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This study explores the synthesis, characterization, and gene-delivery efficacy of polyplexes comprising
carbon nanomaterials, namely, graphene oxide quantum dots (GO QDs) and carbon dots (CDs), in
conjunction with cell-penetrating peptides (CPPs), namely, PF14 or PF221, alongside gene therapeutic
agents (pGL3 plasmids or splice-correcting oligonucleotides (SCO)). GO QDs were created using
Hummers' method, followed by acid fragmentation, while CDs were generated by an eco-friendly
solvothermal procedure utilizing ascorbic acid as a precursor. Structural and morphological
characterization using X-ray diffraction (XRD), transmission electron microscopy (TEM), and zeta
potential analysis confirmed the synthesis of nanocomplexes with distinct physicochemical properties.
Gene transfection assays demonstrated that PF14-CD polyplexes attained superior efficiency in

delivering pGL3 and SCO, surpassing GO QDs and PF221-based methods. Mechanistic studies revealed
Received 2nd September 2025

Accepted 30th October 2025 that the cellular uptake of PF14-SCO-CDs is predominantly mediated by scavenger receptor class A

(SCARA), as evidenced by the significant inhibition observed with SCARA-specific inhibitors. The use of

DOI: 10.1039/d5ra06584d PF14 and CDs presents a promising model for efficient gene transport, primarily governed by receptor-
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Introduction

Zero-dimensional (0D) carbon nanomaterials, specifically gra-
phene quantum dots (GQDs)** and carbon dots (CDs),*” have
emerged as promising candidates in nanotechnology due to their
distinctive size-dependent optical, electrical, and physicochemical
properties. They exhibit nanoscale carbon structures with particle
diameters under 10 nm, leading to quantum confinement and
edge effects that improve fluorescence, enhance biocompatibility,
confer chemical stability, and increase aqueous solubility." GQDs
are graphene sheets with lateral dimensions under 10 nm, typi-
cally consisting of several graphene layers.” Their synthesis can be
categorized into “top-down” and “bottom-up” methodologies.
Top-down procedures entail deconstructing larger carbon struc-
tures, such as graphene oxide, carbon fibers, or carbon nano-
tubes, through processes like chemical oxidation, electrochemical
exfoliation, or laser ablation. Conversely, bottom-up
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methodologies fabricate GQDs from molecular precursors using
organic synthesis, hydrothermal, or microwave-assisted tech-
niques, providing enhanced control over dimensions, morphol-
ogies, and surface characteristics.**® CDs are quasi-spherical,
amorphous-to-nanocrystalline carbon nanoparticles recognized
for their superior photoluminescence and minimal toxicity.” They
are often generated through the hydrothermal,® solvothermal, or
microwave-assisted carbonization of organic precursors, such as
vitamins, sugars, metabolites, or natural biomass.*® These
synthesis methods are straightforward, economical, and envi-
ronmentally friendly, rendering CDs suitable for large-scale
manufacture.” GQDs and CDs have numerous uses in the
biomedical sector.™ Their adjustable photoluminescence and
biocompatibility facilitate applications in photocatalysis,” bi-
oimaging,”® drug/gene delivery,"*"* sensors,'® biosensing,'”*®
imaging,"” and photothermal and photodynamic treatments.*
CDs are extensively utilized in the fluorescence labeling and
detection of biological molecules due to their stable and intense
luminescence.”* CDs have also been reported for use in electro-
catalysis, offering unique electrochemical properties.*

Gene therapy has evolved into a revolutionary approach for
addressing genetic and acquired disorders by introducing thera-
peutic nucleic acids into cells to correct, inhibit, or augment
specific gene functions.”? Diverse genetic therapeutic agents
have been effectively employed for efficient and secure cellular
transfection.?®*3' Nonetheless, obstacles such as cellular resis-
tance and the pronounced negative charge of nucleic acids
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frequently impede the transfection efficiency.®® To surmount
these obstacles, both viral and non-viral vectors have been
engineered.®®>* Cell-penetrating peptides (CPPs) have garnered
considerable interest among non-viral methods for their capacity
to penetrate cellular membranes and transport various biomo-
lecular cargoes straight into the cytoplasm or nucleus.®** They
are short peptides, generally including fewer than 30 amino acids,
that can facilitate the translocation of nucleic acids, proteins, and
tiny molecules into cells without requiring receptors or energy-
dependent mechanisms.”>* Professor Ulo Langel, acknowl-
edged as the foremost authority in CPP research, introduced the
transportan peptide, one of the earliest and most extensively
examined CPPs, and clarified the mechanisms of CPP-mediated
internalization, significantly enhancing their biological applica-
bility.*** Notwithstanding their versatility, CPPs encounter
numerous constraints, including low cargo selectivity, restricted
serum stability, fast in vivo clearance, and possible cytotoxicity at
high dosages. Furthermore, endosomal entrapment of CPP-cargo
complexes frequently decreases bioavailability and transfection
efficacy. Recent improvements indicate that nanoparticle conju-
gation can significantly augment CPP-mediated gene delivery and
enhance the overall transfection efficacy.*

Herein, the complexation of CDs and GQDs with CPPs, PF-14
and PF221, for gene transfection is reported. The polyplex
formation was achieved via complex formation between nano-
particles (CDs or GQDs), PF-14/PF-221, and gene therapeutic
agents (e.g., plasmid (pGL3, Luciferase Reporter Vectors) and
splice correction oligonucleotides (SCO)). The pGL3 vector is
a plasmid frequently utilized to investigate gene expression and
promoter activity in molecular biology. Due to its high sensi-
tivity, ease of use, and compatibility with mammalian cells, the
PGL3 vector is a reliable tool for investigating gene regulation,
signal transduction pathways, and transcriptional responses in
vitro. Conversely, SCOs are small antisense nucleic acid
sequences that influence pre-mRNA splicing by binding to
specific splice sites or regulatory regions. They have demon-
strated significant potential in treating genetic illnesses.”

Experimental
Materials and methods

Ascorbic acid was obtained from Sigma-Aldrich (Germany).
Graphite was purchased from Alfa-Aesar (Germany). A
luciferase-expressing plasmid (pGL3, 3 MDa) was purchased
from Promega (Sweden). SCO (6.5 kDa) was obtained from
Microsynth AG (Switzerland). Human glioblastoma cell line
(U87 MG-luc2) was purchased from Caliper LifeSciences, USA.
The chemicals were used without purification.

Synthesis of carbon dots (CDs)

CDs were prepared via the solvothermal method. A solution of
ascorbic acid was prepared by dissolving 1 g in 10 mL of water
using ultrasonic vibrations for 30 minutes. The solution was
placed in an autoclave and heated at a temperature of 180 °C for
24 hours. Upon cooling, the CDs were obtained as a brown-
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yellow substance. The CD solution was subsequently refined
through filtration using nitrocellulose filters (0.22 pm).

Synthesis of graphene oxide quantum dots (GQDs)

Following our previous procedures, graphite oxide was prepared
using Hummers' method.***¢ The graphite oxide (200 mg) was
then stirred with sulfuric acid and nitric acid (50 mL) for 12 h at
30 °C. The brown solution was decanted and neutralized with
NaOH before dialysis in water to achieve neutrality.

Surface modification with chitosan was performed by
dispersing GO QDs in a chitosan solution (1% acetic acid, 1 mg
mL ™). The solution was stirred at room temperature for 12 h.

Peptide and polyplex synthesis

Two types of CPPs, including PF221  (Stearyl-
FLKLLKKFLFLKLLKKFL-amide) and PF14 (Stearyl-AGYLLGKL-
LOOLAAAALOOLL-NH,), were synthesized using Fmoc-based
solid-phase peptide synthesis on a SYRO II synthesizer (Multi-
SynTech, Germany) with the Rink-amide resin (PCAS BioMatrix,
Canada).””*®

For complex formation, a solution containing 80 pL of Milli-
Qwater, 4 pL of carbon nanoparticles (either CDs or GQDs, 1 mg
mL ™), 10.5 pL of SCO (10 uM), and 10.5 pL of each CPP (PF220-
PF224 and PF14) was mixed sequentially and incubated at room
temperature for 2 hours.

Cell culture and treatment

HeLa cells (7000 cells in 100 pL per well, 96-well plate) were used
as the model system and cultured in DMEM supplemented with
1 mM sodium pyruvate, 1 mM glutamate, 0.1 mM non-essential
amino acids, 10% fetal bovine serum (FBS), 100 U mL~" peni-
cillin, and 100 mg mL " streptomycin (Invitrogen, Sweden).
HeLa puLc 705 cells (from Prof. R. Kole) and U-87 MG-luc2 cells
were cultured at 37 °C and 5% CO, under similar conditions,
with the addition of 200 U mL™" of penicillin and 200 mg mL ™"
of streptomycin.

Assessment of polyplex efficacy

To evaluate CPP-mediated delivery, 10 pL of CPP-pGL3-CDs or
GQDs (using PF221 or PF14) was added to the HeLa cells (7000
cells per well), and the pGL3 luciferase expression was
measured after 24 h using the GLOMAX™ luminometer
(Promega, USA). For splice correction oligonucleotide (SCO)
assays, HeLa puLc 705 cells were treated with CPP-SCO-CDs or
GQDs complexes, lysed using 0.2% Triton X-100 in HKR buffer,
and the luminescence was quantified.

SCARA inhibition studies

To investigate the role of scavenger receptor A (SCARA), HeLa
705 cells were pre-treated for 1 h with specific inhibitors named
polyinosinic acid (poly I, 10 ug mL™"), dextran sulfate (Dex, 2.5
pg mL™Y), and fucoidan (Fuc, 2.5 pg mL™") or control agents—
polycytidylic acid (poly C), chondroitin sulfate (Chon), and
galactose (Gal), at the same concentrations. Subsequently, 10 pL
of the PF14-SCO or PF14-SCO-CD complex was added. After

© 2025 The Author(s). Published by the Royal Society of Chemistry
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24 h, luminescence measurements were taken and normalized
to the highest activity observed for PF14-SCO-treated cells.

Instruments

Transmission electron microscopy (TEM) was performed using
a JEM-2000FX microscope (JEOL, Japan) operating at an accel-
erating voltage of 200 kV. Samples were prepared by dropping
the nanoparticle suspension onto 3 mm carbon-coated copper
grids, which were then dried on filter paper. X-ray diffraction
(XRD) analysis of the bare carbon nanoparticles was carried out
using a PANalytical X'Pert diffractometer (PANalytical, Ger-
many) operating at 45 kV and 40 mA to determine the crystal-
linity and phase structure. Zeta potential measurements were
conducted using a Zetasizer Nano ZS particle analyzer (Malvern
Instruments Ltd, UK) at 25 °C. The instrument was equipped
with a 532 nm solid-state He-Ne laser, and measurements were
taken at a fixed backscattering angle of 173° to assess the
surface charge and colloidal stability of the nanoparticles.

Results and discussion
Materials synthesis and characterization

GO QDs were synthesized via a two-step process (Fig. 1a).
Initially, GO was prepared using the modified Hummers'
method, where graphite was oxidized in concentrated sulfuric
acid with potassium permanganate, and water and hydrogen
peroxide were carefully added to complete the reaction. The
obtained graphite oxide was then dispersed in a mixed acid
solution of sulfuric and nitric acids and stirred at 30 °C for 12
hours (Fig. 1a). This oxidative treatment facilitated the cutting
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of large GO sheets into smaller fragments, i.e., the formation of
GO QDs. The resulting brown dispersion was neutralized using
sodium hydroxide and dialyzed against water to remove acid
residues, yielding GO QDs (Fig. 1a).

CDs were produced through a green, solvothermal approach
using ascorbic acid as a carbon precursor (Fig. 1b). Specifically,
ascorbic acid was dissolved in distilled water by ultrasonication
for 30 minutes to ensure complete dissolution. The solution was
subjected to hydrothermal treatment. After natural cooling,
a brown-yellow aqueous solution containing CDs was obtained.
The CDs were purified using 0.22 pm nitrocellulose membrane
filtration to remove unreacted precursors or large particles
(Fig. 1b).

Two amphiphilic CPPs: PF221 and PF14, were synthesized
using Fmoc solid-phase peptide synthesis on a SYRO II peptide
synthesizer (Fig. 1c). These CPPs formed polyplexes with gene
therapeutic cargos, e.g.,, SCO or pGL3, and carbon nano-
materials (CDs or GO QDs). The components were mixed in
Milli-Q water, a carbon nanoparticle solution, SCO or pGL3
plasmid, and CPP (PF221 or PF14) to prepare the polyplexes.
The mixture was incubated at room temperature for 2 hours to
facilitate electrostatic and hydrophobic interactions, allowing
for stable nanocomplex formation. These complexes were then
used in cell transfection assays for gene therapy applications.
The materials were characterized by XRD (Fig. 2), TEM (Fig. 3),
and zeta potential measurements (Fig. 4).

XRD patterns for the prepared carbon nanomaterials are
plotted in Fig. 2. Fig. 2 displays XRD patterns of graphite, GO
QDs, and CDs, highlighting the structural transformations
resulting from the synthesis procedures. Graphite shows sharp

Graphene oxide Graphene oxide Quantum Dots

(GO QDs)

Carbon Dots (CDs)
)
& )
oot
E Complexatlon \"g
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S

Fig.1 Synthesis procedure for (a) GO QDs, (b) CDs, and (c) polyplexes of CPPs with carbon nanoparticles and gene therapeutic agents, namely,

SCO or pGL3.
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Fig. 2 XRD patterns of (a) graphite, (b) GO QDs, and (c) CDs.
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Fig. 4 Zeta potential for different polyplexes.

and well-defined peaks at 26 = 26.6° and 54.6°, corresponding
to the (002) and (004) crystal planes of highly ordered graphitic
layers (Fig. 2a), respectively. These reflections are characteristic
of a well-crystallized sp>-hybridized carbon lattice with regular
interlayer spacing. GO QDs (Fig. 2b) exhibit two prominent
peaks at 10.2° and 25° (Fig. 2b). The prominent peak at 10.2° is
associated with the (001) plane of oxidized graphene layers,
indicating increased interlayer spacing due to the introduction
of oxygen-containing functional groups. The peak at 25° may
result from graphitic domains. CDs display a broad, single peak
centered around 20.1°, reflecting carbon dots' amorphous or
poorly crystalline nature (Fig. 2c). This broadening is typical for
CDs, which consist of small, disordered carbon clusters with
a high surface-to-volume ratio and abundant surface functional
groups. The noisy signals observed in GO QDs and CDs can be
attributed to their low crystallinity, small particle sizes, and
structural heterogeneity (Fig. 2b and c). Unlike graphite, these
nanomaterials lack long-range order, and their surfaces are rich
in defects and functional groups that disrupt regular stacking

Fig. 3 TEM images of (a and b) CDs and (c and d) the CD-SCO-PF14 polyplex.
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(Fig. 2a). Additionally, the nanoscale dimensions of GO QDs
and CDs limit coherent scattering domains, further reducing
diffraction intensity and contributing to baseline noise in the
XRD patterns (Fig. 2).

Fig. 3 presents TEM images of CDs and their polyplex formed
with SCO and PF14. Fig. 3a and b displays the morphology of
pristine CDs, while Fig. 3c and d show the corresponding
polyplex. CDs, which appear as uniform spherical nanoparticles
with a narrow size distribution ranging from 1 to 2 nm,
consistent with their ultrasmall size and amorphous carbon
structure (Fig. 3a and b). High-resolution TEM (HR-TEM)
confirms their monodispersity and fine crystallite-like
features, often associated with short-range ordering within
CDs (Fig. 3a and b). The polyplex of PF-14-SCO-CDs reveals
a significant change in morphology (Fig. 3c and d). The images
show bigger, aggregated structures decorated with discrete CD
nanoparticles, suggesting complexation between CDs, SCO, and
PF14. These assemblies are interpreted as polyplexes, in which
the CDs are surrounded by a matrix of SCO and CPPs, forming
a condensed nanostructure (Fig. 3c and d). These biomolecules
introduce voids and irregularities into the structure, visible as
light contrast regions in the TEM images (Fig. 3). The TEM
analysis confirms the complexation of oligonucleotides within
the CPP-CD nanocatrriers.

The charge of the polyplex plays an essential role in gene
transfection. Thus, the polyplexes were characterized using zeta
potential measurements (Fig. 4). Fig. 4 illustrates the zeta
potential values of various carbon nanoparticle-based polyplex
formulations: pristine CDs (—12.7 mV), PF14-pGL3-CDs (—15.4
mV), PF14-pGL3-CDs-CTS (—3.9 mV), and PF14-pGL3-GO-CTS
(—0.09 mvV). These measurements provide critical insights
into the surface charge characteristics and colloidal stability of
the nanocomplexes, which play a vital role in their cellular
uptake and transfection efficiency. CDs exhibit a moderately
negative charge of —12.7 mV due to their surface functional
groups (e.g., carboxyl and hydroxyl), typical for ascorbic acid-
derived CDs. PF14-pGL3-CDs polyplexes show a slightly more
negative charge (—15.4 mvV), likely due to the electrostatic
contribution of the anionic pGL3 plasmid DNA, which domi-
nates the net surface potential despite the presence of the
positively charged PF14 peptide. Upon the addition of chitosan
(CTS) to the polyplex (PF14-pGL3-CDs-CTS), the zeta potential
shifts significantly towards neutrality (—3.9 mV, Fig. 4). Chito-
san, a cationic polysaccharide, partially neutralizes the negative
charges, improving surface properties for cell membrane
interaction and endosomal escape. PF14-pGL3-GO-CTS exhibits
a nearly neutral zeta potential (—0.09 mV), suggesting strong
charge shielding by chitosan around the GO QD core and cargo.

CDs are small carbon-based materials with abundant
hydroxyl, carboxyl, and amine functional groups on their
surfaces, which can effectively interact with oligonucleotides
and CPPs through noncovalent interactions. The interaction
between CDs and oligonucleotides is primarily governed by
electrostatic attraction, as the positively charged amine groups
on CDs bind with the negatively charged phosphate backbone
of DNA or RNA. Furthermore, hydrogen bonding between the
hydroxyl or carboxyl groups of cyclodextrins and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nucleobases or phosphate oxygen atoms further stabilizes the
complex, enabling cyclodextrins to serve as carriers that protect
oligonucleotides from degradation and improve their cellular
transit. Similarly, CDs can form stable complexes with CPPs,
often rich in positively charged amino acids, such as lysine and
arginine. In this scenario, electrostatic interactions occur
between the negatively charged carboxyl groups of CDs and the
cationic residues of CPPs, while the hydrogen bonding between
the functional groups of CDs and the peptide backbone or side
chains strengthens the contact. These noncovalent interactions
collectively enhance the attachment of CDs with oligonucleo-
tides and CPPs, making them appealing nanocarriers for gene
and peptide delivery in biomedical applications.

Gene transfection

Gene transfections of the pGL3 plasmid (Fig. 5) and SCO (Fig. 6)
have been investigated. Fig. 5 illustrates the transfection effi-
ciency (% relative expression) of the pGL3 plasmid in cells
delivered via polyplexes formed with two different CPPs, e.g.,
PF14 and PF221, in combination with various carbon nano-
materials (GO QDs and CDs), with or without chitosan (CTS).
PF14-pGL3-CDs exhibited the highest transfection efficiency,
significantly surpassing all other groups. The high performance
suggests that CDs, when combined with PF14, provide an
optimal environment for pGL3 delivery, likely due to their small
size, high surface area, and favorable charge distribution. PF14-
pGL3-GO Qdots and PF14-pGL3-GO Qdots CTS showed
moderate efficiencies, slightly lower than those of the CD-based
complexes. The low efficiency may be due to the relatively larger
size of GO QDs and their planar structure, which might affect
complex formation or cellular uptake. PF14-pGL3-CDs-CTS
reduced transfection compared to their non-chitosan counter-
part (Fig. 5a). Although CTS can enhance cellular uptake in
some systems, in this case, it might hinder gene release or
interfere with cellular trafficking. PF14-pGL3 alone (without
nanoparticles) showed moderate efficiency, confirming that
carbon nanoparticles improve transfection by stabilizing the
polyplex and aiding endocytosis.

The transfection efficiencies of the PF-221 groups are overall
lower than those of the PF14 group, suggesting that PF-221 is
less effective than PF14 for this delivery system (Fig. 5b). PF221-
PGL3-GO Qdots and CTS-functionalized GO Qdots showed the
highest expression levels among PF221-based systems, but still
did not outperform the PF14-CDs system (Fig. 5b). PF221-CD
complexes yielded lower transfection than GO QDs, indicating
that the CPP-nanomaterial compatibility is critical in deter-
mining delivery efficiency. PF14 in combination with CDs is the
most efficient delivery system for the pGL3 plasmid among the
tested groups. The CPP choice significantly affects performance.
PF14 outperforms PF221, possibly due to differences in
membrane interactions, internalization, or endosomal escape.
Chitosan modification can modulate the transfection efficiency,
but its impact is context-dependent, requiring optimization for
each carrier-peptide system.

Fig. 6 illustrates the transfection efficiency of SCO utilizing
PF14 (Fig. 6a) and PF221 (Fig. 6a), using various carbon-based

RSC Adv, 2025, 15, 45071-45080 | 45075
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Fig. 5 Cell-transfection efficiency for the pGL3 plasmid using (a) PF-
14 and (b) PF-221.

nanocarriers, such as GO Qdots and CDs, with or without CTS
modification. In the PF14-based systems, the PF14-SCO-CD
formulation exhibited the highest transfection efficiency,
exceeding 220% (Fig. 6a). The high efficiency suggests a robust
synergistic interaction between PF14 and CDs, possibly attrib-
utable to the carbon dots' large surface area and nanoscale
dimensions, which enhance cellular absorption and effective
SCO delivery. Conversely, PF14-SCO alone and PF14-SCO-GO
Qdots exhibited moderate transfection efficiencies of around
100% and 75%, indicating that, although PF14 alone is
successful, the incorporation of CDs significantly augments its
transport capability (Fig. 6a). The PF14-SCO-CDs CTS and
PF14-SCO-GO Qdot CTS formulations exhibited the lowest
transfection efficiencies, suggesting that chitosan may impede
cellular uptake or delay SCO release, either due to steric
hindrance or adverse modifications in surface charge (Fig. 6a).

In PF221-based systems, all formulations demonstrated
reduced transfection efficiency relative to PF14 (Fig. 6b). The
maximum efficiency was noted for PF221-SCO-GO Qdots,
almost equivalent to PF221-SCO alone, indicating that GO
Qdots do not substantially improve SCO delivery for PF221.
With or without chitosan, formulations using CDs exhibited
minor enhancement, ranging from 70% to 90%, suggesting
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Fig. 6 Cell transfection efficiency for SCO using (a) PF-14 and (b) PF-
221.
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Fig. 7 Mechanism for cell uptake or transfection using the scavenger
receptor class.

a low interaction or compatibility between PF221 and the CDs.
The persistent deterioration in the performance of CTS-
modified systems across both CPP types substantiates the
assertion that CTs hinder optimum interaction and adsorption,
presumably due to modifications in the particle surface charge
and structure. Again, the results indicate that PF14 is a superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of the nanoparticles used for CPP-ON delivery
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Nanoparticle system CPPs used Gene cargo Fold improvement Ref.

ZIF-8 PFs (general) Plasmid, SCO, siRNA 2-8 fold 57

MPC (from chitosan@ZIF-8) PF14 PF221 Plasmid, SCO Up to 10 fold 58

GO PF14, PF221 Plasmid 2.1-2.5 fold 61

PF14 SCO >10-25 fold
MNPs (Fe;0,) PF14 Plasmid, SCO, siRNA Up to 4 fold 62
CTS@MNPs PF14 Plasmid, SCO, siRNA Up to 6 fold (vs. PF14 alone) 63
PF14-SCO-MNPs PF14 SCO Outperformed Lipofectamine™ 63
2000

CDs PF14 pGL3 SCO 2.0-2.1 This work
cell compared to PF221 for the delivery of SCO, especially in Nanoparticles improve the cell transfection of CPPs

conjunction with CDs.

The cell uptake mechanism was investigated using the
scavenger receptor class (Fig. 7). Fig. 7 examines the cellular
absorption and transfection method of PF14-SCO-CD poly-
plexes, emphasizing the role of scavenger receptor class A
(SCARA). The precise internalization mechanism of the CPP-
oligonucleotide (ON) complexes is not fully understood;
however, various potential mechanisms have been suggested,
including endocytosis, energy-independent translocation,* and
SCARA-mediated uptake.®® SCARA operates as a pattern recog-
nition receptor that can bind and internalize acetylated low-
density lipoproteins, positioning it as a probable mediator for
the uptake of CPP-based complexes. To investigate the function
of SCARA, HeLa cells were preincubated with established
inhibitors, dextran sulfate (Dex), polyinosinic acid (Poly I), and
fucoidin (Fuc), alongside structurally analogous control
compounds, e.g., chondroitin sulfate (Chon), polycytidylic acid
(Poly C), and galactose (Gal)—that do not interact with SCARA
(Fig. 7). Fig. 7 indicates that Dex, Poly I, and Fuc significantly
impede the transfection effectiveness of PF14-SCO-CDs, with
Dex and Fuc decreasing it by more than 90%, highlighting
SCARA's pivotal in cellular internalization.
Conversely, the control substances, Chon, Poly C, and Gal,
demonstrated negligible to no inhibition, hence affirming the
specificity of the observed effects. The data indicate that SCARA-
mediated endocytosis is the primary mechanism for the inter-
nalization of PF14-SCO-CDs. The substantial reduction in
transfection efficiency following SCARA inhibitor treatment
substantiates the concept that SCARA is essential for the uptake
of CPP-SCO complexes, consistent with prior findings on
analogous nanoparticle systems. Nevertheless, although the
data compellingly indicate SCARA, they do not exclude the
possible involvement of other prevalent endocytic routes, such
as clathrin-mediated endocytosis, caveolae-dependent uptake,
or macropinocytosis, which are also commonly associated with
CPP and nanoparticle uptake. A thorough mechanistic analysis
with specific inhibitors of clathrin (e.g., chlorpromazine), cav-
eolae (e.g., nystatin or filipin), and macropinocytosis (e.g., EIPA)
might elucidate the potential contributions of these pathways
in conjunction with SCARA. Additional experiments could be
added to reinforce the finding that SCARA is the primary
absorption pathway for PF14-SCO-CDs and eliminate or
quantify the contributions of alternative mechanisms.

involvement

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Table 1). They emphasize the synergistic application of CPPs,
including PepFects (e.g., PF14, PF221, PF220), in conjunction
with nanomaterials, to improve non-viral gene delivery (Table
1). Nanocarriers, such as zeolitic imidazolate frameworks (ZIF-
8) and their composites (e.g., BSA@ZIF-8, RhB@ZIF-8,
GO@ZIF-8, MNPs@ZIF-8),"”” mesoporous carbon (MPC)
derived from chitosan-encapsulated ZIF-8,*® graphene oxide
(GO),** and magnetic nanoparticles (MNPs),*% exhibit
enhanced transfection efficiencies for plasmid DNA, SCO, and
small interfering RNA (siRNA). These systems exhibit signifi-
cant biocompatibility, minimal cytotoxicity, and effective
cellular uptake, primarily facilitated by SCARA pathways. Inte-
grating CPPs with nanomaterials markedly improves gene
delivery efficacy by 2 to 25-fold, contingent upon the system and
payload, surpassing conventional CPP-only methods or
commercial vectors, such as Lipofectamine™ 2000 (Table 1).

Conclusions

This study demonstrates the efficacy of carbon-based nano-
carriers, specifically CDs, for effective and targeted gene delivery
when combined with amphiphilic cell-penetrating peptides,
such as PF14. Among all evaluated systems, PF14-CDs poly-
plexes demonstrated enhanced transfection effectiveness for
plasmid DNA and splice-correcting oligonucleotides, attributed
to their advantageous nanoscale shape, appropriate surface
charge, and high compatibility with the therapeutic cargo.
Structural analysis confirmed the formation of polyplexes,
whereas mechanistic investigations highlighted the essential
role of scavenger receptor class A (SCARA) in facilitating cellular
uptake. Compared to PF221, PF14 demonstrated superior
distribution efficiency, underscoring the importance of peptide
selection in constructing efficient nanocarriers. These results
lay the foundation for scalable, adjustable gene-delivery
systems using biocompatible carbon nanomaterials and cell-
penetrating peptides for gene-based therapeutic applications.
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