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ABSTRACT

Objective: To develop an optimized polyethylenimine (PEl)-based
nanocarrier for the intracellular delivery of miR-379-5p and to evaluate
its efficacy in suppressing the oncogenic targets metadherin (MTDH)
and Forkhead box P2 (FOXP2) in KRAS-wild-type colorectal cancer cells.

Methods: PEI-miRNA nanocomplexes were synthesized at various
nitrogen-to-phosphate (N:P) ratios and characterized via dynamic
light scattering, zeta potential measurements, and scanning electron
microscopy (SEM). Cytotoxicity was assessed in Caco-2 cells using MTT
assays to determine the optimal therapeutic concentration. Gene
silencing efficiency and intracellular uptake were quantified using
reverse transcription quantitative polymerase chain reaction.

Results: The formulation prepared at an N:P ratio of 20:1 exhibited
optimal physicochemical properties, featuring a mean hydrodynamic
diameter of ~254 nm, a compact spherical morphology, and a highly
positive zeta potential (+56.9 mV). At the optimized concentration
of 50 nM, the nanocomplexes maintained favorable cell viability
while facilitating significant intracellular accumulation of miR-379-5p.
Consequently, this delivery strategy achieved robust downregulation
of MTDH and FOXP2 expression compared to naked miRNA treatment.
Conclusion: The optimized PEI-miRNA nanocomplexes effectively
overcome delivery barriers, enabling successful gene silencing in Caco-
2 cells. By restoring the miR-379-5p regulatory axis and suppressing
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Amag: Hiicre i¢i miR-379-5p tasinmasi igin optimize edilmis
polietilenimin (PEI) temelli bir nanotasiyici gelistirilmesi ve bu sistemin,
KRAS-wild tip kolorektal kanser hiicrelerinde onkojenik hedefler olan
metadherin (MTDH) ve Forkhead box P2 (FOXP2) tizerindeki baskilayici
etkinliginin degerlendirilmesi amaglanmistir.

Yontemler: PEI-miRNA nanokompleksleri, farkli azot/fosfat (N:P)
oranlarinda sentezlenmis ve dinamik 1sik sagilimi, zeta potansiyel
Olgtimleriiletaramalielektron mikroskobu (SEM) kullanilarak karakterize
edilmistir. Sitotoksisite, optimal terapotik konsantrasyonu belirlemek
amaciyla Caco-2 hiicrelerinde MTT testi ile degerlendirilmistir. Gen
susturma etkinligi ve hiicre igi alim, gergek zamanli ters transkripsiyon
kantitatif polimeraz zincir reaksiyonu ile nicel olarak analiz edilmistir.

Bulgular: N:P orani 20:1 olan formilasyon, yaklasik 254 nm ortalama
hidrodinamik ¢ap, kompakt kiresel morfoloji ve vylksek pozitif
zeta potansiyeli (+56,9 mV) ile en uygun fizikokimyasal ozellikleri
gbstermistir. Optimize edilen 50 nM konsantrasyonda, nanokompleksler
uygun htcre canliligini korurken miR-379-5p’nin hiicre iginde anlamli
diizeyde birikimini saglamistir. Buna bagh olarak, bu tasima stratejisi
¢iplak miRNA uygulamasina kiyasla MTDH ve FOXP2 ekspresyonunda
gucli bir azalma saglamistir.

Sonug: Optimize edilmis PEI-miRNA nanokompleksleri, tasinma
engellerini etkili bicimde asarak Caco-2 hiicrelerinde basarili gen
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ABSTRACT

FOXP2, this system constitutes a promising molecular platform for
targeted RNAi-based interventions in colorectal malignancy.

Keywords: Colorectal cancer, polyethylenimine, miR-379-5p, gene
delivery, nanoparticles, RNA interference
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susturulmasini mimkiin kilmisti. miR-379-5p diizenleyici ekseninin
yeniden kurulmasi ve FOXP2’'nin baskilanmasi yoluyla bu sistem,
kolorektal malignitelerde hedefe yonelik RNA girisimi (RNAi) temelli
uygulamalar igin umut verici bir molekuler platform olusturmaktadir.

Anahtar Sozciikler: Kolorektal kanser, polietilenimin, miR-379-5p, gen
tasinimi, nanopartikiller, RNA girisimi

INTRODUCTION

Colorectal cancer (CRC) is one of the most prevalent malignancies
and remains a leading cause of cancer-related mortality worldwide,
representing a persistent global health challenge due to its
high morbidity and mortality rates (1). Conventional treatment
approaches such as surgery, chemotherapy, and radiotherapy are
frequently applied in clinical practice. However, their therapeutic
efficacy is markedly reduced in advanced or metastatic stages of the
disease. These limitations are exacerbated by the severe treatment-
associated toxicities and the development of resistance. These
factors not only diminish treatment outcomes but also significantly
increase the risk of recurrence, necessitating novel therapeutic
strategies (2).

Recent advances in molecular oncology have highlighted gene-based
therapeutic approaches, particularly RNA interference, as promising
alternatives for overcoming these challenges. RNAi represents
a highly specific gene-silencing mechanism that can suppress
oncogenes or other disease-driving genes, thereby inhibiting
tumor initiation, progression, and metastasis (3). In the context of
CRC, RNAi-based therapies are attracting increasing attention for
their ability to modulate pathways involved in cell proliferation,
angiogenesis, invasion, and chemoresistance, offering a powerful
tool for personalized and precision-targeted interventions (4-6).
However, the clinical translation of RNAi therapeutics is severely
hindered by physiological delivery barriers. Naked RNA molecules
are inherently unstable; they are subject to rapid degradation by
serum nucleases and, due to their hydrophilicity and negative
charge, cannot efficiently traverse the cellular membrane (7).
These limitations necessitate the development of advanced
delivery platforms that can enhance the stability of RNA molecules,
protect them against enzymatic degradation, and ensure efficient
intracellular delivery (8-10).

Among synthetic carriers, cationic polymers, particularly
polyethylenimine (PEl), have emerged as a gold standard for
nucleic acid delivery in cancer research (11-14). The high density of
positively charged amino groups in PEl enables strong electrostatic
interactions with the negatively charged phosphate backbone of
RNA, facilitating the formation of stable polyelectrolyte complexes
(15,16). These complexes not only shield RNA molecules from
enzymatic degradation but also potentially protect them from
nonspecific binding to serum proteins, thereby prolonging circulation
time and preserving biological activity. Furthermore, PEI uniquely
promotes intracellular uptake via endocytosis and facilitates the
“proton sponge effect,” enabling endosomal escape, a critical step
for functional gene silencing. Importantly, the structural diversity of
PEI, which is available in both linear and branched configurations,
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affords considerable flexibility; branched PEI typically achieves
higher transfection efficiency, whereas linear PEl is associated with
reduced cytotoxicity, allowing optimization of the carrier system
according to specific therapeutic requirements (17,18). These unique
properties position PEIl as a valuable candidate for advancing RNAI-
based therapeutic strategies in colorectal cancer, where overcoming
delivery challenges remains the key barrier to clinical translation
(19-21).

Despite these advantages, the clinical utility of PEl is often restricted
by biocompatibility issues. High-molecular-weight PEl, while
efficient, is associated with pronounced cytotoxicity (22). To address
these limitations, research has increasingly focused on the use of
low-molecular-weight PEI derivatives or chemically modified forms
to reduce toxicity while preserving or enhancing gene transfer
efficiency (23,24). Accordingly, there is a pressing need for innovative
delivery systems capable of safely and selectively transporting RNA
molecules, particularly in malignancies with limited therapeutic
options, such as colorectal cancer.

Among the therapeutic candidates for RNAi-based strategies,
microRNAs have attracted considerable attention due to their ability
to regulate multiple oncogenic pathways simultaneously. Specifically,
miR-379-5p has been identified as a potent tumor suppressor with
activity reported in several malignancies. Previous studies have
demonstrated that miR-379 exerts anti-tumorigenic effects by
inhibiting cell proliferation, inducing cell cycle arrest, and reducing
metastatic potential (25-28). Its tumor-suppressive functions have
been described in breast, ovarian, and prostate cancers; its function
and therapeutic potential in colorectal cancer remain underexplored
(25,29,30). One such potential target is the Forkhead box P2 (FOXP2).
The role of FOXP2 in CRC is complex and context-dependent. While
some studies suggest a tumor-suppressive function in KRAS-mutant
contexts, recent evidence highlights that high FOXP2 expression is
significantly correlated with poor overall survival in KRAS-wild-type
CRC patients (31-33). Given that Caco-2 cells represent a KRAS-wild-
type model, we hypothesized that FOXP2 may function as a driver of
malignancy in this specific genetic background.

Consequently, this study aims to evaluate the therapeutic relevance
of delivering miR-379-5p via PEl nanocomplexes for suppressing
FOXP2 and metadherin (MTDH). We used these nanocomplexes
to enhance intracellular uptake while minimizing cytotoxicity,
thereby providing initial evidence for the efficacy of PEl-mediated
delivery of this specific miRNA. Collectively, these findings offer a
novel framework for the rational design of targeted RNAi-based
interventions in colorectal malignancy.
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MATERIALS AND METHODS

Synthesis of PEI-miRNA Nanocomplexes

Polyethylenimine (PEI; Sigma, cat. no. 408719) was selected as the
carrier polymer and was complexed with microRNA-379-5p (miRNA
mimic; Qiagen) at varying concentrations to obtain nanocomplexes.
The complexes were subsequently characterized to determine the
optimal N:P ratio.

For synthesis, miRNA solutions (0.1 mM) prepared in NaCl were
incubated with PEI solutions at N:P ratios of 5:1, 10:1, 15:1, and
20:1. Incubations were performed at room temperature, with gentle
mixing on a magnetic stirrer when required. The N:P ratio was
calculated according to the following formula (34):

M oymer) =Ny number of phosphate groups x MW x(N:P)

where m represents the required polymer mass, n represents the
number of moles of miRNA, N denotes the number of nitrogen
groups, and P denotes the number of phosphate groups.

(protonatable units)

Characterization of PEI-miRNA Complexes
Physicochemical Characterizations

DLS and Zeta Potential

The hydrodynamicdiameterandsurface charge ofthe nanocomplexes
were determined using a Zetasizer Nano ZSP (Malvern Instruments,
UK). Complexes were prepared at the optimized N:P ratio and
were diluted 1:10 in nuclease-free water immediately prior to
measurement. DLS measurements were performed at 25 °C with a
backscattering angle of 173°. Each sample was analyzed in triplicate,
and mean * standard deviation (SD) values were recorded. Zeta
potential was measured using disposable folded capillary cells, with
three independent runs performed per sample.

Morphological Characterization (SEM)

The surface morphology and size distribution of the optimized PEI-
miRNA nanocomplexes (N:P 20:1) were examined using a scanning
electron microscope (Tescan GAIA3, USA). Prior to imaging, the
nanocomplex dispersion was diluted in nuclease-free water to
minimize particle aggregation. A droplet of the suspension was
deposited onto a clean silicon wafer and allowed to air-dry at room
temperature for 24 hours. To ensure electrical conductivity and
prevent surface charging under the electron beam, the dried samples
were sputter-coated with a thin layer of gold/palladium. Imaging
was performed under high-vacuum conditions at an accelerating
voltage of 5-10 kV.

Gel Retardation Assay

Complex formation between PEI and miRNA was assessed by agarose
gel electrophoresis, as described previously (34). Nanocomplexes
prepared at different N:P ratios were loaded onto 2% agarose gels
and electrophoresed at constant voltage for 15 min. Gels were
visualized using a ChemiDoc-It Imager (UVP, USA). A decrease
in miRNA fluorescence intensity in the miRNA-PElI complex was
expected, reflecting complexation with PEl and a reduction in free
phosphate groups.

Biological Evaluation

The biological performance of the PEI-miRNA nanocomplexes was
assessed through cytotoxicity assays, transfection studies, and gene
expression analysis in colorectal cancer cells.

Cytotoxicity

Cell viability was determined using the MTT assay (211091, Abcam,
UK). Caco-2 cells were seeded in 96-well plates and incubated with
PEI-miRNA nanocomplexes at the selected concentrations for 48 h.
Following treatment, MTT solution was added to each well, and
cells were incubated to allow formazan crystal formation. Crystals
were solubilized in an appropriate solvent, and the absorbance was
measured spectrophotometrically at 570 nm. Each experimental and
control group was analyzed in eight replicates.

Transfection

Caco-2 cells were cultured in DMEM (Life Sciences, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, USA) at
37 °C in a humidified incubator with 5% CO,. For transfection,
3 x 10° cells were seeded in 6-well plates and allowed to adhere
for 12 h. The medium was then replaced with serum-free DMEM
containing either naked miRNA or PEI-miRNA complexes, which were
synthesized in this study, at a final concentration of 50 nM miRNA.
After 4 h of incubation, the medium was replaced with DMEM
containing 10% FBS, and the cells were cultured for an additional 48
h before harvest.

Gene Expression

Real-time PCR was performed to confirm miR-379-5p internalization
and evaluate its effect on target gene expression. Total RNA, including
miRNAs, was isolated from transfected and control cells. Separate
cDNA synthesis protocols were employed for the determination of
miRNA and mRNA levels; miRNA analyses were performed using
stem-loop RT primers (Integrated DNA Technologies, USA), whereas
mRNA analyses were conducted using a standard oligo-dT/reverse
transcriptase-based kit protocol. Real-time experiments were
conducted using the PowerUp SYBR Green Master Mix (Thermo
Scientific, USA) on a LightCycler 480 system (Roche, Switzerland).
The comparative Ct method was applied to determine relative
expression levels of miR-379-5p and its target genes FOXP2 and
MTDH (27,35). B-Actin (ACTB) and U6 snRNA were used as internal
reference genes. Primers for U6 snRNA were purchased from ABM
(Canada), and all primer sequences are listed in Table 1.

Statistical Analysis

All experiments were performed with at least three independent
biological replicates. For the MTT cytotoxicity assay, each condition
was tested in eight technical replicates (n = 8). For transfection
and real-time PCR analyses, three independent experiments were
conducted with three technical replicates per sample (n = 3).
For physicochemical characterization (DLS, zeta potential), three
independent preparations were analyzed (n = 3). Data were
expressed as mean + SD. Statistical analyses were performed
using GraphPad Prism 9.0 (GraphPad Software, USA). Comparisons
between two groups were assessed using unpaired Student’s t-test,
while one-way analysis of variance (ANOVA) with Tukey’s post-hoc
test was applied for multiple group comparisons. A p-value of <0.05
was considered statistically significant.
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RESULTS

DLS and Zeta Potential

Dynamic light scattering (DLS) analysis of the PElI formulations
revealed a dominant sub-micron population in all samples. Intensity-
weighted main peaks ranged from ~215 to 865 nm. While a minor
fraction of micron-sized aggregates (~5-5.5 um) was detected, it
represented a negligible portion of the total intensity distribution
(<3% total area) and did not dominate the sample properties.
Therefore, onlythe dominant sub-micron peaksarereportedinTable 2
because they represent the functionally relevant nanoparticle
population that drives cellular uptake.

Zeta potential measurements in water at 25 °C confirmed that all
three NP concentrations were strongly cationic. The principal peaks
ranged from approximately +10 to +56 mV, representing >90%
of the particle population. Overall, the cationic polymer NPs form
positively charged sub-micron dispersions; the high positive zeta
potentials are consistent with efficient coating by the polymer and
provide sufficient electrostatic stabilization to prevent functional
aggregation under measurement conditions.

Amongthe tested formulations, the 20:1 PEI:NP ratio was selected for
further studies based on its physicochemical profile. This formulation
yielded nanoparticles with a mean hydrodynamic diameter of 254.6
+ 48.9 nm and a markedly high positive zeta potential of +56.9 +
5.72 mV. Across the series (5:1 to 20:1), increasing the proportion of
cationic polymer resulted in a gradual decrease in particle size and
a concomitant increase in surface charge, indicating more efficient
complexation/coating and the formation of more compact, densely
charged particles. The particle size of approximately 200-300 nm
remains suitable for biomedical applications, while the high positive
zeta potential is expected to provide strong electrostatic stabilization
and reduced aggregation. Taken together, these characteristics
identify the 20:1 formulation as the most favorable candidate
for subsequent biological evaluation; therefore, all following
experiments were performed using this formulation.

Table 1. Primer sequences used in the study.

Morphological Characterization

Scanning electron microscopy (SEM) was employed to validate the
hydrodynamic size measurements and visualize the topography
of the nanocomplexes. The SEM micrographs revealed that the
optimized formulation (N:P 20:1) formed nanoparticles with a
distinct, spherical morphology and a relatively smooth surface
texture (Figure 1). The particles appeared compact, with most
displaying diameters in the range of ~180 to 220 nm. Notably, the
size observed via SEM was slightly smaller than the hydrodynamic
diameter obtained by DLS (~254 nm). This difference is expected
and can be attributed to the dehydration of the nanocomplexes
during SEM sample preparation, which results in the collapse of the
hydration shell and a slight shrinkage of the polymeric matrix, in
contrast to the swollen state measured in the aqueous phase by DLS.
Consistent with the DLS polydispersity data, occasional aggregates
were also observed in the dry state.

Gel Retardation Assay

The complexation efficiency of PEl with miRNA was assessed via
agarose gel electrophoresis. As expected, naked miRNA (Lane A)
migrated freely through the gel matrix, appearing as a distinct band,
consistent with its low molecular weight and negative charge. In
contrast, at the optimized N:P ratio of 20:1 (Lane B), the miRNA was
completely retained in the loading well. The complete absence of a
migrating band in this lane confirms that the cationic PEI successfully
neutralized the anionic phosphate backbone of the miRNA, resulting
in the formation of stable, large-molecular-weight nanocomplexes
with no electrophoretic mobility (Figure 2).

Cell Viability

Cell viability assays were performed to evaluate the cytotoxicity of
the 20:1 PEI-miRNA nanoparticles at increasing miRNA concentrations
(10, 50, and 100 nM). Treatment with 10 nM miRNA-PEI complexes
did not appreciably affect cell viability compared with the untreated
control, which remained close to 100%. Similarly, exposure to 50-nM
complexes preserved high viability, with values remaining above ~90%.

F primer (5’-3’)

R primer (5°-3’)

miRNA-379-5p GCGCGTGGTAGACTATGGAA AGTGCAGGGTCCGAGGTATT
ACTB CACCATTGGCAATGAGCGGTT AGGTCTTTGCGGATGTCCACGT
MTDH GGAGTCAAGACACTGGAGATG GGGTTGATTACGGCTAACATCC
FOXP2 CAACAGCAGCAGCCAGGA GAGGCCCCAGTCTCCCTA
FOXP2: Forkhead box P2, MTDH: Metadherin, ACTB: B-actin.

Table 2. Physicochemical characterization of the nanoparticle formulations.

Formulation Hydrodynamic diameter (nm) Zeta potential (mV) PDI

5:1 789.7 £75.2 10.1+6.99 0.706

10:1 464 +45.4 26.03 £7.60 0.444

15:1 302.2+80.23 34.5+11.40 0.518

20:1 254.6 + 48.88 56.9 +5.72 0.386

PDI: Polydispersity index.
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Figure 1. Morphological characterization of PEI-miRNA nanocomplexes
via scanning electron microscopy (A) Representative micrograph acquired
at 100 kx magnification, illustrating the general distribution and dispersion
of the optimized nanocomplexes (N:P 20:1). The scale bar represents 500
nm. (B) High-magnification view (301 kx) detailing the distinct spherical
morphology and compact structure of the nanoparticles. The scale bar
represents 200 nm. Images are representative of three independent
preparations (n = 3).

PEI: Polyethylenimine.

Figure 2. Assessment of miRNA complexation efficiency by agarose
gel electrophoresis. The electrophoretic mobility of naked miR-379-
5p and PEI-miRNA nanocomplexes was analyzed on a 2% agarose gel.
(A) Naked miRNA, exhibits free migration corresponding to its negative
charge (B) PEI-miRNA nanocomplexes prepared at a 20:1 ratio show
complete retardation, confirming successful complexation. The image is
representative of three independent experiments (n = 3).

PEI: Polyethylenimine.

In contrast, treatment with 100 nM miRNA-PEl nanoparticles
resulted in a marked reduction in cell viability to approximately 65-
70%. These findings indicate that the 20:1 PEI-miRNA formulation
is well tolerated at lower concentrations (<50 nM), whereas higher
doses induce a clear, concentration-dependent cytotoxic effect
(Figure 3). Based on these findings, 50 nM miRNA in the 20:1 PEI-
miRNA formulation was selected for subsequent experiments, as it
ensured efficient delivery while maintaining high cell viability.

Gene Expression

To validate the functional intracellular delivery of the cargo, the
expression levels of downstream target genes MTDH and FOXP2
were quantified via reverse transcription quantitative polymerase
chain reaction (RT-qPCR). As anticipated, treatment with naked miR-
379-5p had a negligible impact on gene expression relative to the

150

100 -

50

cell viability (%)

groups

Figure 3. Cytotoxicity profile of PEI-miRNA nanocomplexes in colorectal
cancer cells. Cell viability of Caco-2 cells was evaluated using the MTT
assay after 48 h of incubation with PEI-miRNA nanocomplexes (N:P ratio
20:1) at miRNA concentrations of 10, 50, and 100 nM. Data are presented
as the percentage of viable cells relative to the untreated control group
(set to 100%). Results represent the mean + SD of three independent
experiments (n=3). Statistical significance was assessed using one-way
ANOVA.

SD: Standard deviation, ANOVA: Analysis of variance, PEl: Polyethylenimine.

control, an effect attributed to the poor cellular uptake of free RNA.
In contrast, the optimized PEI-miRNA nanocomplexes facilitated a
significant downregulation of both targets. Specifically, MTDH mRNA
levels were reduced by approximately 20% compared with the
control group (p < 0.001); this suppression was significantly more
potent than that of the naked miRNA treatment (p < 0.01) (Figure
4A). Similarly, FOXP2 expression exhibited a significant decrease
(~16%) relative to control (p < 0.01), further confirming the superior
transfection efficiency of the PEl-complexed formulation compared
with naked miRNA (p < 0.05) (Figure 4B).

To verify that the observed downregulation of MTDH and FOXP2 was
driven by the successful cellular internalization of the therapeutic
cargo, the intracellular levels of miR-379-5p were quantified via RT-
gPCR. Naked RNA molecules are known to possess poor membrane
permeability due to their negative charge and hydrophilicity.
Consistent with this, cells treated with naked miR-379-5p exhibited
only a marginal, non-significant increase in intracellular miRNA
levels compared to the untreated control (Figure 5). In contrast,
the delivery of miR-379-5p via the optimized PEl nanocarrier (N:P
20:1) resulted in a statistically significant increase in intracellular
miRNA abundance relative to both the control (p < 0.01) and the
naked miRNA group (p < 0.05). These results confirm that the PEI
nanocarrier effectively facilitates the transmembrane transport and
intracellular accumulation of miR-379-5p in Caco-2 cells, validating
the transfection efficiency required for functional gene silencing of
the target oncogenes.
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Figure 4. Relative mRNA expression levels of target genes MTDH (A) and FOXP2 (B) in Caco-2 cells. Cells were treated with naked miR-379-5p or PEI/miR-
379-5p nanocomplexes (N:P 20:1, 50 nM) for 48 h. Gene expression was quantified using RT-qPCR and normalized to the internal reference gene ACTB
(B-actin). Data are presented as fold change relative to the control group (set to 1.0). Values represent the mean + SD of three independent experiments (n
= 3). Statistical significance was determined using one-way ANOVA with Tukey’s post-hoc test; significance levels were indicated as *p < 0.05, **p < 0.01,

and ***p < 0.001 compared to the untreated control group.

SD: Standard deviation, ACTB: B-actin, MTDH: Metadherin, FOXP2: Forkhead box P2, ANOVA: Analysis of variance, RT-qPCR: Reverse transcription quantitative polymerase

chain reaction, PEl: Polyethylenimine..
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Figure 5. Intracellular accumulation of miR-379-5p in Caco-2 cells. The
relative intracellular expression of miR-379-5p was determined by RT-
gPCR following 48 h of incubation with either naked miRNA or PEI-miRNA
nanocomplexes (N:P 20:1) at a final miRNA concentration of 50 nM.
Data are presented as fold changes relative to the control group (set to
1.0) after normalization to the internal reference gene. Values represent
the mean = SD of three independent experiments (n = 3). Statistical
significance was analyzed using one-way ANOVA with Tukey’s post-hoc
test: ¥*p < 0.05 versus naked miRNA; **p < 0.01 versus untreated control.

SD: Standard deviation, ANOVA: Analysis of variance, RT-qgPCR: Reverse transcription
quantitative polymerase chain reaction, PEI: Polyethylenimine.
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DISCUSSION

The development of efficient and safe delivery systems remains the
primary bottleneck in the clinical translation of RNAi therapeutics.
In this study, we engineered and optimized a PEl-based nanocarrier
system for the intracellular delivery of miR-379-5p into CRC cells. Our
findings demonstrate that the optimized PEI-miRNA nanocomplexes
(N:P ratio 20:1) possess physicochemical characteristics favorable for
cellular uptake, exhibit a manageable toxicity profile at therapeutic
concentrations, and significantly enhance silencing of the oncogenic
targets MTDH and FOXP2 compared with naked miRNA.

The physicochemical properties of nanoparticle systems, specifically
hydrodynamic diameter and surface charge, are critical determinants
of their biological fate and cellular internalization efficiency (36).
Our DLS data revealed that increasing the N:P ratio resulted in more
compact nanoparticles, with the 20:1 formulation yielding a mean
diameter of approximately 254 nm. While particles in the 200 nm
range are classically described as entering cells via clathrin-mediated
endocytosis, recent evidence suggests that strict monodispersity
may not be the sole prerequisite for effective delivery. Gonzélez-
Dominguez et al. (37) recently demonstrated that micrometric DNA/
PEI aggregates (450-650 nm) can actually correlate with higher
transient gene expression yields compared to smaller counterparts.
This enhanced efficacy is attributed to the uptake of larger complexes
via macropinocytosis and their subsequent accumulation near the
nuclear envelope, where they function as a sustained “reservoir”,
progressively releasing the genetic cargo. Consequently, the slight
polydispersity observed in our system may functionally contribute
to the therapeutic effect by enabling exploitation of multiple
entry pathways, including clathrin-mediated uptake of smaller
fractions and macropinocytosis of larger aggregates. Furthermore,
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morphological analysis via SEM confirmed that the nanocomplexes
possess a compact, spherical structure. The particle size observed
in SEM micrographs (~180-220 nm) was slightly smaller than
the hydrodynamic diameter measured by DLS (~254 nm). This
difference is anticipated and characteristic of polymeric systems,
as DLS measures the hydrodynamic radius, including the hydration
shell, in the aqueous phase, whereas SEM depicts the particles in a
dehydrated solid state.

Concomitant with the size reduction, we observed a substantial
increase in zeta potential, reaching +56.9 mV at the optimized ratio.
This high cationic charge serves a dual purpose: first, it ensures the
colloidal stability of the dispersion through electrostatic repulsion,
thereby reducing particle aggregation in suspension (38). This high
zeta potential was measured in nuclease-free water, reflecting
the inherent colloidal stability of the formulation; however, under
physiological conditions, the effective surface charge is expected
to decrease due to ionic screening and protein corona formation.
Secondly, and perhaps more critically, it facilitates the initial
electrostatic adsorption of the nanocomplexes onto the negatively
charged proteoglycans of the cell membrane, a prerequisite for
efficient endocytosis (39). The agarose gel retardation assays
corroborated these findings by showing that a 20:1 ratio provided
sufficient cationic density to fully neutralize and condense miRNA,
thereby protecting it from premature degradation—a crucial
feature given the inherent instability of naked RNA in physiological
environments.

While the high cationic charge density of PEl is advantageous for
cellular uptake and promotes the “proton sponge” effect, which
facilitates endosomal escape, it is also the primary source of PEI-
mediated cytotoxicity. Our viability assays in Caco-2 cells revealed a
concentration-dependent toxicity profile. While the formulation was
well tolerated at 10 nM and 50 nM, viability dropped significantly at
100 nM. This observation is consistent with literature attributing PEI
toxicity to membrane disruption and mitochondrial damage caused
by an excess of free polycations (40). Consequently, the identification
of 50 nM as the optimal working concentration represents a critical
balance between maximizing therapeutic payload and preserving
cellular health.

To explicitly validate the transmembrane transport of the therapeutic
cargo, we analyzed intracellular miRNA levels (Figure 4), providing
direct evidence of the nanocarrier’s transport efficiency. While
cells treated with naked miR-379-5p showed negligible intracellular
accumulation, likely due to electrostatic repulsion between the
negatively charged RNA and the cell membrane, the PElI-complexed
group exhibited a statistically significant increase in intracellular
miRNA abundance (p<0.01). This confirms that the optimized
nanocomplexes effectively shielded the miRNA’s charge and utilized
the cationic PEI surface to facilitate transmembrane crossing, likely
via endocytic pathways.

Building on this efficient internalization, we validated the functional
capability of the delivered cargo by assessing downstream gene
targets. We utilized miR-379-5p, a tumor suppressor often
downregulated in various malignancies, to validate our system. The
significant downregulation of MTDH and FOXP2 observed in the PEI-

complexed group confirms successful gene silencing. Although the
formulation was optimized to minimize acute cytotoxicity at this
concentration, the robust suppression of these oncogenes suggests
significant therapeutic potential through restoration of the miR-379-
5p regulatory axis. Although the reduction in mRNA levels appears
modest (~16-20%), miRNAs primarily function through translational
repression. Therefore, the protein-level suppression might be more
profound than what is observed at the transcript level, warranting
future proteomic validation. Our observation that FOXP2 silencing
promotes cell death stands in contrast to previous reports, such as
Liao et al. (33), which characterized FOXP2 as a tumor suppressor
that inhibits pyroptosis in CRC. However, this discrepancy can be
attributed to the specific genetic context of the cell lines used. A
recent study by Liu et al. (31) demonstrated that the function of
FOXP2 in colorectal cancer is dictated by KRAS mutation status. While
FOXP2 acts as a suppressor in KRAS-mutant cells, its high expression
is associated with poor prognosis and adverse clinical outcomes
in KRAS-wild-type patients. Since Caco-2 cells are KRAS-wild-type,
the high expression of FOXP2 likely supports tumor progression in
this model. Therefore, our findings support the therapeutic utility
of targeting FOXP2 in KRAS-wild-type CRC subtypes and further
emphasize the need for personalized RNAIi strategies based on
genetic biomarkers.

Study Limitations

Despite the promising results, certain limitations warrant mention.
First, the biological evaluation was conducted in vitro using a Caco-2
model, which cannot fully replicate systemic physiological barriers
or protein-corona effects, necessitating future in vivo validation.
Second, while transcriptional silencing was confirmed via RT-qPCR,
protein-level validation has yet to be performed to fully quantify
functional suppression. Given that the therapeutic benefit of
targeting FOXP2 is linked to the KRAS-wild-type genotype, the
applicability of this strategy to KRAS-mutant subtypes of colorectal
cancer requires further comparative investigation.

CONCLUSION

In this study, we engineered a cationic polymer-based nanocarrier
system for effective delivery of the tumor suppressor miR-379-5p
to colorectal cancer cells. Through systematic physicochemical
optimization, the 20:1 PEI-miRNA formulation was identified as
the ideal candidate, exhibiting a high cationic charge (+56.9 mV)
that promotes stability and cellular uptake, while maintaining
a manageable toxicity profile at therapeutic concentrations (50
nM). Although the particles displayed some polydispersity, this
heterogeneity likely facilitates multiple cellular entry pathways,
including macropinocytosis, thereby enhancing the functional
delivery of the genetic cargo. Biological evaluation confirmed that
these nanocomplexes significantly downregulated the oncogenic
targets MTDH and FOXP2, restoring the tumor-suppressive
molecular profile of miR-379-5p, thereby establishing a foundation
for inhibiting tumor progression. Collectively, these findings validate
the 20:1 PEI-miRNA system as a promising platform for RNAi-based
precision oncology and warrant further investigation in colorectal
cancer models in vivo.
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