YKpaiHCbKuUM XXypHan KAiHiYHOI Xipyprit

The Ukrainian Journal of Clinical Surgery

Ukrainian Journal of Clinical Surgery. 2025 September/October; 92(5):70-79
DOI: 10.26779/2786-832X.2025.5.70

Exosomal delivery of CRISPR/Cas9 complexes for targeted
editing of KRASAG12D in pancreatic cancer:
prerequisites for clinical surgical application

S. M. Gramatyuk'?, Yu. V. Ivanova3, I. M. Mamontov3¢, I. A. Kryvoruchko?,
E. Hubbard®’, K. Sargsyan?*5

nstitute of Cellular Biorhabilitation, Ukrainian Association of Biobanks, Kharkiv,
*Medical University of Graz, Austria,
*Kharkiv National Medical University,
4Yerevan State Medical University, Armenia,
>Cedars—Sinai Medical Center, Beverly Hills, California, USA,
°Austrian Branch of the Ukrainian Association of Biobanks, Graz, Austria,
’Independent Consultant in Biological Sciences and Biobanking, Huntsville, Alabama, USA

Abstract
Objective. To evaluate exosomes obtained from patients with ductal adenocarcinoma of the pancreas as carriers of
CRISPR/Cas9 complexes for targeted editing of KRAS*"G12D in pancreatic cancer and to test their stability, editing
efficiency, and applicability for endoscopic or intraoperative administration.
Materials and methods. Biological material obtained from 42 patients with pancreatic ductal adenocarcinoma
included tumor tissue, ascites fluid, and peripheral blood. Primary cultures of pancreatic ductal adenocarcinoma
and organoids were created from tumor tissue. Exosomes were isolated from ascites fluid and culture supernatants,
purified, and loaded with Cas9/sgRNA complexes targeting the KRAS*G12D mutation. Vesicle characterization included
nanoparticle tracking analysis, transmission electron microscopy, and Western blotting. Editing efficiency and functional
changes were studied in pancreatic ductal adenocarcinoma cells obtained from patients. To assess surgical feasibility,
an intra—tumor endoscopic ultrasound fine—needle injection model was used with the introduction of Dil-labeled
exosomes into a collagen—Matrigel hydrogel block (3:1).
Results. Exosomes were obtained with a high yield of (1.6 +0.3) x 10'° particles/ml with a diameter of (102 £ 9) nm,
more than 90% of which were effectively labeled. The loading efficiency of Cas9/sgRNA complexes was (47 = 5)%.
In pancreatic ductal adenocarcinoma cultures (n = 12), delivery via exosomes resulted in (31.4 £ 4.2)% indels at the
KRAS*G12D locus and a (48 + 6)% reduction in KRAS protein expression. The viability of functionally edited cells
decreased by 35%, apoptosis increased almost threefold, and migration ability decreased by 45%. Combined use with
gemcitabine further reduced the viability of functionally edited cells by 25%. In the model of intratumoral endoscopic
ultrasound—guided fine—needle injection, exosomes remained stable — (102 + 9) nm before injection and (104 £ 11)
nm after injection (p > 0.05) and within 24 hours were diffusely distributed in the tissue by 3—4 mm, confirming their
suitability for surgical use.
Conclusions. Exosomes obtained from patients, a biocompatible platform for delivering CRISPR/Cas9 complexes
to pancreatic ductal adenocarcinoma tumor cells, provide effective editing of KRAS*G12D and suppression of tumor
activity. Validation of the intratumoral endoscopic ultrasound—guided fine—needle injection model demonstrates the
feasibility of translating this strategy into clinical intratumoral treatment.

Keywords: pancreatic ductal adenocarcinoma; KRAS*G12D; CRISPR/Cas9 complexes; exosomes; gene editing; intratumoral
endoscopic ultrasound injection model; intratumoral therapy; translational oncology.

Pancreatic ductal adenocarcinoma (PDAC) remains one
of the malignant tumors with the highest mortality rate,
and the five—year survival rate for this pathology does not
exceed 10%, despite advances in surgical techniques and
systemic therapy [1, 2]. The main reasons for this unfavorable
prognosis are late diagnosis, a pronounced desmoplastic
stromal component that prevents the penetration of drugs,
and the almost universal presence of oncogenic mutations in
the KRAS gene [3, 4], among which the KRAS*G12D mutation
is found in more than 90% of patients with PDAC and plays a

key role in the initiation of the tumor process, its progression,
and the development of resistance to chemotherapy [5, 6].
Therefore, strategies aimed at targeted editing of KRAS*G12D
are of primary clinical importance.

CRISPR/Cas9 genome editing technology is currently con-
sidered a powerful tool for targeted inactivation of onco-
genic drivers, in particular KRAS*G12D [7]. Preclinical stud-
ies have shown that editing KRAS with CRISPR/Cas9 com-
plexes in vitro reduces proliferative activity, induces apop-
tosis, and increases the sensitivity of PDAC cells to chemo-
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therapeutic agents [8, 9]. However, the main barrier to clin-
ical implementation remains the lack of a safe and effective
delivery system capable of penetrating dense stromal tissue
and reaching tumor cells [10].

Adeno—associated viruses are being actively researched
for CRISPR/Cas9 delivery, but they have low packaging ca-
pacity, potential immunogenicity, and nonspecific tropism,
which limits their use for this purpose [11]. Lipid nanopar-
ticles, which are effective for hepatic delivery, demonstrate
low tropism, rapid clearance, and limitations due to the dense
stromal barrier in the pancreas [12]. Thus, there is a criti-
cal need for alternative carriers that combine biocompat-
ibility, the ability to transport ribonucleoprotein complex-
es, and the possibility of integration into surgical or endo-
scopic techniques.

Exosomes—small extracellular vesicles naturally secret-
ed by cells—have recently attracted attention as promis-
ing carriers for the delivery of nucleic acids and proteins
[13, 14]. They are intrinsically biocompatible, have low im-
munogenicity, and are capable of overcoming biological
barriers, making them attractive for cancer therapy. Exo-
somes obtained from patients can be modified to trans-
port CRISPR/Cas9 complexes, which is important because
it enables personalized and tumor—specific approaches
[15]. In addition, exosome delivery can be integrated in-
to existing clinical protocols, in particular by endoscopic
ultrasound—guided fine—needle injection or intraopera-
tive administration during pancreatic resection, thereby
creating a direct bridge between the laboratory and the
operating room [16, 17].

In this context, we hypothesize that exosomes obtained
from PDAC patients can serve as natural carriers for CRISPR/
Cas9 complexes targeting KRAS*G12D. Combining experi-
mental in vitro editing in cells derived from patients with a
model of endoscopically guided ultrasound—guided fine—
needle injection into a gel mimicking the stromal environ-
ment aimed to demonstrate both the efficiency of CRISPR/
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Cas9 complex delivery using exosomes and its translation-
al potential for surgical oncology.

Research objective: to evaluate exosomes obtained from
PDAC patients as carriers of CRISPR/Cas9 complexes for tar-
geted editing of KRAS*G12D in pancreatic cancer and to test
their stability, editing efficiency, and applicability for endo-
scopic or intraoperative administration.

Materials and methods

Biological samples were obtained from 42 patients with
histologically confirmed PDAC who underwent surgical
removal or diagnostic procedures between January 2023
and December 2024 at clinical centers affiliated with the
Ukrainian Biobank Association in Austria. All patients
provided written informed consent to participate in the
study, which was approved by the institutional ethics
committee of the Ukrainian Association of Biobanks
(protocol No. 2003/2021 dated January 11, 2025) and
conducted in accordance with the principles of the Helsinki
Declaration and the European Union's General Data
Protection Regulation.

Depending on clinical availability, three types of biologi-
cal material were collected.

Fresh tumor samples (n = 42) were obtained during sur-
gical resections of the pancreas. Immunohistochemical veri-
fication (CK7, CK19, Ki—67, p53) and genetic sequencing of
KRAS mutations were performed in the research laborato-
ry of the Austrian branch of the Ukrainian Biobank Associ-
ation in Graz. Objective: to establish primary PDAC cell cul-
tures derived from patients and organoids containing pa-
tient—specific mutations, including KRAS*"G12D.

Rationale: Tumor tissue provides the most reliable repre-
sentation of the PDAC molecular landscape, allowing direct
testing of CRISPR/Cas9—mediated editing in cells that accu-
rately reflect the patient's mutational background.

Ascites fluid (n = 28) was collected intraoperatively or by
therapeutic paracentesis. Objective: To isolate circulating tu-
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mor cells and extracellular vesicles (exosomes). Rationale:
Ascites fluid is a rich source of tumor—derived exosomes,
which were used as natural carriers for Cas9/sgRNA com-
plexes. Exosomes obtained from patients provided biologi-
cally relevant vesicles for evaluating CRISPR/Cas9 complex
delivery via exosomes in conditions mimicking the patient's
tumor microenvironment.

Peripheral blood in the amount of 10 ml per patient (n
=42) was collected in EDTA tubes before surgery or biopsy.
Plasma and leukocyte fractions were processed at the Aus-
trian branch of the Ukrainian Biobank Association. Objec-
tive: to isolate plasma for the detection of circulating tumor
DNA and exosomes. Rationale: Blood—based material allows
non-invasive confirmation of KRAS*G12D mutations out-
side the primary tumor and monitoring of exosomal load as
potential biomarkers of therapeutic efficacy ("liquid biop-
sy"), which facilitates clinical translation.

A comprehensive translational platform was created by
integrating tumor tissue, ascites fluid, and peripheral blood
into a single workflow (Fig. 1). Diagnosis verification, im-
munohistochemical profiling, and genetic sequencing were
performed exclusively for scientific purposes by the Austrian
branch of the Ukrainian Biobank Association in Graz. This
approach ensured a unique contribution of each type of ma-
terial to the study: tumor tissue as an experimental platform
for editing, ascites fluid as a personalized delivery source,
and peripheral blood as a minimally invasive biomarker tool.

Biological material obtained from patients (tumor tis-
sue, malignant ascites fluid, peripheral blood) was used as a
source for isolating exosomes, which were then loaded with
CRISPR/Cas9—-sgRNA complexes targeting the KRAS*G12D
mutation and labeled with Dil dye for visualization. Deliv-
ery was modeled using a fine—needle injection system under
endoscopic ultrasound guidance into a hydrogel that mim-
icked PDAC stroma.

Cell isolation and cultivation

Primary tumor cells were isolated from fresh surgical tis-
sue by mechanical dissociation and enzymatic digestion us-
ing type IV collagenase (, Gibco, Thermo Fisher Scientific,
USA). The cells were cultured in DMEM/F12 medium supple-
mented with 10% bovine embryonic serum (Sigma—Aldrich,
USA), antibiotics, and 1% GlutaMAX (Gibco). The cultures
were maintained at 37 °Cin a CO incubator with a carbon
dioxide concentration of 5% (BINDER, Germany). The iden-
tity of the cells was confirmed by immunocytochemistry for
cytokeratin 19 and vimentin (Abcam, UK).

Isolation and characterization of exosomes

Exosomes were isolated from malignant ascites fluid of
PDAC patients and from tumor cell culture supernatants ob-
tained from patients. After removing cell debris by sequen-
tial low—speed centrifugation, the vesicles were precipitated
by ultracentrifugation at 100,000 rpm for 70 min (Beckman
Coulter Optima XPN-100, USA) and further purified using
ExoQuick reagent (System Biosciences, USA).

The characterization of exosomes included nanoparticle
tracking analysis (NanoSight NS300, Malvern, UK), which
confirmed a predominant size distribution of 80—120 nm,
transmission electron microscopy (JEM—-1400, JEOL, Ja-
pan), which revealed a typical cup—shaped morphology,
and Western blotting for the exosome markers CD63, CD81,
and TSG101 (antibodies from Abcam, UK).

These combined methods confirmed that the isolated
vesicles were enriched with true exosomes with minimal
contamination, providing a biologically relevant system for
further experiments with CRISPR/Cas9 complex delivery.

Loading exosomes with Cas9/sgRNA complexes

CRISPR/Cas9 ribonucleoprotein complexes were assem-
bled using recombinant SpCas9 nuclease (Integrated DNA
Technologies, USA) and chemically synthesized sgRNA tar-
geting KRAS*G12D (Synthego, USA). Exosomes were load-
ed with ribonucleoprotein complexes using electroporation
(Neon Transfection System, Thermo Fisher Scientific, USA)
according to optimized protocols. Loading efficiency was as-
sessed using polymerase chain reaction (PCR) to detect sgR-
NA and Western blotting to detect Cas9 protein.

Fluorescent labeling of exosomes

To visualize exosomes, they were stained with the lipo-
philic fluorescent dye Dil (Vybrant Dil Cell-Labeling Solu-
tion, Invitrogen, USA), the excess of which was removed
using Amicon Ultra—0.5 centrifugal filters with a 100 kDa
threshold (Millipore, Germany). Fluorescently labeled exo-
somes were analyzed using a confocal microscope (Leica
TCS SP8, Germany).

Verification of KRAS muiations

DNA from tumor tissue, exosomes, and plasma was ex-
tracted using the QIAamp DNA Mini Kit (QIAGEN, Ger-
many). Mutations in exon 2 (codon 12) of the KRAS gene
were analyzed by Sanger sequencing using an Applied Bi-
osystems 3500 genetic analyzer (Thermo Fisher Scientific,
USA), and the results were confirmed by droplet digital dP-
CR on a Bio—Rad QX200 system (Bio—Rad, USA). This dual
approach ensured high sensitivity and specificity in detect-
ing the KRAS*G12D mutation in both tissues and circulat-
ing material.

In vitro treatment with exosomes — Cas9,/SgRNA

PDAC cells obtained from patients were cultured under
standard conditions in DMEM/F12 medium supplement-
ed with 10% bovine embryonic serum and antibiotics, and
seeded into 6-well plates at a density of 1 10 cells per well.
The cells were allowed to adhere overnight, after which the
cultures were treated with exosomes labeled with Dil and
loaded with Cas9/sgRNA ribonucleoprotein complexes spe-
cifically targeting the KRAS*G12D mutation. To ensure the
reliability of the results, three experimental conditions were
included: untreated cells (negative control for editing ef-
ficiency), cells treated with unloaded exosomes to assess
the baseline effect of vesicular uptake, and cells transfected
with Cas9/sgRNA ribonucleoproteins delivered using Lipo-
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Patient-derived
PDAC cells

Fig. 2.

Schematic of the expégﬂmenml workflow for
the delivery of CRISPR/Cas9 complexes using
exosomes into patient-derived pancreatic
cancer cells.

fectamine CRISPRMAX (Thermo Fisher Scientific, USA) —
positive control for editing efficiency.

After 72 hours of incubation, genomic DNA and protein
were extracted from all experimental groups. The efficien-
cy of genome editing was assessed using the T7 endonu-
clease I test to detect mismatch cleavage, which was con-
firmed by direct Sanger sequencing. Proteins were analyzed
by Western blot using KRAS—specific antibodies (Abcam,
UK) to determine the degree of reduction in mutant KRAS
expression. These molecular analyses allowed direct com-
parison of the editing ability of exosome delivery with stan-
dard transfection.

In addition to verifying the editing, we investigated the
functional effects of CRISPR/Cas9 treatment on cell be-
havior. Proliferation rate was assessed using the MTT as-
say, quantifying metabolic activity as an indicator of cell
viability. Apoptosis induction was analyzed by annexin V
and propidium iodide staining followed by flow cytomet-
ric analysis on a BD FACSCanto II system, thereby distin-
guishing between early and late apoptotic events. Cell mi-
gration was assessed using a wound healing assay, in which
confluent monolayers were scratched with a sterile pipette
tip, and wound closure was monitored for 48 hours using
phase—contrast microscopy.

Taken together, this experimental setup (Fig. 2) allowed
for a comprehensive assessment of the efficacy of molecu-
lar editing and the phenotypic consequences of delivering
Cas9/sgRNA complexes via exosomes in PDAC cells derived
from patients.

Combination with chemotberapy

To test the chemosensitivity of the cells, they were treat-
ed with gemcitabine (10 uM, Sigma—Aldrich, USA) alone or
in combination with Cas9/sgRNA exosome treatment. Cell
viability was measured after 72 hours using the XTT assay
(Roche, Switzerland).

Exosomes
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In vitro model of endoscopic ultrasound—guided fine—nee-
dle injection

To reproduce a clinically realistic local delivery route, an in
vitro model of endoscopic ultrasound—guided fine—needle
injection was created, which mimics the mechanical and
diffusion properties of the desmoplastic stroma of the pan-
creas. To form the composite hydrogel, Matrixgel (Corning,
USA) with reduced growth factor content was mixed with
neutralized type I collagen from rat tail (Gibco, USA) in a
3:1 volume ratio on ice to prevent premature gel formation.
The mixture was poured into flat molds (approximately 30

20 mm in size, final thickness 8—10 mm) and polymerized
for 24 hours at 37 °Cin a, incubator. This composition and
thickness were chosen to approximate the density and in-
terstitial resistance of PDAC stroma, while allowing confo-
cal optical sectioning along the entire injection trajectory.

Immediately prior to injection, the exosome prepara-
tions were labeled with Dil and quantified using nanopar-
ticle tracking analysis for dose standardization (typically 1-2

10 particles/mL; injection volume 50—100 pL per site). The
hydrogel block was placed in a phantom bath with water
coupling to ensure acoustic coupling with a curved echo-
endoscope (Olympus GF—UCT180, Japan). Under real—-time
ultrasound imaging guidance, a 22 G EUS-FNA/FNI needle
(EchoTip Ultra, Cook Medical, USA) was advanced through
the working channel and inserted tangentially 4—6 mm into
the gel, replicating the trajectory commonly used for intratu-
moral delivery to the pancreas. The injection was performed
at a controlled rate (approximately 10—20 ul/s) to avoid ret-
rograde reflux and promote parenchymal dispersion.

The spatial-temporal distribution of Dil-labeled exo-
somes was assessed after 2, 6, and 24 hours. For each time
interval, the gel surrounding the injection site was mounted
on a Leica TCS SP8 confocal microscope; three stacks (10—
20 um steps) were obtained perpendicular to the needle tra-
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jectory, and maximum intensity projections were created to
visualize radial spread. The penetration depth was defined
as the furthest radial distance from the needle tip at which
the signal intensity exceeded a predefined threshold (mean
background value + 3 SD), which yielded typical values of
approximately 3—4 mm in this model. To ensure that the in-
jection procedure did not compromise the integrity of the
vesicles, aliquots were sampled immediately before loading
and 30 min after injection; Size distribution and concentra-
tion were measured using nanoparticle tracking analysis
(NanoSight NS300, Malvern, UK), and preparations show-
ing a change in mean diameter of more than 10% were ex-
cluded from further analysis. Taken together, this workflow
provided a reproducible laboratory platform that mimicked
endoscopic intratumoral administration and allowed for
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quantitative measures of exosome stability and dispersion
in a stroma-like matrix.

Statistical analysis

The data were analyzed using GraphPad Prism 10.0
(GraphPad Software, USA). The results of at least three in-
dependent experiments are presented as the mean + stan-
dard deviation (SD). For statistical comparison, Student's t—
test or one—way ANOVA (Analysis of Variance) with Tukey's
post hoc test was used. Values of p less than 0.05 were con-
sidered statistically significant.

Results

The clinical and molecular characteristics of PDAC pa-
tients from whom biological material was collected were
studied (see table).
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Exosomes concentration (NTA)
mean=1.6,SD=0.3,n=20

Exosome diameter (NTA)
mean =102 nm,SD=9nm,n=20
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Dil-positive exosome
mean = 91.5%, SD = 2.0%, n = 20
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Fig. 3.
Isolation and characterization of exosomes: A - quantification of exosome yield by tracking assay
B - distribution of exosomes by size determined by nanoparticle tracking analysis;
C - the fraction of Dil-positive vesicles after fluorescent labeling.

KRAS sequencing confirmed that the KRAS*G12D muta-
tion was dominant in tumor tissue, exosomes isolated from
ascites fluid, and plasma cDNA. The detected concordance
of the G12D mutation in solid, liquid, and vesicular com-
partments emphasizes its leading role in PDAC pathogene-
sis and justifies its selection as the primary target for CRIS-
PR/Cas9 in this study.

Exosomes isolated from ascites fluid and supernatants of
PDAC cell cultures had a mean concentration of (1.6 +0.3)
x 101 particles/ml (n=20) according to nanoparticle track-
ing analysis (#ig. 3,4). Their average hydrodynamic diameter
(Fig. 3,B) was (102 +£9) nm (n=20), which corresponded to
true exosomes and was confirmed by transmission electron
microscopy (characteristic round morphology up to cup—
shaped). Western blotting confirmed strong expression of
CDG63,CD81, and TSG101 in 20 of the 20 preparations test-
ed. After Dil labeling (Fig. 3, B), the proportion of fluorescent
vesicles suitable for tracking reached (91.5 + 2.0)% (n=20),
which ensured reliable tracking in subsequent in vitro ex-
periments.

The average efficiency of loading Cas9/sgRNA complex-
es into exosomes by electroporation was (47 + 5)% (n=20)
with no aggregation detected by nanoparticle tracking anal-

Cas9/sgRNA Loading efficiency

Genome efficiency of editing

ysis (Fig. 4,A). After exposure of PDAC cultures obtained from
patients (n=12) to exosome—loaded complexes, the T7E1
assay demonstrated (31.4 +4.2)% indels at the KRAS*G12D
locus (Fig. 4, B), which was confirmed by Sanger sequenc-
ing; Western blot analysis showed that KRAS protein levels
decreased by (48 £ 6)% (n=12) compared to untreated cells
(Fig. 4, B), confirming functional gene disruption. Control
cells treated with unloaded exosomes showed (1.2 + 0.8)%
background indels (n = 6), while positive control transfec-
tion with CRISPRMAX lipofectamine showed (42.1 +5.3)%
indels (n=12), confirming the reliability of the test.
Functionally, CRISPR/Cas9 complexes delivered by exo-
somes reduced cell viability by 35% (p < 0.01) compared to
the control, as measured by the MTT assay. Flow cytometry
analysis showed a significant increase in apoptosis: (29.3 +
3.4)% of annexin V—positive cells, 11.2% in untreated cells,
and 13.5% in cells treated with unloaded exosomes (p <
0.001). Wound healing analysis revealed a 45% reduction in
migratory ability after 48 hours compared to the control (p
<0.01). Furthermore, when exosome editing was combined
with gemcitabine, cell viability was further reduced by 25%
compared to chemotherapy alone (p < 0.05), confirming
the synergistic effect between KRAS inhibition and cytotox-
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Efficiency of genome editing using exosomes: A - efficiency of loading Cas9/sgRNA complexes into exosomes by electroporation; B - efficiency
of genome editing at the KRAS"G'12D locus in patient-derived pancreatic cancer cells; C - reduction of KRAS protein expression in edited cells.

http: //hirurgiya.com.ua

UJCS. 2025 September/October; 92(5)




YKpaiHCbKuUM XXypHan KAiHiYHOI Xipyprit

The Ukrainian Journal of Clinical Surgery

A .
@ Dil Stain

Patient-delived
exosomes

Exosonse

from ascic fl Genfirmed for PDC elivery

Fig. 5.
Characterization and engineering
of patient-derived exosomes for CRISPR/
Cas9 delivery: A - schematic representation of
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ic therapy. The workflow of exosome labeling, Cas9/sgRNA
loading, and morphological validation by electron microsco-
py, shown in Fig. 5, confirms the integrity and functional suit-
ability of patient—derived vesicles for use in genome editing,

To combine laboratory experiments with clinical appli-
cation, an in vitro model of endoscopic ultrasound—guided
fine—needle injection into collagen—Matrigel hydrogel was
created to mimic the dense stromal architecture of PDAC.
A block of type I collagen hydrogel — Matrixgel (ratio 3:1,
thickness 8—10 mm), which simulated the PDAC stroma, was
placed in a phantom chamber compatible with water—cou-
pled ultrasound imaging. A curved echoendoscope (Olympus
GF-UCT180, Japan) was used to insert a 22 G thin needle
(EchoTip Ultra, Cook Medical, USA) into the gel under real—
time ultrasound imaging, replicating the trajectory common-
ly used in clinical pancreatic biopsy or therapeutic injections.

Dil-labeled exosomes obtained from the ascites fluid of
PDAC patients were standardized to a concentration of (1.8
+0.2) 10 particles/mL, and 50—100 ul of the suspension
was injected at a rate of 10—20 ul/s to prevent reflux and en-
sure parenchymal dispersion. Confocal microscopy revealed
a time—dependent radial distribution: after 2 hours, fluo-
rescence was detected at a distance of up to (2.0 = 0.3) mm
from the needle track; after 6 hours, penetration spread to
(3.6 £ 0.4) mm, and after 24 hours, stable fluorescence was
maintained with a slight decrease in intensity (<15% signal
decay compared to 6 hours). These values correspond to the
reported interstitial resistance in PDAC stroma and indicate
that exosomes are capable of penetrating the microenviron-
ment, which is clinically significant.

Importantly, nanoparticle tracking analysis confirmed the
integrity of exosomes during injections. The average diam-
eter of the vesicles remained stable: baseline (102 +9) nm;
after injection (104 £ 11) nm (p > 0.05), and particle recov-
ery exceeded 92%, ruling out significant aggregation or deg-
radation during needle passage. No differences in exosome

concentration of 1.6 x 10° particles/mi, right:
exosomes loaded with Cas9/SgRNA complexes
visualized after Dil staining.
stability were found in multiple replicates (n =5 indepen-
dent injections).

These results demonstrate that exosomes obtained from
patients can be reliably delivered using standard endoscop-
ic ultrasound—guided fine—needle injection without loss of
integrity, retaining their ability to disperse in a stroma—mim-
icking environment at a depth of 3—4 mm. Considering that
most PDAC lesions targeted by standard endoscopic ultra-
sound—guided fine—needle injection in the clinic have a di-
ameter of 20—35 mm, the results obtained indicate that re-
peated or multi—site injections of exosomes can provide suf-
ficient tumor coverage. Thus, this in vitro model provides
clinically relevant confirmation of the concept of the feasi-
bility of delivering CRISPR/Cas9 complexes based on exo-
somes as an adjunct to established endoscopic techniques
for intratumoral therapy of pancreatic cancer (Fig. 0).

Discussion

This study is translational, demonstrating the viability of
the idea that exosomes obtained from patients can serve as
effective and biologically compatible carriers for the delivery
of CRISPR/Cas9 complexes targeting KRAS*G12D in PDAC,
and differs from previous studies in a number of key aspects.
First, the use of three clinically relevant sources—tumor tis-
sue, malignant ascites, and peripheral blood—has enabled a
comprehensive approach that combines experimental ge-
nome editing with surgical applicability. This is fundamen-
tally different from most early work, which was based pri-
marily on immortalized cell lines or xenografts and did not
fully reflect the heterogeneity of patient material [18, 19].

Unlike viral vectors, particularly adeno—associated virus-
es, the exosomal approach overcomes limitations related to
packaging capacity, the risk of integrative mutagenesis, and
immunogenicity [20]. Lipid nanoparticles, which are effective
for hepatic delivery, are characterized by low tropism to the
pancreas and rapid clearance in the systemic circulation [21].
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In contrast, exosomes, especially those obtained from malig-
nant ascites of PDAC patients, express surface proteins and
adhesive molecules that promote selective uptake by tumor
cells, providing natural tropism. Our results confirmed that
exosomes can be reproducibly isolated in high yield — 1.6
10 particles/ml with a stable size — (102 £ 9) nm and high
labeling efficiency of more than 90%, which ensured reliable
delivery of Cas9/sgRNA complexes to primary PDAC cells.
Functionally, exosome—mediated CRISPR delivery re-
sulted in an indel frequency of approximately 31% at the
KRAS"*G12D locus with a corresponding 48% reduction in
KRAS protein levels. Although lipofectamine—mediated de-
livery of ribonucleoprotein complexes achieved slightly high-
er efficiency (approximately 42%), it is unsuitable for clin-
ical application due to toxicity and the lack of safe in vivo
protocols. The exosomal approach, on the other hand, pro-
vided biologically meaningful editing without compromis-
ing stability or biocompatibility. Functional consequences
included a 35% reduction in cell viability, a nearly threefold
increase in apoptosis, and a 45% reduction in migratory ac-
tivity, and in combination with gemcitabine, an additional
25% reduction in viability. These results are consistent with
previous reports of PDAC cell sensitization to chemotherapy
upon KRAS inhibition [22], but demonstrate for the first time
the possibility of using patient—derived exosomes as carriers.
The issue of clinical delivery is particularly important. An
in vitro model of endoscopic ultrasound—guided fine—nee-
dle injection with collagen—Matrigel hydrogel, which mim-
ics the density of the stroma, reproduces the mechanical and
diffusion barriers of PDAC. Exosomes remained stable during
needle passage — (102 £+ 9) nm before injection and (104 +
11) nm after injection (p > 0.05) — and demonstrated radial
penetration of 3—4 mm within 24 hours. This directly con-
firms the possibility of integrating exosome—mediated ge-

Exosome integrity (NTA)

(102£9) nm (104 £ 11) nm Exosome integrity

(102£9) nm

nome editing into existing clinical procedures, such as endo-
scopic ultrasound fine—needle or intraoperative injections.
Previous studies of the endoscopic ultrasound fine—needle
injection model have focused primarily on viral or synthet-
ic nanoparticles [23, 24]; to our knowledge, this study is the
first to demonstrate the preservation of the structural integ-
rity and functional capacity of exosomes after standard en-
doscopic injection.

Taken together, the results demonstrate a number of ad-
vantages: preservation of patient specificity and compatibil-
ity with the tumor microenvironment; surgical translatabil-
ity thanks to the endoscopic ultrasound—guided fine—nee-
dle injection model; functional synergy with chemotherapy;
and high biocompatibility.

Limitations include the in vitro study design and the ab-
sence of in vivo microenvironment factors (immune sur-
veillance, vascular clearance, stromal remodeling). Future
studies should include validation in orthotopic PDAC mod-
els, systemic safety assessment, and optimization of multi-
focal injections.

Conclusions

1. Exosomes obtained from PDAC patients can be effec-
tively modified to carry CRISPR/Cas9 complexes targeting
KRAS*G 12D and provide significant genome editing and
functional suppression of tumor cell growth.

2. Unlike viral or synthetic vectors, exosomes have demon-
strated high stability, biocompatibility, and natural compat-
ibility with the PDAC microenvironment. An in vitro mod-
el of endoscopic ultrasound—guided fine—needle injection
confirmed that exosomal drugs maintain their integrity and
are evenly distributed in the simulated stroma, highlighting
their potential for minimally invasive surgical and endoscop-
ic approaches, opening up the prospect of personalized in-
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tratumoral therapy for pancreatic cancer.
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