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Abstract

Targeted drug delivery remains a major challenge in cancer therapy, often limiting both efficacy and safety. Although microR-
NA sponges and short-hairpin RNAs show potential for gene-based cancer treatment, their clinical use is restricted by delivery
inefficiency, off-target effects, cytotoxicity, and instability. Viral vectors offer high efficiency but are associated with issues such
as immune responses, insertional mutagenesis, and limited cargo capacity. Non-viral carriers are safer and more affordable
but suffer from poor transfection efficiency, instability, and inadequate endosomal escape. These limitations hinder the clinical
application of RNA therapeutics. The Vir-inspired Biotechnical Vector (VIBV) is a novel hybrid platform that combines viral
and non-viral elements with nanotechnology to enable personalized, tumor-specific gene therapy. Engineered with a spindle-
shaped nanocore and a polyethylene glycolylated liposomal shell, VIBV ensures immune evasion, prolonged circulation, and
controlled therapeutic release triggered by tumor microenvironmental cues such as acidity, hypoxia, and elevated glutathione
levels. It delivers oncogenic microRNA sponges, short-hairpin RNAs, tumor-specific antigens, and cyclin-targeting RNAs to
enhance gene silencing, immune activation, and tumor suppression. This review examines the limitations of current delivery
systems and presents VIBV as a promising next-generation strategy with improved biocompatibility, targeting precision, and
potential for cost-effective, personalized cancer therapy, while also addressing its remaining challenges and prospects.

Introduction

Gene therapy holds immense promise as a targeted and potentially
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curative approach to cancer treatment, offering advantages over
traditional methods such as surgery, chemotherapy, and radiation.
By precisely targeting disease-causing genes, gene therapy aims to
address the underlying molecular mechanisms driving cancer pro-
gression, providing the possibility of more effective and durable
outcomes with reduced side effects. This is achieved by deliver-
ing genetic material, such as DNA, RNA, small interfering RNA
(siRNA), short-hairpin RNA (shRNA), or microRNA (miRNA),
into target cells using a delivery vehicle known as a vector. These
vectors can either replace mutated genes with their functional
counterparts or modulate gene expression, for instance, by silenc-
ing oncogenes.!?

Gene therapy delivery systems are primarily categorized into
viral (e.g., retroviruses) and non-viral (e.g., electroporation) vec-
tors.? Viral vectors, derived from viruses, exploit the natural abil-
ity of these pathogens to infect cells and deliver genetic cargo. In
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cancer gene therapy, viral vectors are employed both to introduce
therapeutic genes that modify cancer cell behavior and as onco-
lytic viruses that selectively replicate within and lyse tumor cells.*
Commonly used viral vectors include retroviruses, adenoviruses,
and adeno-associated viruses (AAVs). While highly efficient gene
delivery vehicles, viral vectors pose potential challenges, includ-
ing the risk of immunogenicity, production costs, and the possi-
bility of insertional mutagenesis.5 Conversely, non-viral vectors,
constructed from materials such as lipids, polymers, and proteins,
offer a safer and more cost-effective alternative.®” These vectors
can be engineered for targeted delivery but often exhibit lower
transfection efficiency compared to their viral counterparts. De-
livering miRNA sponges and shRNA to cancer cells faces signifi-
cant challenges, including off-target effects, poor cellular uptake,
instability in the bloodstream, immune responses, and difficulty
in achieving tumor-specific targeting, which limits efficacy and
increases toxicity. Hybrid nanocarriers combine viral and non-vi-
ral components to leverage the advantages of both systems. They
mimic viral entry mechanisms to improve delivery efficiency and
tumor targeting while maintaining lower toxicity. These platforms,
such as lipid-polymer hybrids and virus-like particles (VLPs), of-
fer enhanced RNA stability and reduced off-target effects. Hybrid
vectors show promise in improving therapeutic delivery and speci-
ficity in cancer treatment. Their development supports more effec-
tive and safer gene and drug delivery strategies.®

Nanorobots, or nanobots, are microscopic machines operating
at the nanoscale (1-100 nm). Built from materials such as carbon
nanotubes or DNA and equipped with nanoscale sensors and ac-
tuators, they can perform highly precise tasks. In medicine, they
offer significant potential for targeted drug delivery, advanced
diagnostics, non-invasive surgeries, and even cellular-level tis-
sue repair.’ Researchers at the Karolinska Institutet developed
DNA origami-based nanorobots that carry a hexagonal pattern
of cytotoxic peptides, which remain inactive until exposed to the
acidic microenvironment typical of tumors. This pH-triggered
“kill switch” ensures that the nanorobot activates only in the
vicinity of cancer cells, minimizing damage to normal cells. In
mouse models of breast cancer, these nanorobots achieved a sig-
nificant reduction in tumor growth by about 70%, demonstrating
both efficacy and safety with no adverse effects on normal blood
coagulation or cell morphology.!? Nanorobots hold great poten-
tial for precise cancer therapy, but clinical translation faces key
challenges, including technical control in complex biological en-
vironments, safety concerns, regulatory gaps, high development
costs, and scalability issues. Overcoming these barriers is crucial
for clinical adoption.!!

Despite decades of progress in gene therapy, current delivery
systems for RNA-based cancer therapeutics face major challenges
such as immune activation, poor tumor specificity, and inefficient
intracellular delivery, all of which have limited their clinical suc-
cess. Addressing these obstacles, the Vir-inspired Biotechnical
Vector (VIBV) represents a novel, next-generation platform that
fuses the sophisticated functional elements of viral vectors with the
safety and versatility of synthetic, non-viral nanotechnology. VIBV
is engineered with a polyethylene glycolylated liposomal coating,
a tumor-responsive design, and a spindle-shaped nanostructure,
enabling precise targeting, immune evasion, and efficient RNA
delivery even in the aggressive tumor microenvironment (TME).
By mimicking viral entry mechanisms within a biocompatible and
non-immunogenic framework, VIBV achieves both high delivery
efficiency and reduced toxicity. This multifunctional system can
concurrently deliver miRNA sponges, shRNAs, tumor antigens,
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and cyclin-targeting RNAs to suppress tumor growth, stimulate
anti-tumor immunity, and enhance therapeutic outcomes. Overall,
VIBYV holds significant potential to overcome the limitations of
current vectors, offering improved efficacy, safety, and cost-effec-
tiveness for personalized RNA-based cancer therapies.

Here, we aim to systematically evaluate the major limitations
of current viral and non-viral gene delivery systems in RNA-based
cancer therapies, specifically off-target effects, low transfection
efficiency, instability in systemic circulation, immune activation,
and insufficient tumor specificity, and to introduce the VIBV as a
novel hybrid platform designed to address these challenges.

shRNA and miRNA sponges

miRNA sponges and shRNAs are two cancer treatment techniques
that utilize promising RNA-based therapies. These techniques are
similar in that they both control gene expression, but they operate
through different mechanisms.!?

shRNA is an RNA structure that resembles endogenous pre-
miRNA and is processed by the RNA interference machinery. In
the nucleus, it is transcribed into a piece that Drosha cleaves and
exports to the cytoplasm, where Dicer further processes it into
siRNA-like molecules. These molecules join the RNA silencing
complex (RISC), which results in the degradation and translational
repression of target messenger RNA (mRNA) strands.'? shRNA
therapy proves highly effective for silencing oncogenes and other
seminal cancer genes, making it crucial in precision medicine. This
method has been shown to target Kirsten rat sarcoma viral onco-
gene homolog, MYC proto-oncogene, and vascular endothelial
growth factor, which are essential for tumor growth and angio-
genesis.'* The use of sShRNA over siRNA is primarily motivated
by the cost-effectiveness of production and its ability to deliver
shRNA via lentiviral or retroviral transduction to almost all types
of cell lines.'s

According to the competing endogenous RNA hypothesis,
competing endogenous RNAs, including pseudogenes and circu-
lar RNAs, can act as miRNA sponges, thereby modulating gene
expression. The term ‘sponges’ refers to artificial RNA strands
that bind specific seed regions of target miRNAs and prevent them
from functioning. Sponges consist of repeat binding domains that
capture miRNAs and stop them from acting directly on their re-
spective mRNAs. This allows the miRNA-regulated mRNA to be
translated. miRNA inhibition can be achieved through genetic se-
quence removal, antisense oligonucleotides, or synthetic miRNA
sponges. miRNAs, approximately 23 nucleotides long, bind to the
3’ untranslated regions of mRNAs, silencing their translation.!®
Certain miRNAs, such as miR-1269a and miR-210-5p, contrib-
ute to cancer progression by regulating pathways involved in me-
tastasis, apoptosis, and drug resistance.!” Due to their stability in
extracellular fluids, miRNAs serve as potential biomarkers for
early cancer diagnosis. As a result, oncogenic miRNAs that down-
regulate tumor suppressor genes may be overridden. Whenever
the miRNA sponge can reverse an oncogenic miRNA’s actions,
it aids in the expression of genes that have been silenced. This
makes sponge miRNAs highly therapeutic. However, they are par-
ticularly effective in targeted therapies for dysregulated miRNA
arrays in malignant tumors, such as those involving the highly
studied oncogenic miRNAs miR-21 and miR-155. These miRNAs
are strongly associated with tumor progression and immune es-
cape. These powerful miRNAs are known for accelerating tumor
growth, supporting malignant cell indoctrination, and facilitating
immune evasion.!8
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Challenges of current delivery methods

Delivering therapeutic genes effectively faces several obstacles,
limiting the success of current methods. One major challenge is
achieving precise targeting while avoiding unintended effects.
Many delivery systems struggle with efficiency, either due to low
uptake by cells or instability within the body.!® Safety concerns
also pose significant hurdles. Some methods risk triggering im-
mune responses, while others may interfere with normal cellular
functions.?? Additionally, ensuring long-term effectiveness with-
out unwanted genetic alterations remains difficult.?! The challenge
of reliable system production and scalability adds to the existing
problems. Many systems that function well in a controlled labora-
tory environment do not scale equally well. Resolving these obsta-
cles is essential for enhancing the effectiveness of gene therapy.??

Viruses as gene delivery carriers

Viral vectors are widely used in various fields such as gene ther-
apy,?? oncology (particularly cancer), metabolic diseases,?* heart
defects,?s and neurological disorders.?¢ Furthermore, vaccinology,
a field that triggers immune responses in patients via the expres-
sion of proteins and stimulates T and B cells, also utilizes viral
vectors.?’ Viral impacts on cancer have been known since the early
20th century, exemplified by a 1904 case of leukemia that went
into remission after the patient developed an influenza infection,
and a rare case of tumor necrosis in a cervical cancer patient at-
tributable to a viral infection following a rabies vaccination in
1912.282% These reports led to speculation about the potential use
of viruses to attack tumor cells, and the idea has since evolved
into a well-established research field known as oncolytic virus
therapy.?” While the potential of using viruses as delivery vehicles
for gene therapy appears promising, concerns surrounding safety,
limited cargo capacity, and considerable cost still pose significant
challenges that must be overcome.?!

Viral vectors consist of three key components: a protein shell
protecting the genetic cargo and enabling retargeting through
structural modifications, a transgene for protein expression or gene
regulation, and a regulatory cassette controlling transgene expres-
sion. >3

Gene therapy for cancer treatment involves two primary ap-
proaches using viral vectors: the transfer of genetic material to
modify the behavior of cancer cells and the use of oncolytic virus-
es.* Three classes of viruses are mainly used in the first approach:
retroviruses, adenoviruses, and AAVs. Moreover, some research-
ers are exploring the use of oncolytic viruses in cancer therapy.
These viruses specifically target and kill cancer cells, potentially
leading to the reduction of cancerous lesions.

Adenoviruses

Adenoviruses are non-enveloped, double-stranded DNA viruses
that can cause diseases in humans and animals. The adenovirus
type 5 (Ad5) genome is approximately 36 kb and is partitioned into
early and late regions.?® The early region encodes non-structural
proteins for replication, while the late region encodes structural
proteins for assembly and release.’® The AdS capsid consists of
three major capsid proteins and four minor cement proteins. Ad-
enoviruses have unique abilities for packaging and delivering ge-
netic material, making them valuable for research in gene therapy.
For delivering vectors, adenoviruses bind to coxsackie and ad-
enovirus receptor and avfB3/5 integrins, resulting in fast and ef-
ficient nuclear transport.3* These high-capacity adenoviral vectors
can hold up to 36 kb of cargo, making them useful for advanced
gene expression systems with reduced vector-associated toxicity
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and immune responses.?S Their use is diverse and includes gene
editing and therapy, vaccination, oncolytic virotherapy, and basic
research.?? In this preclinical glioma study, Lee and colleagues
tested whether combining two strategies—an hTERT-targeting
ribozyme-controlled HSVtk suicide gene and adenoviral delivery
of miR-145—would improve therapy.3® Individually, HSVtk gene
therapy slowed tumor growth, while miR-145 mainly suppressed
migration and invasion. When delivered together in a single ad-
enoviral vector (AdSCMV.Rz.HSVtk.miR145), the treatment sig-
nificantly enhanced anti-tumor effects and prolonged survival in
animal models compared to either approach alone. This demon-
strates that combining miR-145 with HSVtk gene therapy yields
stronger therapeutic benefit against glioma.3¢

Adenoviral vectors are limited in gene therapy applications
primarily due to their high immunogenicity, which can trigger
strong cytotoxic T-cell and humoral responses, leading to the rapid
elimination of transduced cells and the formation of neutralizing
antibodies that hinder repeated administrations.?’° Additionally,
adenoviruses lack specificity, as they can infect a wide range of
cell types due to the widespread presence of their cellular receptor,
often necessitating high doses that increase the risk of inflammato-
ry reactions and severe side effects, especially with systemic deliv-
ery.3” Another major drawback is the transient nature of transgene
expression, which is insufficient for therapies requiring long-term
gene correction. The presence of pre-existing immunity in most
individuals further reduces vector efficacy upon re-administra-
tion.37*" These factors collectively restrict the use of adenoviral
vectors for long-term or repeated gene therapy, making them more
suitable for applications where only temporary gene expression is
needed.

Retroviruses

Retroviruses, members of the RNA virus family known as murine
leukemia viruses, utilize reverse transcriptase to translate their ge-
netic information into DNA, which is later integrated into the host
genome by the integrase enzyme as a pre-integration complex.*!
The inserted DNA is passed on to all of the cell’s descendants,
ensuring long-term expression of the introduced genes. Retroviral
vectors have been used in gene therapy to deliver target genes into
hematopoietic stem cells.*? human immunodeficiency virus (HIV)
is commonly used as a vector, modified to prevent its replication
and cause no harm to the patient. New lentiviral vectors allow for
HBG derepression through a miRNA targeting the HbF repressor
BCL11A.*3 However, retroviral vectors have limited capacity to
deliver genetic material, requiring multiple injections to maintain
sustained expression. A modified ENV gene allows for targeting
specific cell types, promoting entry and delivery of therapeutic
genes. Systemic delivery of a lentiviral vector to restore the ex-
pression of miR-15a and miR-16 in a de novo mouse model of
chronic lymphocytic leukemia has shown significant therapeutic
benefits. These microRNAs normally act as tumor suppressors
by targeting and downregulating the anti-apoptotic protein Bcl-2,
which is commonly overexpressed in chronic lymphocytic leuke-
mia and contributes to the survival and accumulation of malignant
cells. The lentiviral system enables efficient, systemic delivery of
these miRNAs into the malignant B-1 cells in vivo, leading to their
increased expression. This miRNA restoration induces apoptosis—
the programmed cell death—in the leukemic cells by reducing Bcl-
2 levels, thereby decreasing tumor burden in critical organs like the
spleen and liver. Importantly, this treatment was well tolerated in
the mouse model with minimal systemic toxicity.**

Retroviral vectors face significant limitations in gene therapy
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applications, primarily due to safety concerns and technical chal-
lenges. The most critical risk is insertional mutagenesis, where ran-
dom integration into the host genome can disrupt tumor suppressor
genes or activate oncogenes, potentially triggering malignancies,
as evidenced by leukemia cases in X-SCID trials.*>4¢ Addition-
ally, these vectors require actively dividing cells for transduction,
limiting their utility in non-proliferating tissues, and are suscepti-
ble to inactivation by the human complement system, reducing ef-
fective viral titers.*” Immunogenicity poses another hurdle, as im-
mune responses against viral components can neutralize the vector
and complicate repeated administrations. While self-inactivating
vectors and chromatin insulators mitigate some risks by reducing
genotoxicity, challenges persist in achieving targeted integration
and preventing replication-competent retrovirus generation. Low
production yields further constrain clinical scalability, with current
manufacturing processes often insufficient for large-scale treat-
ments.*¢

AAV

AAVs are non-enveloped, non-contagious, and non-pathogenic vi-
ruses that hold promise for clinical treatment. The single-stranded
SSAAV forms of DNA are inert when they enter the cell nucleus
and must undergo second-strand synthesis or annealing of the plus
and minus strands to be converted into double-stranded DNA. This
conversion is essential to initiate the transcription process.

The single-stranded gene therapy vectors, SCAAVs, are pre-de-
signed to already be double-stranded, allowing them to begin tran-
scription immediately.*84? After the virus enters the host nucleus,
its capsid undergoes proteolytic processing and releases peptides
presented by major histocompatibility complex class I (MHC1)
to stimulate T cells.3” The viral inverted terminal repeats present
in the AAV genome can drive inter-molecular or intra-molecular
recombination, creating circularized episomal genomes that can
persist in the nucleus. Over time, the episome is diluted in divid-
ing cells, but non-dividing cells can maintain the episome for a
longer period.5!%* Researchers are exploring improvements to the
properties of AAV9 to increase their ability to penetrate and cross
the blood-brain barrier for targeted delivery in rodents and pri-
mates.>>5* Incorporating miR-431 and miR-636 during AAV vec-
tor production improved gene transfer potency in vitro (3.7-fold
increase for AAV2) and enhanced therapeutic efficacy in vivo, with
AAVG6 vectors carrying an inducible caspase 9 gene inducing sig-
nificant tumor regression (~2.2-fold) in a murine T-cell lymphoma
model, demonstrating an effective microRNA-based strategy to
optimize AAV gene therapy.>’

Although AAV vectors have great potential in cancer gene
therapy, they come with significant challenges. One of the most
concerning issues is insertional mutagenesis, in which viral DNA
is integrated within a certain region of the genome, potentially
leading to liver cancer. Although studies suggest this is much
less probable in adult humans, long-term surveillance is still war-
ranted.>® The complex dense extracellular matrix, hypoxia, and
immune suppression also make treating solid tumors with AAV
vectors less effective and pose challenges for repeat treatments.
Moreover, AAV vectors have a relatively small packaging capac-
ity (approximately 4.7 kb), which limits the size of therapeutic
genes that can be incorporated.>” These factors are compounded
by the high cost and sophistication required to produce AAV vec-
tors, which hinders their more general application in oncology.%®
Despite these drawbacks, research is ongoing to improve target-
ing efficiency, reduce immune responses, and scale production.
Even though AAV vectors remain an important component in the
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field of gene therapy, their application in cancer treatment is still
limited by these challenges.

Bacteriophages

Bacteriophages, or phages, are viruses that specifically infect bac-
teria and are composed of a protein capsid encapsulating either
DNA or RNA genomes of varying sizes and complexities. Struc-
turally, many bacteriophages, such as the well-studied T4 phage,
consist of a polyhedral head that houses the genetic material, a
short collar, and a helical tail apparatus. The tail includes a hol-
low tube surrounded by a contractile sheath and ends with a base-
plate and tail fibers that recognize and attach to bacterial surface
receptors, facilitating genome injection into the host cell. This
sophisticated structure enables precise delivery of genetic mate-
rial into bacteria.5*-%! As vectors in gene therapy, bacteriophages
offer several advantages: they are highly stable, non-pathogenic
to humans, can be genetically and chemically engineered for tar-
geted delivery, and have a low risk of insertional mutagenesis
compared to mammalian viral vectors. Their ability to be modified
to display targeting ligands and carry therapeutic genes or RNA
molecules makes them versatile tools for selective and efficient
gene transfer, particularly in cancer treatment applications.®? An il-
lustrative example of bacteriophage-mediated miRNA delivery in
cancer therapy involves the use of MS2-derived VLPs engineered
to carry both a miR-21 sponge and pre-miR-122 to target hepa-
tocellular carcinoma (HCC) cells. The miR-21 sponge sequesters
oncogenic miR-21, inhibiting its tumor-promoting effects, while
pre-miR-122 restores the tumor-suppressive activity of miR-122,
leading to decreased cancer cell proliferation and increased apo-
ptosis. These VLPs were modified with HCC-specific peptides
to enhance targeted delivery. Functional assays and reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) con-
firmed efficient delivery, with miR-21 target mRNAs derepressed
and mature miR-122 successfully expressed. Co-delivery of both
RNAs inhibited HCC cell proliferation, migration, and invasion by
up to 34%, 63%, and 65%, respectively, and significantly promot-
ed apoptosis. Overall, this dual-miRNA delivery via bacteriophage
VLPs represents a stable, targeted, and effective strategy to correct
miRNA dysregulation in HCC.3

Bacteriophages, while promising as safe and cost-effective vec-
tors for targeted gene delivery in cancer therapy, face significant
limitations primarily due to their natural tropism for bacteria rather
than mammalian cells, resulting in relatively poor gene transfer
efficiency into human cells. Their inability to efficiently express
transgenes upon entry into eukaryotic cells restricts their direct
application, necessitating the development of hybrid vectors like
AAV/adeno-associated phage to improve targeting and transduc-
tion. Additionally, the extracellular matrix in tumors acts as a phys-
ical barrier, further reducing phage vector penetration and efficacy,
although enzymatic degradation of the extracellular matrix can
enhance delivery. Another concern is the potential for horizontal
gene transfer and contamination with bacterial endotoxins or other
pathogenic elements, which pose safety challenges for clinical
use. These factors collectively limit the widespread adoption of
bacteriophage-based vectors and require ongoing engineering and
combinatorial strategies to overcome these hurdles for effective
cancer gene therapy. %465

Oncolytic viral vectors

Oncolytic viruses are non-pathogenic viruses being developed
for cancer therapy. They exploit compromised immune responses
and release tumor-killing proteins, though their exact mechanisms
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remain unclear.®® Nevertheless, issues such as immune NET cas-
pase-cleavage of type I interferon signaling and viral resistance
still exist, which undermine their efficacy.®’ It has also been noted
that certain tumors become resistant to oncolytic virus infection, as
seen with B16F10 mouse melanoma cells, which became refrac-
tive to both vesicular stomatitis virus (VSVDS51) and the unrelated
Sindbis virus.®® The elimination of oncolytic viruses is driven by
tumor cell responses, stromal responses, antiviral immunity, and
some peripheral components, with the signaling of interferons
identified as associated with resistance.®® With Talimogene la-
herparepvec being the most well-known, there are currently five
accepted viral therapies.”’ The most frequent oncolytic virus is
herpes simplex virus (HSV)-1, though it has low efficiency with
systemic injections.”’”? Physical barriers, as well as the limited
capacity of the oncolytic virus genome to encode therapeutic pro-
teins, hinder delivery to solid tumors. Immune responses include
antigen-presenting cells, preexisting antibodies, and blood fac-
tors like factor IX (FIX), factor X (FX), and C4b-binding protein
(C4BP).” Oncolytic viruses are known to cause damage to healthy
tissues as well, as seen with the HSV-1-based NV1066, which in-
duces apoptosis in about 10% of uninfected gastric cancer cells.”*
Oncolytic VSVd51 viruses engineered to express miR-199a-5p
effectively inhibited the epithelial-mesenchymal transition-related
transcription factor ZEB1 in human triple-negative breast cancer
cells but failed to affect EMT gene expression in mouse triple-neg-
ative breast cancer cells. /n vivo, VSVd51-pre-miR-199 showed no
significant impact on tumor growth or survival in either syngeneic
or xenograft mouse models. This study highlights the context-de-
pendent challenges of combining miRNA delivery with oncolytic
virotherapy and emphasizes the importance of vector and tumor
model selection for effective therapeutic outcomes.””

Oncolytic virus therapy may exhibit limited selectivity towards
target cells, resulting in potential harm to healthy tissue surround-
ing the affected area. Stanziale et al.”* reported that human gas-
tric cancer cells infected with an HSV-1-based virus (designated
NV1066) died via apoptosis, a common form of programmed cell
death. The study also found that when both infected and uninfected
cells were mixed, approximately 10% of the uninfected cells also
underwent apoptosis.”* Severe side effects have been reported in
the oncolytic virus treatment group, including fever, neutropenia,
diarrhea, nausea, vomiting, chills, flu-like symptoms, arthralgia,
myalgia, extreme pain, and other common symptoms, with an el-
evated pooled risk ratio and risk difference compared to the control
group.”® Despite this, recent methods to reduce side effects and
eliminate oncolytic viruses in the body can be used, such as liquid
nitrogen shock and mesenchymal stem cells as vectors to deliver
these viruses.”’

Nonviral vectors

Non-viral vectors for gene therapy include liposomes, exosomes,
polymer nanoparticles, hydrogels, gold nanoparticles, dendrimers,
and VLPs.%"8 Limited research has been conducted on their use for
gene therapy, primarily due to challenges such as the endosome,
a cellular compartment that impedes the delivery and expression
of genes, as well as issues like low transfection rates, reduced ef-
ficacy over time, and limited infectivity in certain cell types.” In
a rat hepatoma model, researchers identified seven miRNAs that
were downregulated in tumors and used them to design luciferase-
expressing gene therapy vectors with improved tumor specificity.
These vectors were tested in cell lines, mouse liver, and tumor-
bearing rats. Among the miRNAs, miR-26a and miR-122 signifi-
cantly reduced transgene expression in healthy liver tissue (6.40%
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and 0.26% of control, respectively; p < 0.05), demonstrating ef-
fective liver de-targeting. In tumor tissue, miR-122 showed an
approximately 50% non-significant reduction, while miR-26a had
no significant impact on transgene expression. This study is the
first to demonstrate the use of differentially expressed miRNAs,
particularly miR-122 and miR-26a, to selectively reduce gene ex-
pression in liver tissue while preserving expression in HCC, sup-
porting their potential in developing more targeted and personal-
ized gene therapies for HCC.80 A vector-based plasmid expressing
miR-15a/16-1 was developed to evaluate its anti-tumor effects in
colon cancer. miR-15a and miR-16-1 were found to target cyclin
B1 (CCNB1), a protein linked to tumor cell survival and prolifera-
tion, with their levels inversely correlated to CCNB1 expression in
colon cancer cells. Transfection of the miR-15a/16-1 plasmid into
colon cancer cell lines reduced cell viability, colony formation, and
angiogenesis, while downregulating CCNB1 protein. Systemic de-
livery of the plasmid encapsulated in cationic liposomes signifi-
cantly inhibited tumor growth and angiogenesis in vivo in colon
cancer xenografts, demonstrating that miR-15a/16-1 effectively
suppresses colon tumor progression and may represent a promis-
ing therapeutic approach for colon cancer treatment.?!

Non-viral vectors are considered more attractive than viral vec-
tors due to their reduced toxicity, as they target cancer cells with-
out harming healthy ones.$?83 Viral vector-based gene therapy can
be very expensive, whereas non-viral vectors are relatively inex-
pensive and much easier to produce.®* Non-viral vectors also have
a much lower risk of generating an immune response than viral
vectors, which is important when treating patients with compro-
mised immune systems, such as those undergoing chemotherapy.®3
Additionally, non-viral vectors can be designed to be specific to
certain tissue types, improving delivery to the desired area, reduc-
ing the chances of off-target delivery and potential toxicity. They
can also carry larger payloads than viral vectors, allowing for the
delivery of larger genes or multiple genes.3¢

Studies show progress in developing lipid nanoparticles (LNPs)
and exosomes for the modification of cancer therapies by increas-
ing specificity to tumor cells and reducing off-target effects. Un-
like viral vectors, these non-viral alternatives are hypothesized
to be cheaper and safer. However, like traditional liposomes and
polymer nanoparticles, these lipid vectors suffer from low effi-
ciency due to poor transfection, inadequate endosomal escape, and
instability in biological systems. Research is focused on optimiz-
ing targeting mechanisms and transfection stability to overcome
these issues. LNPs are being designed using various ligands, such
as antibodies and peptides, to target cancer cells via receptor-me-
diated endocytosis. lonizable cationic lipids, such as DODMA or
DLinMC3DMA, known for their better cellular uptake and intra-
cellular release of therapeutic cargo, are used in the composition
of the LNPs to improve historically low transfection rates among
liposomes, which can be 1/10th to 1/1000th of viral transfection
rates.8” Other modifications, such as coating with distearoyl phos-
phatidylethanolamine-polyethylene glycol-2000-maleimide, have
been reported to improve LNP stability and reduce off-target ac-
cumulation. 8

Considering factors like biocompatibility and active targeting
attributes, exosomes (extracellular vesicles) are being studied for
use in drug and gene delivery. Researchers are already altering
their surfaces with targeting moieties to improve specificity while
employing electroporation and sonication, more precise load-
ing techniques that overcome previously encountered difficulties
in endosomal escape, to enhance nucleic acid or drug incorpo-
ration.?? Overcoming stability issues for effective in vivo deliv-
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ery and improved clinical feasibility is being addressed through
content modification and genetic engineering. These vectors are
likely to be translated into clinical use, as recent trials have dem-
onstrated promising results. Current research is focused on LNPs
in mRNA-based cancer vaccines, with exosomes being used to tar-
get OX40L T cells in ovarian and solid tumors through Moderna’s
mid-phase I1I trials.”**! Exosome-based therapies are also advanc-
ing in chemotherapy, gene therapy, and immunomodulation, with
an emphasis on safety standardization and large-scale production.
The application of high-throughput screening techniques, such as
DNA/RNA barcoding combined with these technologies, is ex-
pected to further enhance the precision medicine scope.®?

Nanorobotic vectors

Medical nanorobots are tiny, untethered devices capable of con-
verting energy into mechanical force to perform medical tasks.
Their small size allows them to interact directly with cells, mak-
ing them valuable in cancer diagnosis and treatment. These na-
noscale machines can deliver drugs or genes, perform therapeutic
functions, and target disease sites using active or passive power
systems (e.g., light, ultrasound, magnetic fields, or blood flow).
Unlike passive nanocarriers, nanorobots possess active propulsion
mechanisms. Despite their potential, a major challenge remains:
translating nanorobotic technologies into real-world clinical ap-
plications.!! Nanorobots represent a revolutionary advancement in
cancer treatment, offering targeted and highly efficient therapeutic
solutions at the microscopic level. Unlike traditional macro-scale
robots, nanorobots are designed to operate within the unique and
complex microenvironment of the human body, executing precise,
pre-programmed missions such as drug delivery, tissue repair, or
immune modulation. Their construction and control present sig-
nificant challenges due to the need for biocompatibility, minia-
turization, and accurate functionality. Depending on their intended
purpose, nanorobots vary in composition and structural design, of-
ten incorporating components like molecular sensors, chemotactic
systems, and microchips for disease detection and response. Nota-
ble examples include Pharmacytes (using chemotactic sensors for
targeted drug delivery), Microchips (signaling disease presence
electronically), Respirocytes (artificial red blood cells powered by
serum glucose), Microbivores (which exhibit rapid phagocytic ac-
tivity to destroy pathogens), Clottocytes (synthetic platelets capa-
ble of instant hemostasis), and Chromallocytes (advanced cellular
repair machines that assess and restore cellular functions). While
most nanorobotic systems remain in early experimental stages,
ongoing innovations are setting the groundwork for their future
integration into cancer therapy by emphasizing safety, precision,
and scalability.!!

While nanorobots offer significant potential for precise and
effective cancer treatment, several major challenges hinder their
clinical application. Technically, the nanoscale design and control
of these robots in complex biological environments, like blood or
other bodily fluids, are difficult due to low power efficiency, inter-
ference from cells, and challenges in movement precision. Safety
is also a concern, as malfunctioning nanorobots could cause harm
or be ineffective in certain tumor environments, necessitating rig-
orous testing and quality control. Regulatory gaps present another
barrier, as comprehensive guidelines for nanorobot development,
testing, and post-market monitoring are still lacking. Additionally,
the development of nanorobots is costly and resource-intensive,
requiring significant funding and cross-sector collaboration. Scal-
ability is a further hurdle, involving the need for advanced manu-
facturing techniques, cost reduction strategies, strict quality con-
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trol systems, and efficient supply chain management. Addressing
these multifaceted issues is essential for the successful translation
of nanorobotic technologies from the lab to clinical use.!! Hence,
advancements in nanotechnology inform the conceptual founda-
tion of VIBV, which integrates motile elements and environment-
sensitive delivery into a single multifunctional platform.

VIBV

This section presents the VIBV, a novel platform applicable to per-
sonalized medicine. VIBV is an advanced vector that incorporates
features from viral and non-viral gene delivery systems, as well
as nanomaterials and nanomotors, for enhanced gene therapy. It
uses nanotechnology to maximize therapeutic effectiveness while
minimizing side effects and overcoming the traditional delivery
challenges associated with viral and non-viral vectors. VIBV has a
spindle-shaped nanostructure that allows it to stealthily penetrate
tumors, evade the immune system, and prolong circulation due to
its polyethylene glycolylated liposomal coat. This coat facilitates
direct membrane fusion and efficient cytoplasmic entry at cancer-
critical temperatures. VIBV is designed to respond to stimuli and
selectively activate in response to tumor acidity, hypoxia, and the
high glutathione (GSH) level inside the cytoplasm. Referred to as
VIVB, its sperm-like flagellar nanomotor enhances mobility in
biological fluids, improving tumor localization.

Once inside, VIBV sequentially releases therapeutic cargo: on-
cogenic miRNA sponges neutralize malignancy, shRNA silences
key oncogenes, and tumor-specific antigen-encoding mRNA trig-
gers immune responses. Cyclin-targeting RNA constructs further
inhibit proliferation by halting the cancer cell cycle. These com-
bined mechanisms disrupt tumor growth at both the genetic and
immune levels.

Unlike conventional vectors, VIBV effectively navigates the
acidic, hypoxic TME while minimizing harm to healthy tissues. Its
non-immunogenic liposomal coat reduces immune rejection, and
its encapsulation ensures prolonged systemic circulation, surpass-
ing the stability of traditional non-viral vectors. VIBV is likely to
enhance tumor-targeting efficiency where conventional primers
cannot eliminate the hyperacidity or hypoxia typical of malignant
cells. The risk of harming healthy tissues is reduced due to its pH
and hypoxia-responsive targeting specificity. The potential for im-
mune rejection is significantly decreased due to the non-immu-
nogenic liposomal coat, offering an advantage over viral vector-
based therapies. Unlike conventional non-viral vectors, which
degrade quickly, the prolonged systemic circulation of VIBV is
ensured by its encapsulation.

Key features and components of the VIBV

We attempt to deliver a single-stranded miRNA sponge via the
VIBYV vector to eliminate cancer-related miRNAs due to its spe-
cific targeting capabilities and the ability to rapidly construct it
at a low cost. We will delve into the details of this process below.
Utilizing miRNAs obtained from exosomes for cancer diagnosis
shows promise as a non-invasive and rapid approach. This method
can be investigated using the cost-effective and accurate bulk RNA
barcoding and sequencing technique to sequence these RNAs.?3%4
Comparing miRNAs from healthy cells in the individual’s body
can help identify specific sequences that can serve as complemen-
tary targets for miRNA sponge and mRNA targeting. The minigene
cloning method is employed to create the miRNA sponge, which is
then inserted into the VIBV vector. A small double-stranded DNA
is inserted into the vector, which functions similarly to scAA1V6-
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shRNA, commonly used to inhibit proteins like aggrecanase-2
and aggrecanase-1.5 The vector transcribes the DNA to create the
shRNA, which inhibits cancer-related mRNAs and effectively sup-
presses cancer growth. The choice to utilize shRNA over siRNA
is primarily motivated by the cost-effectiveness of production and
its capability of delivering shRNA via lentiviral or retroviral trans-
duction to almost all types of cell lines.”® The vector also contains
a third strand that encodes the information necessary to produce a
tumor-specific antigen on the surface of cancer cells to stimulate
the immune system and promote the destruction of cancerous cells.
This process involves using an enzyme to transcribe DNA tem-
plates into RNA. The DNA template can be created by PCR using
primers that contain the sequence for the tumor-specific antigen.
After transcription, the mRNA can be purified and used for gene
therapy.”’

The fourth and final genetic cargo that must be placed inside the
vector is RNA that causes the cancer cell cycle and its growth to
stop. It has been proven that the replication of vesicular stomatitis
virus AMS51 (but not wild-type vesicular stomatitis virus) and a
paramyxovirus (Sendai virus) is greatly enhanced by G2/M cell
cycle arrest. This enhanced replication is likely due to the inhi-
bition of antiviral gene expression caused by mitotic suppression
of transcription during the G2/M phase. The findings suggest that
the G2/M phase represents a vulnerable point in infected cells that
can be exploited for virotherapy.”® Our goal is to ensure that the
final strand placed within the vector triggers the expression of the
N protein, which will then inhibit the cyclins of the tumor cell
and halt its growth in a similar manner to how the N protein of
SARS-CoV inhibits S-phase progression in mammalian cells.®® All
the given components have been integrated into the design of the
VIBV to ensure an effective and targeted cancer therapy approach.

VIBV design and structure

The VIBV vector has a unique spindle-shaped design. The follow-

ing are the main reasons behind this design:

1. Length: The vector is small but has enough room to accom-
modate the genetic material, allowing for compact and efficient
cargo delivery.

2. Penetration: Due to its sharp spindle shape, the vector can pen-
etrate deep into the TME and avoid suppression by the harsh
extracellular environment, unlike the previously mentioned vi-
ral vectors.

3. Increasing the contact surface of the inner layer of the vec-
tor with the outer layer of the liposome to facilitate cell entry:
The process of viral infection is complex and varies depending
on the specific virus. Some viruses, such as vaccinia virus or
Newecastle disease virus, lack specific receptors and enter cells
through a process called endocytosis, while others, like adeno-
viruses, use receptors on the cell surface, such as coxsackie and
adenovirus receptor or integrins. Measles virus uses CD46 for
entry, whereas HSV uses nectin or herpesvirus entry mediator.
Although tumor cells are known to upregulate these receptors,
they are also present in normal cells.!® To address this chal-
lenge, a liposomal layer will coat the surface of the VIBV vec-
tor, which will be discussed further.

Self-assembly is a powerful technique for creating nanostruc-
tures. It generates much of the functionality of living cells and can
simplify processes, reduce costs, and develop new approaches. It
is also highly capable of fabricating nanostructures in the range
of 1-100 nm. However, creating complex nanostructures requires
careful consideration of critical parameters such as well-defined
geometry and specific interactions between basic units. Self-
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assembly is relatively underused in microfabrication but holds
potential for using components too small to be manipulated ro-
botically, integrating components made using incompatible tech-
nologies, and generating structures in three dimensions and on
curved surfaces.!01:102

Viral capsids are resilient and easy to produce in large quantities.
They self-assemble into symmetric and highly uniform structures,
are programmable through genetic and chemical engineering, and
can form arrays. Their ability to protect cargo while allowing for
controlled uncoating is key in capsid design.!*1%* Using IP6 to
stabilize the capsid can prevent the collapse of the VIBV vector
during the process of entering cells to detect abnormal mRNA and
miRNA.

The lipo-VIBYV delivery system is a novel approach that utilizes
liposomes to protect the vector and enhance its effectiveness for
targeting cancerous cells. Polyethylene glycolylation, a process
of attaching polyethylene glycol molecules to the surface of the
liposomes, creates a stealth outer layer around the vectors. This re-
duces aggregation and nonspecific interactions, extends the blood
circulation time of the vectors, and decreases rapid clearance by
the reticuloendothelial system.!?> Unlike exosomes, liposomes are
more uniform in structure with a more controllable surface charge
as well as physical and chemical properties. These factors, along
with the increased blood circulation and reduced clearance rate of
pegylated liposomes, make them an appealing candidate for a de-
livery system,106:107

While most delivery systems rely on lipofection, a process that
induces immune responses and cytotoxic effects, ibidi GmbH has
developed Fuse-It liposomal reagents that increase the efficiency
of fusion with the cell membrane by 80-100%. This molecule
transfer does not rely on biological processes such as endocyto-
sis, pinocytosis, or specific receptor binding.!%® Such commercial
fusogenic nano-carriers containing RNA molecules were recently
investigated by Hoffmann ez al.'% The results indicated that the
RNAs were successfully transferred to the cytoplasm, and cy-
tokine expression decreased. Moreover, immune responses were
minimal in zebrafish embryos, zebrafish brains and cortical tissue,
and the brains of mammals.!?

After the successful transfer of the vector to the cells in the tu-
mor area, the liposomal layer of the lipo-VIBV delivery system
fuses with the membrane of the cells concentrated in the tumor
area, causing the vector to enter and initiate the treatment process.
The fabrication of a responsive nanocarrier, DANPCT, is an ex-
ample of a hypoxia- and acidity-sensitive nanoparticle designed
for the specific treatment of tumor cells. The nanocarrier exhibited
improved stability at neutral pH and displayed a rapid response to
pH-activated transcriptional trans-activator (TAT) function, accel-
erating internalization by tumor cells. This example contributes to
the rational design of TME-responsive nanocarriers for precise and
effective cancer treatment.!'? Incorporating pH, oxidative stress,
or hypoxia-sensitive substances into the vector can increase its
ability to target and enter cancerous cells.

GSH-responsive nanocarriers are a promising approach in
cancer therapy, designed to target cancer cells and release drugs
effectively by exploiting the high GSH levels found inside these
cells. These carriers remain stable in the bloodstream but break
down in the presence of elevated GSH concentrations (2—10 mM
in cancer cells compared to 2-20 uM outside), ensuring precise
drug release within tumors.!':!12 Some tumor tissues have a phe-
nomenon known as leaky blood vessels, which causes certain
particles to accumulate in tumor tissues—this is referred to as the
enhanced permeability and retention effect.!’® Nanoparticles have
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Pri-shRNA
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therapeutic RNA cargos.
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Fig. 1. Schematic representation of the VIBV. The vector consists of a polyethylene glycolylated liposomal outer coat (providing immune evasion and pro-
longed circulation), a spindle-shaped nanomotor (resembling a flagellum, facilitating targeted movement), and four distinct internal cargo compartments:
(1) miRNA sponge, (2) shRNA, (3) tumor-specific antigen mRNA, and (4) cyclin-inhibitory RNA. These compartments enable multi-step cancer-targeting
actions. The approximate length of the spindle-shaped structure is approximately 200 nm. The structure shown is conceptual and illustrates the design
framework of the VIBV. miRNA, microRNA; mRNA, messenger RNA; PEG, polyethylene glycol; shRNA, short hairpin RNA; TAA, tumor associated antigen; TSA,

tumor specific antigen; VIBV, Vir-inspired Biotechnological Vector.

been shown to deliver platinum drugs, resulting in rapid cancer
cell death via GSH-triggered drug release. For instance, Ling et
al."* demonstrated how nanoparticles transport platinum drugs
with rapid GSH-induced release, killing cancer cells in the pro-
cess. These carriers help overcome drug resistance and improve
therapy outcomes.!'> One of the most promising aspects is the abil-
ity to image and track drug carriers using fluorescence and PET
imaging, which allows for real-time monitoring of drug delivery
and can assist in tailoring treatments.!'® Upon entering the cell, the
vector ensures it has reached a cancerous environment by detecting
elevated GSH levels, which are significantly higher in tumor cells
than in normal tissues. This biochemical cue triggers the controlled
opening of the vector, releasing its therapeutic RNA cargo. These
RNA molecules then utilize the cell’s microtubules as transport
highways to reach their designated intracellular targets, facilitat-
ing precise gene silencing and therapeutic action. This targeted ap-
proach enhances treatment specificity, minimizing harm to healthy
cells while maximizing therapeutic efficacy within the tumor.

In the design of sperm-based nanorobots, one goal is to utilize
the intrinsic driving force of motile sperm to power the machines.
The VIBV vector has the ability to move through a sperm-inspired
tail, which resembles biological fluids. An additional aspect of the
flagellum is its ability to penetrate deep into tissue with the help

of its propulsive force, accelerating the treatment process. In 2021,
Celi et al."” successfully self-assembled superparamagnetic heads
and flexible Au/PPy flagella nanorobots. Under magnetic fields,
the heads rotated the tails and generated undulatory waves for bi-
directional locomotion. Locomotive properties varied with field
strength, frequency, direction, and tail length."!” By using self-
assembly, artificial molecular motors are placed inside a vector,
and up to four nucleic acid strands are connected to them. These
strands include a miRNA sponge, double-stranded DNA for shR-
NA, messenger RNA for expressing tumor-associated antigens on
the surface of the cancerous cell, and RNA that causes the cell cycle
to stop and inhibit cyclins. Inside the cancer cell, these molecular
motors move these strands with linear movements on the microtu-
bules of the host cell. When these motors are inside the vector, they
cause the vector’s flagellum to move like that of sperm. The basic
structure of the VIBV vector is presented in Figure 1.

VIBV vector mechanism of action

VIBV is injected systemically into the body to treat cancer. This
modified vector carries designed strands that specifically target
and eliminate cancer cells, demonstrating promising theoretical
potential for significant tumor reduction. The vectors, using their
flagella to swim through the blood, search for tumors guided by
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Fig. 2. Conceptual mechanism of action of the VIBV. (a) The VIBV’s polyethylene glycolylated liposomal coat fuses with the tumor cell membrane, allowing
vector entry. (b) Once inside, nanomotors and RNA cargo interact with the microtubules for intracellular transport. (c) Released RNAs sequentially perform
therapeutic tasks: miRNA sponges neutralize oncogenic miRNAs, shRNA silences tumor genes, tumor antigen mRNA activates immune responses, and
cyclin-inhibitory RNA arrests cancer cell division. The mechanisms illustrated are based on theoretical design and currently reflect preclinical hypotheses
rather than fully validated in vivo pathways. GSH, glutathione; miRNA, microRNA; mRNA, messenger RNA; RISC, RNA-induced silencing complex; shRNA,
short hairpin RNA; TAA, tumor associated antigen; TME, tumor microenvironment; TSA, tumor specific antigen; VIBV, Vir-Inspired Biotechnological Vector.

acidity and hypoxia. The presence of nanoparticles further en-
hances the vector’s attraction to tumors, increasing the chances of
making contact. Once the vector has entered the TME, it passes
through the cell membrane of the tumor cell, allowing it to access
the interior while shedding the outer liposomal layer during fusion
(Fig. 2a).

Upon entry into the cancerous cell, the GSH nanosensor will
facilitate the release of the vector’s cargo into the cytoplasmic
environment. The negative charge on the microtubules within the
tumor cell then facilitates the connection of the vector to the mi-
crotubules, enabling the treatment process to begin. After connect-
ing to the microtubule, the vector compartment opens, exposing
its cargo to the alkaline cytoplasm of the cancer cell. Four pairs
of nanomotors, as mentioned in this article, are activated in this
environment. By halting their spinning movements, they detach
from the vector and move along the microtubule to reach their des-
ignated destination (Fig. 2b).

These four pairs of molecular motors are labeled based on their
sensitivity to the alkaline environment. The first nanomotor, which
is the most sensitive, begins to move linearly and guides the at-
tached miRNA sponge to its target. If the cell is cancerous and
the miRNA sponge sequence matches the miRNA found in the ex-
osomes of the patient, the process of eliminating the cell continues.
However, if there is no match between the miRNA sponge and the
RISC, it indicates that the cell is not cancerous, and the miRNA
target of the miRNA sponge is not present. In this case, the activity
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of the miRNA sponge will not lead to the cleavage of any miRNA.
Ultimately, the healthy cell’s lysosomes will eliminate the vector.
If the miRNA sponge is complementary to the targeted miRNA,
the process of gradual destruction of defective miRNAs begins
in the cell. Simultaneously, the stimulus that triggers the second
nanomotor is generated, initiating the movement of the second
strand, which is a double-stranded polynucleotide chain, along the
cancerous cell’s microtubule.

In this scenario, the polynucleotide double strand is constructed
with promoter sequences suitable for the polymerization of either
RNA polymerase III or II for shRNA. The molecular motor then di-
rects this strand to the cell nucleus for transcription by the RNA pol-
ymerase enzyme to produce multiple copies. A series of enzymes,
including DGCRS8 and Drosha, will convert the shRNA into its pre-
cursor form, Pri-shRNA. This molecule is subsequently exported
from the cell nucleus by exportin 5. The final step involves process-
ing by the enzyme Dicer, which adds it to the RISC. At this point,
the passenger strand of the double strand is discarded. The guide
strand then directs RISC to bind its mRNA target that possesses a
complementary sequence, ultimately leading to mRNA degradation.

After stimulation, the third nanomotor moves toward the ribo-
somes, allowing the mRNA strand attached to the nanomotor to initiate
the production of tumor-specific and tumor-associated antigens on the
surface of the cancer cell. This action triggers the immune system to
respond and directs the body’s immune cells to recognize and destroy
the cancer cell, which contributes to tumor suppression.
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Table 1. Overview of recent RNA-targeting strategies for cancer treatment, focusing on circRNAs, miRNAs, and siRNA-based therapies in preclinical
studies
. . . .. - Refer-
Cancer type Therapeutic approach Mechanism of action Preclinical findings ence
PDAC miR-506-3p delivered via PEI Induces apoptosis, necrosis, High biocompatibility in mice, 118
F25-LMW nanoparticles autophagy, and ROS production no significant side effects, but
no complete tumor regression
TNBC Nanodrug targeting miR-10b Prevents metastasis and inhibits the Effective in TNBC models 119
(antisense oligonucleotides growth of pre-existing metastases
+ magnetic nanoparticles)
HCC shRNA targeting KIF23 Regulates miR-107/KIF23 axis, Prevented oncogene-induced 120
reducing hepatoma cell proliferation liver cancer in mouse models
CRC RNAI or shRNA targeting circRNAs  Inhibits circRNAs that act Efficacy demonstrated in 121
as miRNA sponges preclinical in vivo models
cRCC Fusogenic liposome encapsulating  Targets functional genes Designed to interfere with 122
siRNA against C14o0rf142 required for metastasis metastatic dissemination
TNBC Nanodrug targeting miR-10b Prevents metastasis and inhibits Demonstrated efficacy in 119
cancer stem cell survival TNBC metastasis models
NSCLC siRNA or shRNA targeting Inhibits circRNAs that sponge miRNAs, Identified circRNAs 123
up-regulated circRNAs preventing mRNA target cleavage promoting NSCLC growth
in preclinical models
CRC RNAi or shRNA targeting Suppresses circRNAs mediating Effective in preclinical models 121
chemoresistance- drug resistance and upregulating against drug-resistant CRC
associated circRNAs key cellular components
PDAC miR-506-3p replacement therapy  Induces autophagy, Modulates oncogene and 118
apoptosis, senescence, and suppressor gene expression
mitochondrial alterations
RCC siRNA via fusogenic liposomes Targets genes required for metastasis ~ Potential synergy with TKls 122
and IncRNA blockade and blocks IncRNA pathways to
overcome drug resistance
PCa Targeting circFKBP5 Reduces miRNA sponging to regulate  Potential suppression of 124

and circRNA-ARC1

genes involved in cancer progression

metastasis and improved

therapeutic outcomes

Studies included in this table were selected based on their relevance to RNA-based cancer therapies involving miRNA, siRNA, or circRNA delivery, with a focus on preclinical mod-
els published in peer-reviewed journals between 2018 and 2024. Only studies providing mechanistic insight and measurable therapeutic outcomes were included. C140rf142,
chromosome 14 open reading frame 142; circFKBPS5, circular RNA FKBP prolyl isomerase 5; circRNA-ARC1, circular RNA- activity-regulated cytoskeleton-associated protein 1; CRC,
colorectal cancer; cRCC, clear cell renal cell carcinoma; HCC, hepatocellular carcinoma; KIF23, Kinesin family member 23; NSCLC, non-small cell lung cancer; PCa, prostate cancer;
PDAC, pancreatic ductal adenocarcinoma; PEI F25-LMW, polyethylenimine F25-low molecular weight; RNAi, RNA interference; ROS, reactive oxygen species; shRNA, short-hairpin
RNA; siRNA, small interfering RNA; TKls, tyrosine kinase inhibitors; TNBC, triple-negative breast cancer.

The final nanomotor contains RNA that triggers the production
of the N protein, which blocks the cyclins in the cell cycle of the
cancer cell. This action leads to the termination of cell division and
the arrest of the growth of cancer cells, preventing the spread of
cancer (Fig. 2¢).

Preclinical evidence and supporting data for the VIBV vector

The progress in the development of the VIBV stems from the re-
cent integration of viral gene delivery systems with non-viral-based
systems. The great efficiency of transfection is only one component
to consider. As the constraints of conventional delivery systems, in-
cluding, but not limited to, immunogenicity, lack of specificity, and
low intracellular uptake, continue to increase, new bioengineered
approaches for RNA-based cancer therapy are desperately needed.
In recent years, preclinical and clinical studies have demon-
strated the potential of miRNA-based interventions in cancer cell

10

therapy. Various delivery strategies, including nanoparticles, viral
vectors, and exosomes, have been explored to enhance the stability
and efficacy of miRNA therapeutics. A brief summary has been
provided in Table 1.118-124 Despite these advancements, challenges
such as immune responses, off-target effects, and efficient tumor
targeting remain significant hurdles. Below, we explore some of
the most relevant research studies in this area.

Hybrid vector systems and enhanced delivery efficiency

The use of some virus-derived components in fully artificial na-
nocarrier systems has been shown to improve their transfection
efficiency and retention. Research within the scope of VLPs and
lipid-polymer hybrid nanospheres suggests that there are many
benefits to be gained from imitating viral cell entry mechanisms,
while non-viral vectors remain less toxic. VIBV has been designed
to provide higher stability of RNA, better tumor delivery, and
lower non-specific systemic exposure. A number of VLP-enabled
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Table 2. Recent advances in the applications of nanomotors for different fields of therapy
Name Model Target Results Efficiency iz
ence
CMPBC In vitro: Intestinal epithelial  CRC 3.5x higher drug Mucus penetration: 132
and mucus-secreting delivery, 8.3x 8.3x Drug delivery: 3.5x
cells, colon cancer cells. improved mucus Therapeutic: 98.6%
In vivo: Various colorectal penetration, 98.6%
cancer mouse models, tumor inhibition, 60%
including orthotopic and survival at day 60, no
advanced tumor models significant toxicity
Gd-MCNs/ ApoE-/- mice, high-fat diet  Atherosclerosis Reduced plaque ratio  Plaque ratio 8.03% 129
Pt-RAPA-AC to 8.03%, decreased
inflammation
Helical magnetic Mice Safety No toxicity up Safe up to 55 mg/kg 130
assessment to 55 mg/kg
MSNPs Tumor-bearing mice Bladder cancer Promising drug At high radiochemical yields 133
delivery nano system (73 £ 10%) and excellent
radiochemical purity (299%).
The labelled nanobots showed
good stability at 37 °C in both
water and 300 mM urea
AG-DMSNs Mouse wound model MRSA infection  99% anti-biofilm 99% anti-biofilm 131
efficiency, bacterial
burden reduced
Urea-fueled, AMPs Murine infection model Acinetobacter  Reduced infections by 3 orders reduction 131
baumannii 3 orders of magnitude
RBC-HNTM-Pt@Au MRSA-infected MRSA 99.9% antibacterial 99.9% antibacterial 131

osteomyelitis

after 15 m US,
eradication in 4 weeks

AMPs, antimicrobial peptides; CMPBC, CP@MSN/PB@CWL; CRC, colorectal cancer; MRSA, methicillin-resistant Staphylococcus aureus; MSNPs, mesoporous silica nanoparticles;

US, ultrasound.

prophylactic vaccines are in development or already available.
However, only those directed against Hepatitis B Virus (HBV) and
Human papillomavirus (HPV) are licensed for clinical application
in humans. The rest remain in the phase of preliminary tests.?

Research indicates that VLPs could be valuable for enhancing
preclinical tumor models since they can improve drug delivery
and have shown promise as nanocarriers in targeted therapy for
cancer. For example, potato virus X modified with doxorubicin
(DOX) demonstrates greater efficacy than free DOX, significantly
shrinking tumors in different models of MDA-MB-231 breast can-
cer xenografts.'?5 Tobacco mosaic virus (TMV)-based platforms
have also been examined for glioblastoma and triple-negative
breast cancer (TNBC).!26 DOX-loaded TMV increased survival
in intracranial glioblastoma models, while mitoxantrone-loaded
TMYV was found to be more useful in TNBC xenografts.!26:127 Ad-
ditionally, TRAIL-potato virus X completely regressed tumors in
TNBC models 30 days post-administration. These studies suggest
the need for developing VLPs for cancer nanomedicine, emerging
as a new platform that warrants further exploration with respect to
their stability, targeting, and therapeutic delivery efficacy.!?8

Nanomotors

In 2025, a study developed a dual-mode-driven nanomotor ca-
pable of targeting inflammatory macrophages for magnetic reso-
nance imaging and atherosclerosis therapy. These nanomotors
were Gd-doped mesoporous carbon nanoparticles/Pt with rapa-

DOI: 10.14218/GE.2025.00042 | Volume 24 Issue 4, October 2025

mycin AntiCD36 antibody modification, which, besides using
hydrogen peroxide, were also propelled by near-infrared laser.
In ApoE—/— mouse models, self-motion and photothermal abla-
tion were enhanced, and MR imaging showed a peak signal at 6
h post-injection, with the most intense signals in the Gd-doped
mesoporous carbon nanoparticles/Pt-rapamycin AntiCD36 anti-
body modification + near-infrared group. Aortic oil red O stain-
ing showed a plaque burden of 8.03% in the experimental group
compared to 34.41% in the controls, alongside lower inflammatory
markers (interferon-y, interleukin-6, tumor necrosis factor-a) and
total cholesterol, suggesting anti-inflammation.'?® In a 2022 study
on magnetic nanomotors powered by external fields, complete bio-
compatibility was observed, with no toxicity found in mice up to
55 mg/kg. These nanomotors had a circulation phase in the blood
before they were observed to adhere to the walls of blood ves-
sels, and perfusion was shown to reduce adhesion, supporting their
use for safe drug delivery.!3 In the area of nanomotors, there is
great potential for their use as antimicrobial agents. Silver-gated
dendritic mesoporous silica nanoparticles were shown to penetrate
MRSA-infected wound biofilms in mice, resulting in 99% effec-
tiveness and a 10,000-fold decrease in bacteria. In other studies,
urea-fueled enzymatic nanomotors with antifouling peptides im-
proved Acinetobacter baumannii infection rates in mouse models
by over 1,000 times. These results highlight the greater potential of
nanomotors beyond drug delivery, extending to imaging and multi-
targeted therapies.!3! See Table 2 for more details.!29-133
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Future directions

While progress has been made in preclinical research on miRNA-
based therapeutics, they are still in their infancy, with very few
advancing to phase III clinical trials or receiving the approval of
the U.S. Food and Drug Administration. Other challenges include
the need to improve target specificity, reduce immunogenicity,
enhance delivery methods, and optimize dosing for efficacy and
safety.134

The integration of viral and non-viral vector systems, alongside
modern techniques in nanotechnology, in the VIBV formulation
marks an important milestone in precision medicine for cancer
therapy. VIBV is designed to increase specificity and stability
while achieving greater delivery efficiency and reduced off-target
effects. The tumor cells are locally targeted by VIBV through pH
and hypoxia sensitivity, enabling gene silencing and tumor sup-
pression. In other words, the combination of hypoxia sensitivity,
high GSH levels, and the precise matching of engineered RNAs
within the vector ensures effective treatment inside cancer cells
while minimizing damage to healthy tissues. This targeted ap-
proach leverages the unique TME, where hypoxia and elevated
GSH levels act as triggers for the vector to release its therapeutic
cargo. The engineered RNAs, such as miRNA sponges and shR-
NA, are designed to match specific cancer-related targets, ensuring
accurate gene silencing and immune activation within cancer cells.
By responding to these tumor-specific conditions, the vector maxi-
mizes therapeutic efficacy while reducing off-target effects. As a
result, patients are likely to experience fewer side effects during
treatment, making this approach a promising advancement in can-
cer therapy. Its fusogenic liposomal coat lowers immunogenicity
and enhances uptake, and the multi-modal approach of VIBV, en-
compassing oncogenic miRNA suppression, oncogene silencing,
tumor antigen expression, and disruption of the cell cycle, offers a
comprehensive anti-cancer strategy. Due to the spindle-like form
and the movement provided by the nanomotors, VIBV is expected
to be more penetrative toward tumors in proportion to its systemic
circulation throughout the body. The toxicity of VIBV is also low-
er than that of other viral vectors, as its non-immunogenic coating
renders it non-immunogenic. These features are important because
such a self-assembling structure increases the reproducibility and
scalability of VIBV. Optimizing large-scale production and further
refining specificity toward tumors to evade off-target interactions
remain priorities. Maximizing controlled release of the cargo and
minimizing off-target effects are also key to achieving the desired
impact. Extensive preclinical and clinical testing will be needed
to confirm safety and therapeutic efficacy. Improvement of track-
ing imaging modalities, changes in targeting ligands, and potential
integration for other genetic disorders could broaden the scope of
applications for VIBV. The use of clustered regularly interspaced
short palindromic repeats for gene editing may further improve
its application in the precision medicine field. While the reviewed
VIBV platform demonstrates an innovative integration of viral and
non-viral elements for targeted cancer therapy, several limitations
warrant careful consideration to assess its translational viability.
Notably, the self-assembled architecture of VIBV may face batch-
to-batch reproducibility issues, which could hinder large-scale
production and regulatory approval. Additionally, although poly-
ethylene glycolylation is employed to minimize immune detection,
the use of sperm-like nanomotors could still provoke unforeseen
immunogenic responses in vivo. Another critical limitation is the
absence of comparative in vivo efficacy data against well-estab-
lished delivery systems, such as AAVs or LNPs. Addressing these
challenges through rigorous preclinical testing and direct bench-
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marking will be essential before clinical translation can be realisti-
cally envisioned.

Conclusions

Due to the heterogeneity of cancers across individuals, the use of
personalized treatments is becoming increasingly important. It is
no longer feasible to apply a one-size-fits-all approach to cancer
treatment, as each case requires a tailored therapeutic strategy for
optimal efficacy. VIBV presents an innovative and exciting solu-
tion for gene therapy and personalized medicine across different
cancer types, addressing major problems in delivery, treatment
accuracy, and efficiency simultaneously by combining novel and
promising therapies. Innovations like VIBV could dramatically al-
ter cancer treatment, but further development and proof of concept
will be necessary for clinical use. Rigorous preclinical studies, op-
timization of large-scale production, and thorough safety evalua-
tions will be critical for translating VIBV into a viable therapeutic
platform. Addressing challenges such as immune compatibility,
regulatory approval, and precise tumor targeting will define its
future clinical success. As advancements in gene delivery and na-
notechnology continue to evolve, VIBV offers a promising foun-
dation for the next generation of precision oncology treatments.
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