
and oligonucleotides.”” However, for co-delivery of Cas9 mRNA
and sgRNA, the efficiency of each component must be carefully
optimized to ensure effective gene editing due to the necessity
of delivering two kinds of RNAs with different molecular sizes
and structures.>® In this study, we explored the use of
methoxy-poly(ethylene  glycol)-block-poly(-glutamic  acid
sodium salt) (PEG-b-PLE) to address these issues by shielding
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the positive charges of C14-PEI formulations, aiming to
enhance the nanoparticles’ properties and delivery efficiency.
We prepared PEG-PLE/C14-PEI nanoparticles by blending
PEG-PLE into the RNA solution, varying the w/w ratios of
PEG-PLE to C14-PEI from 0 to 4. Characterization through DLS
and LDA revealed that PEG-PLE significantly reduced the
nanoparticle size from approximately 330 nm to around
140 nm, as confirmed by NTA. The zeta potential also
decreased from nearly 40 mV to a slight negative charge range
of —1.0 mV to —14 mV. Among the formulations, PEG-PLE/
C14-PEI at a polymer w/w ratio of 0.2 exhibited optimal pro-
perties, including low toxicity, high encapsulation efficiency,
and effective mRNA delivery. Confocal microscopy imaging
showed that PEG-PLE/C14-PEI efficiently escaped from endo-
somes and distributed Cas9 mRNA and sgRNA within cells.
Uptake pathway inhibition tests indicated that PEG-PLE/C14-
PEI internalization primarily relies on scavenger receptors and
clathrin-mediated endocytosis. Notably, the PEG-PLE/C14-PEI
w/w 0.2 formulation achieved the highest gene editing
efficiency for KRAS G12S deletion in A549 cells, with 68.6%
indels detected by T7EI and 79.4% edited signals observed by
ddPCR. Sanger sequencing confirmed KRAS G12S deletion
with 69% of indels and 29% of base alterations. Following
KRAS G12S deletion, western blot analysis showed reduced
levels of phosphorylated ERK, and approximately 32% of apop-
totic cells were observed in PEG-PLE/C14-PEI w/w 0.2-treated
cells. Additionally, cell migration was significantly decreased
after treatment with the PEG-PLE/C14-PEI formulation. These
findings demonstrate that PEG-PLE, as a negatively charged
polymer, effectively enhances polycationic nanoplex properties,
increases MRNA expression, and improves gene editing
efficiency by providing surface adsorption and charge shield-
ing. Especially, when the mass ratio between PEG-PLE and
C14-PEI is 0.2, the formulation performed the most promising
behavior and efficiency in characterization, encapsulation,
mRNA expression, and gene editing. Future studies will deter-
mine in vivo gene editing in lung cancer.

Author contributions

Siyu Chen: data curation, investigation, methodology, and
writing - original draft. Simone P. Carneiro: methodology,
project administration, supervision, and writing - review.
Olivia M. Merkel: conceptualization, funding acquisition,
supervision, and writing - review and editing.

Data availability

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

Raw data supporting all findings reported in this manu-
script can be found at: https:/syncandshare.lrz.de/getlink/
fiuBhcHm25pCjPkpzGgrTL/Chapter%20IL.

674 | Biomater. Sci, 2025, 13, 659-676

View Article Online

Biomaterials Science

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The author Siyu Chen acknowledges the financial support
from the China Scholarship Council. 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 M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna
and E. Charpentier, Science, 2012, 337, 816-821.

2 H. Nishimasu, L. Cong, W. X. Yan, F. A. Ran, B. Zetsche,
Y. Li, A. Kurabayashi, R. Ishitani, F. Zhang and O. Nureki,
Cell, 2015, 162, 1113-1126.

3 B. Wiedenheft, S. H. Sternberg and J. A. Doudna, Nature,
2012, 482, 331-338.

4 Q. Feng, Q. Li, H. Zhou, Z. Wang, C. Lin, Z. Jiang, T. Liu
and D. Wang, MedComm, 2024, 5, e672.

5 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.

6 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.

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

8 A. G. Lokras, T. R. Bobak, S. S. Baghel, F. Sebastiani and
C. Foged, Adv. Drug Delivery Rev., 2024, 115419, DOI:
10.1016/j.addr.2024.115419.

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

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

11 S. Qin, X. Tang, Y. Chen, K. Chen, N. Fan, W. Xiao,
Q. Zheng, G. Li, Y. Teng, M. Wu and X. Song, Signal
Transduction Targeted Ther., 2022, 7, 166.

12 D. F. Li, Q. S. Liu, M. F. Yang, H. M. Xu, M. Z. Zhu,
Y. Zhang, J. Xu, C. M. Tian, J. Yao, L. S. Wang and
Y. J. Liang, Bioeng. Transl. Med., 2023, 8, €10492.

13 O. Shalem, N. E. Sanjana, E. Hartenian, X. Shi, D. A. Scott,
T. Mikkelson, D. Heckl, B. L. Ebert, D. E. Root,
J. G. Doench and F. Zhang, Science, 2014, 343, 84-87.

14 S. Ramakrishna, A. B. Kwaku Dad, J. Beloor, R. Gopalappa,
S. K. Lee and H. Kim, Genome Res., 2014, 24, 1020-1027.

15 K. Lee, M. Conboy, H. M. Park, F. Jiang, H. ]J. Kim,
M. A. Dewitt, V. A. Mackley, K. Chang, A. Rao, C. Skinner,

This journal is © The Royal Society of Chemistry 2025


https://syncandshare.lrz.de/getlink/fiUBhcHm25pCjPkpzGgrTL/Chapter�%20II
https://syncandshare.lrz.de/getlink/fiUBhcHm25pCjPkpzGgrTL/Chapter�%20II
https://syncandshare.lrz.de/getlink/fiUBhcHm25pCjPkpzGgrTL/Chapter�%20II
https://doi.org/10.1016/j.addr.2024.115419
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01290a

Open Access Article. Published on 11 December 2024. Downloaded on 2/21/2026 1:43:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

T. Shobha, M. Mehdipour, H. Liu, W. C. Huang, F. Lan,
N. L. Bray, S. Li, J. E. Corn, K. Kataoka, J. A. Doudna, I. Conboy
and N. Murthy, Nat. Biomed. Eng., 2017, 1, 889-901.

E. Kenjo, H. Hozumi, Y. Makita, K. A. Iwabuchi,
N. Fujimoto, S. Matsumoto, M. Kimura, Y. Amano,
M. Ifuku, Y. Naoe, N. Inukai and A. Hotta, Nat. Commun.,
2021, 12, 7101.

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.

W. Yang, L. Mixich, E. Boonstra and H. Cabral, Adv.
Healthc. Mater., 2023, 12, €2202688.

S. Yousefi Adlsadabad, J. W. Hanrahan and A. Kakkar,
Int. J. Mol. Sci., 2024, 25, 1739.

H. Lv, S. Zhang, B. Wang, S. Cui and ]. Yan, J. Controlled
Release, 2006, 114, 100-109.

T. Bettinger, R. C. Carlisle, M. L. Read, M. Ogris and
L. W. Seymour, Nucleic Acids Res., 2001, 29, 3882-3891.

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.

S. Chen, M. Triki, S. P. Carneiro and O. M. Merkel,
Nanoscale, 2024, under review.

D. C. Luther, Y. W. Lee, H. Nagaraj, F. Scaletti and
V. M. Rotello, Expert Opin. Drug Delivery, 2018, 15, 905-913.
Z. Jiang and S. Thayumanavan, Adv. Ther., 2020, 3,
1900206.

A. D’Souza and R. Shegokar, Expert Opin. Drug Delivery,
2016, 13, 1257-1275.

B. M. Johnston, A. J. Grodzinsky and P. T. Hammond, Soft
Matter, 2023, 19, 3033-3046.

X. Ke, L. Shelton, Y. Hu, Y. Zhu, E. Chow, H. Tang,
J. L. Santos and H. Q. Mao, ACS Appl. Mater. Interfaces,
2020, 12, 35835-35844.

J. Yin, J. Wang, X. Dong, C. Huang, H. Wei and G. Zhao,
Int. J. Pharm., 2022, 627, 122211.

D. Pan, W. She, C. Guo, K. Luo, Q. Yi and Z. Gu,
Biomaterials, 2014, 35, 10080-10092.

A. P. Pontes, S. van der Wal, K. Roelofs, A. Grobbink,
L. B. Creemers, J. F. J. Engbersen and J. Rip, Biomater. Adv.,
2024, 156, 213713.

B. Vestad, A. Llorente, A. Neurauter, S. Phuyal, B. Kierulf,
P. Kierulf, T. Skotland, K. Sandvig, K. B. F. Haug and
R. Ovstebo, J. Extracell. Vesicles, 2017, 6, 1344087.

N. Hartl, F. Adams, G. Costabile, L. Isert, M. Doblinger,
X. Xiao, R. Liu and O. M. Merkel, Nanomaterials, 2019, 9,
986.

This journal is © The Royal Society of Chemistry 2025

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53
54

View Article Online

Paper

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.

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

J. D. Clogston and A. K. Patri, Methods Mol. Biol., 2011, 697,
63-70.

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

U. Nobbmann and A. Morfesis, MRS Online Proceedings
Library, 2008, 1074, 1074-11010-1045.

M. Y. Chan, Q. M. Dowling, S. J. Sivananthan and
R. M. Kramer, Methods Mol. Biol., 2017, 1494, 239-252.

C. Wang, B. Lv, J. Hou, P. Wang, L. Miao and H. Ci,
J. Nanopart. Res., 2019, 21, 87.

D. Fischer, Y. Li, B. Ahlemeyer, J. Krieglstein and T. Kissel,
Biomaterials, 2003, 24, 1121-1131.

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

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

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

J. Rejman, A. Bragonzi and M. Conese, Mol. Ther., 2005, 12,
468-474.

A. Ostrdzka-Cieslik and B. Sarecka-Hujar, in Multifunctional
Systems for Combined Delivery, Biosensing and Diagnostics,
ed. A. M. Grumezescu, Elsevier, 2017, pp. 139-158, DOIL:
10.1016/B978-0-323-52725-5.00007-1.

W. Yang, A. N. Frickenstein, V. Sheth, A. Holden,
E. M. Mettenbrink, L. Wang, A. A. Woodward, B. S. Joo,
S. K. Butterfield, N. D. Donahue, D. E. Green,
A. G. Thomas, T. Harcourt, H. Young, M. Tang, Z. A. Malik,
R. G. Harrison, P. Mukherjee, P. L. DeAngelis and
S. Wilhelm, Nano Lett., 2022, 22, 7119-7128.

C. Dalal, A. Saha and N. R. Jana, J. Phys. Chem. C, 2016,
120, 6778-6786.

A. 1. Ivanov, Methods Mol. Biol., 2008, 440, 15-33.

L. H. Wang, K. G. Rothberg and R. G. Anderson, J. Cell
Biol., 1993, 123, 1107-1117.

Biomater. Sci., 2025, 13, 659-676 | 675


https://doi.org/10.1016/B978-0-323-52725-5.00007-1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01290a

Open Access Article. Published on 11 December 2024. Downloaded on 2/21/2026 1:43:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

55

56

57

58

59

60

61

62

63

64

65

66
67

S. K. Rodal, G. Skretting, O. Garred, F. Vilhardt, B. van
Deurs and K. Sandvig, Mol. Biol. Cell, 1999, 10, 961-974.

R. N. Kularatne, R. M. Crist and S. T. Stern,
Pharmaceuticals, 2022, 15, 897.

K. Liu, R. Nilsson, E. Lazaro-Ibanez, H. Duan, T. Miliotis,
M. Strimfors, M. Lerche, A. R. Salgado Ribeiro, ]J. Ulander,
D. Linden, A. Salvati and A. Sabirsh, Nat. Commun., 2023,
14, 4007.

S. Salatin and A. Yari 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.

I. M. S. Degors, C. Wang, Z. U. Rehman and I. S. Zuhorn,
Acc. Chem. Res., 2019, 52, 1750-1760.

A. M. Butt, N. Abdullah, N. Rani, N. Ahmad and M. Amin,
Pharm. Res., 2022, 39, 1047-1064.

C. Qiuy, F. Xia, J. Zhang, Q. Shi, Y. Meng, C. Wang, H. Pang,
L. Gu, C. Xu, Q. Guo and ]J. Wang, Research, 2023, 6, 0148.
C. Lin and J. F. Engbersen, J. Controlled Release, 2008, 132,
267-272.

M. Galliani, C. Tremolanti and G. Signore, Nanomaterials,
2019, 9, 652.

S. F. Dowdy, RNA, 2023, 29, 396-401.

E. Rozners, J. Am. Chem. Soc., 2022, 144, 12584-12594.

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.

676 | Biomater. Sci,, 2025, 13, 659-676

68

69

70

71

72

73

74

75

76

77

View Article Online

Biomaterials Science

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

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

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.

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

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

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

R. Crane, M. S. Makia, S. Zeibak, L. Tebbe, L. Ikele,
C. R. Woods, S. M. Conley, G. Acharya, M. 1. 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, I. Alexopoulos, M. Wygrecka and
O. M. Merkel, Small, 2024, 20, e2308775.

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.

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/d4bm01290a

	Button 1: 


