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Abstract: Gastrointestinal cancer is one of the greatest challenges for biomedical research, accounting
for one-quarter of diagnoses and one-third of deaths nowadays, due to the existence of drug resistance
mechanisms that prevent therapeutic efficacy in advanced stages. Nanotechnology has been shown
to be an effective strategy for the evasion of this phenomenon, and gene silencing by siRNA makes
it possible to decrease the expression of certain genes involved in chemoresistance and tumor
progression. Our review analyzed studies published during the last 5 years that combined siRNA
gene inhibition and chemotherapy as treatment of different gastrointestinal tumors. This review was
carried out by searching PubMed, SCOPUS and WoS databases, where 49 articles were finally selected.
The results showed that simultaneous encapsulation of siRNA targeting different genes involved in
cancer and chemotherapy were more effective at the preclinical level compared to the administration
of both treatments individually. The cytotoxic effect was generated through increased induction of
apoptosis derived from the dysregulation of chemoresistance-related pathways, producing a decrease
in tumor volume and an increase in survival of mice in in vivo assays. Therefore, the combination of
both therapies in the same nanoformulation appears to be an interesting therapeutic strategy for the
treatment of gastrointestinal tumors.

Keywords: nanotechnology; gastrointestinal cancer; siRNA; chemotherapy

1. Introduction

Gastrointestinal cancer, one of the most common diseases worldwide, has become one
of the greatest challenges in medicine and biomedical research [1], with a rising incidence
of 151,030 new cases in 2022, but most patients are diagnosed at the late stages of the
disease when the tumor cells do not fully respond to therapy. In fact, 50% of patients were
already at an advanced stage of metastasis at the time of diagnosis [2] due to the lack of
distinctive clinical signs, such as the inexistence of specific markers or symptoms for it,
which made its treatment very difficult [3]. Among the neoplasms included in the group
of gastrointestinal cancers, we can highlight colorectal cancer, which the literature has
emphasized in recent years due to its high recurrence and mortality. Other neoplasms
included are esophagus, stomach, liver, pancreas and biliary tract [4]. One of their main
problems is the ineffective therapy used nowadays in advanced metastatic cancers due
to the existence of several resistance mechanisms that hinder the application of these
conventional treatments [5]. In addition, most of the drugs and their combinations generate
unwanted side effects in the patient such as 5-fluorouracil cardiotoxicity or oxaliplatin
neurotoxicity [6]. Currently, treatment has evolved greatly by integrating procedures
such as immunotherapy against specific tumor receptors such as HER2 [7] and focusing
on immune checkpoints targeting programmed cell death ligands, such as PD-L1 [2]. T
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cells with chimeric antigen receptors [8] and targeted therapies for much more effective
individualized treatments, e.g., CRISPR/CAS9 gene-editing, or tumor vaccines [9], were
also used, but still with limitations due to outcome variability between patients.

To alleviate the disadvantages, the alternative of using nanoparticles, i.e., structures
of less than 100 nm, has emerged as a vehicle element, which has the capacity to increase
therapeutic efficacy and reduce toxicity. This is due to the unspecified activity of anti-
cancer agents through specific targeting of the tumor tissue using antibodies or specific
binding molecules [10].

Recently, the use of siRNA together with other chemotherapeutics has emerged as
a new therapy against tumor development by suppressing the expression of specific
genes associated with tumor progression in different cancer cell models, achieving a
considerable cell proliferation and migration reduction. In preclinical models, reduced
angiogenesis, metastasis and tumor growth compared with individual treatments were
observed, obtaining an interesting synergic effect when these two therapies are used
together. Despite having a solid preclinical success in some experimental models, these
treatments did not have a demonstrable clinical impact due to several factors. Among
them, we could highlight the rapid degradation of these siRNAs by RNAases present
in the serum of the bloodstream of the patient or the side effects that may be produced
by these therapies due to the non-specificity of action. In addition, the inability of these
drugs to passively penetrate the cell membrane and the dense and irregular structure of the
extracellular matrix (ECM) may render these therapies ineffective. Finally, unencapsulated
administration of these therapies may result in macrophage-assisted hepatobiliary excretion
and renal clearance, in addition to generating immunogenicity due to the administration of
these siRNAs [11–13].

siRNA could be protected and directed by its encapsulation in nanoparticles, optimiz-
ing their applicability and overcoming their intrinsic limitations such as lack of specific
tumoral direction in vivo or the difficulty of crossing the cell membrane and controlling
immunogenicity [13]. It is common to incorporate antitumor chemotherapeutics into treat-
ment to maximize their effect in a reciprocal way, and the use of siRNA in nanoparticles
can mediate chemosensitivity and enhance the effects of the drug, and even reprogram
the tumor microenvironment [12,14–19]. A wide variety of nanoparticles have also been
used for the delivery of these molecules, ranging from polymeric nanoparticles [11] to
liposomes [20], to optimize their use in different tumor types and clinical situations.

This systematic review aims to convey the most recent advances in the use of siRNA
in nanoparticles for tumor therapy in gastrointestinal cancer, addressing their possible joint
use with chemotherapeutics to optimize their efficiency.

2. Materials and Methods
2.1. Study Eligibility

The purpose of this systematic review was to analyze the most recent and relevant in-
formation from studies focusing on siRNA-loaded nanoparticles for cancer therapy against
gastrointestinal cancer, using another chemotherapeutic, drug or therapy in a complemen-
tary and synergistic manner, for example, to increase the chemosensitivity of cancer cells
to a particular drug to which they were initially resistant. This review was conducted
following the criteria set out in the PRISMA guidelines [21] and it was registered in the
OSF database (osf.io) on 12 June 2024. The registration information can be accessed
through the following link: https://doi.org/10.17605/OSF.IO/TV7KZ (accessed on
26 July 2024).

2.2. Inclusion Criteria

The systematic review included all scientific publications in article form found in the
PubMed, Scopus and Web of Science databases published between 2019 and 2024 and which
included, as a fundamental topic, the use of siRNA-carried nanoparticles in gastrointestinal
cancer, in any of its subtypes, in combination therapy with other chemotherapeutics or

https://doi.org/10.17605/OSF.IO/TV7KZ
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therapeutic elements to achieve a synergistic effect, reduce chemoresistance or any other
effect contemplated in the review.

2.3. Exclusion Criteria

Studies were excluded from the systematic review based on whether they lacked any of
the fundamental concepts that were addressed in this study, such as the use of nanoparticles,
the use of siRNA or the type of cancer, as they had to have all the requirements to be
considered in the study. In addition, studies withdrawn from databases, reviews or book
chapters were excluded from the study.

2.4. Data Sources

For the bibliographic search, the electronic databases Pubmed, SCOPUS, and Web
of Science were used. The established medical subject heading (MeSH) terms for the
search in Pubmed were integrated by: ((((“Colorectal Neoplasms”[MeSH Terms] OR
“Gastrointestinal Neoplasms”[MeSH Terms] OR “Esophageal Neoplasms”[MeSH Terms]
OR “Intestinal Neoplasms”[MeSH Terms] OR “Stomach Neoplasms”[MeSH Terms] OR
“Cecal Neoplasms”[MeSH Terms] OR “Duodenal Neoplasms”[MeSH Terms] OR “Ileal
Neoplasms”[MeSH Terms] OR “Jejunal Neoplasms”[MeSH Terms] OR “pancreatic neo-
plasms”[MeSH Terms] OR “liver neoplasms”[MeSH Terms] OR ((“colon*”[Title/Abstract]
OR “colorectal”[Title/Abstract] OR “gastric*”[Title/Abstract] OR “liver”[Title/Abstract]
OR “pancreas*”[Title/Abstract] OR “Gastrointestinal”[Title/Abstract] OR “esophageal*”
[Title/Abstract] OR “intestinal*”[Title/Abstract] OR “stomach*”[Title/Abstract] OR
“cecal*”[Title/Abstract] OR “duodenal*”[Title/Abstract] OR “ileal*”[Title/Abstract] OR “jeju-
nal*”[Title/Abstract]) AND (“cancer*”[Title/Abstract] OR “tumor*”[Title/Abstract] OR “tu-
mour*”[Title/Abstract] OR “neoplasm*”[Title/Abstract] OR “carcinoma*”[Title/Abstract])))
AND (“rna, small interfering”[MeSH Terms] OR “interfering rna small”[Title/Abstract]
OR “short interfering RNA”[Title/Abstract] OR “small interfering RNA”[Title/Abstract]
OR “shRNA”[Title/Abstract]) AND (“nanoparticles”[MeSH Terms] OR “nanoparticles”
[Title/Abstract]) AND (“antineoplastic agents”[MeSH Terms] OR “agents anticancer”[Title/
Abstract] OR “agents antineoplastic”[Title/Abstract] OR “agents antitumor”[Title/Abstract]
OR “Anticancer Agents”[Title/Abstract] OR “Antineoplastic Drugs”[Title/Abstract] OR
“Antineoplastics”[Title/Abstract] OR “Antitumor Agents”[Title/Abstract] OR “Antitumor
Drugs”[Title/Abstract] OR “Cancer Chemotherapy Agents”[Title/Abstract] OR “Cancer
Chemotherapy Drugs”[Title/Abstract] OR “Chemotherapeutic Anticancer Agents”[Title/
Abstract] OR “Chemotherapeutic Anticancer Drug”[Title/Abstract] OR “chemotherapy
agents cancer”[Title/Abstract] OR “chemotherapy drugs cancer”[Title/Abstract] OR “drugs
antineoplastic”[Title/Abstract] OR “drugs antitumor”[Title/Abstract] OR “drugs can-
cer chemotherapy”[Title/Abstract] OR “chemotherapy”[Title/Abstract])) NOT “review”
[Publication Type]) NOT “systematic review”[Publication Type]) AND (2019:2024[pdat]).

This search formula was subsequently adapted to the SCOPUS and WoS databases
for the corresponding systematic searches. All bibliographic information extracted from
the searches was stored in the bibliography software Mendeley Reference Manager 2.120.0
(Elsevier, Amsterdam, The Netherlands).

2.5. Study Selection

The selection of included studies was performed in duplicate. J.R.-C. and F.Q. found
the relevant literature using the search formula above. Subsequently, the titles and abstracts
were observed to select those articles that met the established inclusion criteria. Subse-
quently, a complete reading of the texts was carried out, selecting for the elaboration of this
review those articles that possessed the information sought.
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2.6. Data Extraction

The data obtained following a thorough analysis of the selected articles included in
the review were presented in different tables indicated in the manuscript. This included
information about the type of nanoparticle, the type of gastrointestinal cancer, the siRNA
target, the co-therapy drug, whether in vitro and in vivo assays were employed, and the
results obtained.

3. Results
3.1. Study Description

After conducting the bibliographic search in the PubMed, SCOPUS, and Web of
Science databases, a total of 140 articles were obtained. Subsequently, 44 duplicate articles
were excluded and, once analyzed by title and abstract, another 32 articles were excluded,
leaving 64 selected. Likewise, 15 of the 64 articles did not meet the inclusion criteria or
had low-quality values. Therefore, a total of 49 articles were finally included in the present
systematic review. All the data concerning the search are represented in the flow diagram
in Figure 1.
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3.2. Nanoparticles for Colorectal Cancer Treatment

Most of the studies included the chemotherapeutic oxaliplatin (OXA) as co-therapy
with siRNA. A study performed by Zhou et al. (2022) used DAN nanoparticles as the main
nanoplatform, assisted by DOTAP and integrated by PEG5k-b-PLGA11k. This research
combined this drug with a siRNA targeting ATP7A, which correlated with oxaliplatin
resistance in colorectal cancer (CRC) by reducing the intracellular concentration of the drug.
The results of this study were exceptional with an improvement in sensitivity for oxaliplatin
and reversed chemoresistance of cancer cells with 40% differential cellular viability between
the control and the treated cells. In addition, in an in vivo assay these NPs reduced the
tumor volume with the synergic therapy by 96.66% compared to the free OXA [22].

Another study performed by Huang et al. (2023) used OXA as co-therapy with the
patient’s own endocytic primary exosomes loaded with siRNA against CCDC80, which is
associated with liver metastasis and CRC chemoresistance. This treatment produced an
85% apoptosis compared to the individualized treatments in cells. Furthermore, xenograft
tumor volume was drastically reduced by up to 70% compared to the free drug [23].

Huang et al. (2022) employed a polyamidoamine (PAMAM) dendrimer modified with
methoxylpolyethylene glycol (mPEG) and complexed OXA simultaneously with siRNA
against ASPN, which promotes chemoresistance by regulating the Wnt/β-catenin signaling
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pathway and ABC transporters. It achieved a 25% cell viability reduction gap between
the synergic treatment and the one without siRNA in resistant lines. In in vivo assays, it
achieved an 80% reduction in tumoral volume and a 5-fold reduction in tumor weight
between oxaliplatin alone and synergic treatment [24].

A study by Hu et al. (2022) used oxaliplatin administered individually with silencing
therapy (siLDHA) in a cationic polymeric nanoparticle. In this study, a xenograft tumor
volume reduction of up to 33.33% was achieved between synergic treatment and OXA
alone. It inhibited the M2-like polarization of tumor-associated macrophages (TAM), which
was observed in the CD206 population where it was reduced to only 15–26% of the total
versus 35% for the single drug [25].

In addition, Huang et al. (2019) developed cationic lipid-assisted nanoparticles, made
of biocompatible block copolymers of poly (ethylene glycol) and block-poly (lactic-co-
glycolic acid), to carry an siRNA against IDO1 combined with the drug OXA. This protein
was involved in the generation of the immunosuppressive microenvironment by inducing
apoptosis of cytotoxic T lymphocytes. This therapy achieved a differential reduction of
65.9–70.4% in the size of in vivo tumors treated with synergistic therapy compared to
individual treatments, drastically inhibited primary tumor growth and organ metastasis,
and increased the percentage of central memory T and effector memory T cells by up to
1% and 3% in tumor site CD4+ T cells, respectively [26].

Other studies incorporated another drug (simvastatin), like the study carried out
by Liu et al. (2023) that used ZIF-8 framework nanoparticles coated with PCBMA (car-
boxybetaine methacrylate) and siRNA targeting x-CT. This was a protein of the anti-
cystine/glutamate carrier system, related to ferroptosis. This nanoformulation produced
a reduction of 70% in cell viability in vitro, between synergic treatment at the highest
concentration and ZIF-8 alone, and a 6-fold and 10-fold reduction in tumor volume and
tumor weight, between synergic treatment and ZIF-8 alone, respectively [27]. On the other
hand, Ling et al. (2021) developed polymeric nanoparticles, with DSPE-PEG2k on the shell.
It was loaded with siRNA against PD-L1 and encapsulated the drugs carboplatin and digi-
toxin simultaneously. With this treatment, the IC50 of the analyzed cell lines decreased by
67% with the synergistic complete therapy (5.7 ± 1.7 µM) compared to treatments without
digitoxin (8.4 ± 4.4 µM). Furthermore, the survival of the mice treated with the synergistic
therapy was better (20–24 more days), reducing the overall toxicity and increasing the
immunogenicity, reducing the macrophage polarization by 30% [28].

In addition, Manoochehri et al. (2022) employed cationic liposomes, carrying siRNA
against COL1A1 pro-α 1 chains of type I collagen of the extracellular matrix associated
with poor prognosis in cancer development. The combination with the drugs oxaliplatin
and 5-fluoflouracil, co-incorporated after treatment with free-form siRNA, enhanced the
antitumor effect of chemotherapy drugs and reversed chemoresistance. The inhibition of
COL1A1 was better in the synergic treatment compared to the individual one. Further-
more, the authors observed a 5-fold and 3-fold IC50 reduction with the synergic treatment
compared to free 5-FU and OXA, respectively [29].

It is also worth highlighting the study carried out by Jia et al. (2023) that employed a
polymeric nanocomplex, loaded with siRNA against CCAT1 and Fru. Fru is the vascular
endothelial growth factor receptor inhibitor, and it is used as a chemotherapeutic to inhibit
epithelial–mesenchymal transition and increase drug chemosensitivity to exert antitumor
and antiangiogenic effects. With this treatment, the co-loaded nanocomplex reduced the
cell migration and viability ratio to almost half that of the untreated control and 20–30% that
of the individualized treatments. Tumor volume was reduced by almost 1500 mm3 [30].

Two of the studies analyzed incorporated doxorubicin (DOX) simultaneously with
siRNA in the same nanovector. Shen et al. (2023) used poly (lactic-coglycolic acid) na-
noemulsion, targeting cancer-associated fibroblasts via N-cadherin capped aptamer (NC3S)
and carrying siRNA against HGF (hepatocyte growth factor) to facilitate drug entry into
the CAF-induced tumor microenvironment and regulate it [31]. The clonogenicity with this
treatment was reduced by up to 200% compared to the untreated control, and the in vivo



Appl. Sci. 2024, 14, 7872 6 of 25

tumor weight was reduced by up to almost 50% and tumoral volume to 75% with the
complete treatment compared to the individual treatments.

In addition, the study carried out by Salehi Khesht et al. (2021) employed chitosan
lactate nanoparticles functionalized by the HIV-1-derived TAT peptide, which greatly
increases the rate of cell penetration, and hyaluronate (linkage to CD44). This treatment
reduced the side effects of DOX, stimulated anti-tumor immune responses and reduced
the DOX IC50 from 1097 to 451 nM. In in vivo assays, the tumor growth was reduced by
200% in the NP compared with the chemotherapeutic, with increased granzyme B, IFN-γ,
and IL-17 secretion and decreased IL-4 and IL-10 levels [32].

In addition, Zou et al. (2021) encapsulated docetaxel combined with RelA siRNA
treatment in cyclodextrin nanoparticles PEGylated and linked to a target of the folate
receptor. In this study, a 95% cytotoxicity in tumor cell viability was achieved with the
synergistic treatment in vitro and a 75% reduction in tumor volume between the synergic
full treatment and the individual chemotherapeutic agent and siRNA [33]. On the other
hand, Chen et al. (2020) produced NPs encapsulating Cu2+ ions, which catalyze reactions
with glutathione, converting H2O2 to −OH. In addition, they encapsulated siRNA against
VEGF (siVEGF). The combined therapy increased the survival rate of mice with xenografts
to 80% after 40 days of treatment, 55% more than the best result with individualized
therapies without gene silencing. The CD4+ and CD8+ T-cell population increased by up to
5-10% compared to incomplete therapy without gene silencing [34].

Ray et al. (2020) used a combination of doxorubicin (DOX) and aspirin together with
siRNA-Bcl2 co-administered in the same nanoformulation. Within this treatment, the
simultaneous administration of DOX, aspirin and siRNA, at an effective concentration of
10 µg/mL overall, achieved greater in vitro cell viability decline in cancer lines compared
to the individual drugs. Furthermore, in vitro cellular uptake of the co-therapy improved
6-fold compared to the control, and G2/M arrest was higher in the synergistic therapy
2.5- and 3.6-fold over the individual drugs [35]. Meanwhile, Meng et al. (2022) used
paclitaxel as a co-therapy with siRNA against PD-L1, with the aim of inducing anti-tumor
immunity. This study achieved a 45% reduction in cell viability in the synergic treatment
compared to the nanoparticle alone. Also, in an in vivo xenograft model, the therapy
induced a strong antitumor immunity with synergic treatment with a 66% reduction in
tumor volume compared to the treatment with the chemotherapeutic agent alone [36].

Another study performed by Chen et al. (2023) used the FuOXP (combination of 5-FU
and OXA) prodrug encapsulated in an amphiphilic polymer (PMBOP), with a 1-octadecene
lipid motif as a nanocarrier, with a hydrophobic core and surface coating and a mixture of
chondroitin sulfate (natural ligand for CD44) and PEG (polyethylene glycol). This system
co-delivers an siRNA against Xkr8, which is associated with tumor immunosuppression.
This strategy achieved a 17% increase in caspase-3 levels compared with the full treatment
and produced an increase of 20% in annexin V levels compared with the prodrug treat-
ment. The in vivo results were also interesting, producing a drastic inhibition of tumoral
growth with a 15% decrease in tumor volume with the full treatment in contrast with the
siRNA alone [37].

Another study performed by Shahidi et al. (2022) encapsulated regorafenib and
quercetin separately through a biodegradable polymeric hybrid nanoparticle, constructed
from mPEG-PCL and cationic lipid DDAB, and a shell coated with siRNA specific against
a5B1. The NP treatment achieved a 20% and 55% decrease in the IC50 compared to the drugs
regorafenib and quercetin, respectively, demonstrating the in vitro synergistic potential of
these nanoplatforms [38].

The last study, carried out by Babaei et al. (2020), used camptothecin, a topoisomerase
I inhibitor, in simultaneous administration with a plasmid encoding for a specific shRNA
against survivin as a synergistic therapy element, both encapsulated in the same NP. This
strategy showed an 80% decrease in cell viability with full synergistic therapy, twice that
achieved with the free drug (40%). Moreover, the mean final tumor burden volume of the
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synergistic treatment was reduced by 78.6% compared to over 40% with the no-surface-
aptamer treatment and compared with the treatment with only the free drug [39].

For the treatment of colorectal cancer, many different chemotherapeutics and siRNA
gene-silencing targets have been used, some of which have been reported in this systematic
review. We can highlight the use of more conventional chemotherapeutics such as sorafenib,
which is widely used to stop the spread of cancer cells, or newer drugs such as Cu2+ ions,
which catalyze reactions with glutathione, converting H2O2 to −OH, generating a toxic
response in tumor tissue. Among the gene targets silenced by siRNA, we can highlight
CCAT1 or IDO1, both linked to molecular pathways involved in cell proliferation and
chemoresistance. In each of the articles reviewed, strong in vitro and in vivo results were
observed, significantly reducing cell viability and migration, reducing tumor volume
compared to the administration of the individual treatments and even modifying the
immunogenic microenvironment of the tumor. Each of these articles presents a potential
preclinical therapy for the treatment of this type of neoplasm (Table 1).

Table 1. Nanoparticle-siRNA-drug strategies developed for colorectal cancer treatment.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

DOTAP (double
emulsion solvent

evaporation technique)
OXA ATP7A

PEGylated
structure
(passive)

Improved cytotoxicity
compared to the free drug

due to OXA
sensibilization and

apoptosis induction (70%).

A 96.66% reduction in
tumor volume in
synergic therapy
compared with

free OXA.

[22]

Patient endocytic
primary cell-derived

exosomes (transfection)
OXA CCDC80 NS

Decreased cell
proliferation and

increased apoptosis
induction.

The combined treatment
reduced the tumor

volume by
90% compared to the

individual treatments.

[23]

PPO (NS) OXA ASPN
PEGylated
structure
(passive)

Cell viability reduction
and 7.5-fold IC50

decreased reduction
between the synergic

treatment and the
one without siRNA in

resistant lines.

A 95% reduction in
tumoral volume between

OXA alone and
synergic treatment.

[24]

PAPEI (NS) OXA LDHA
PEGylated
structure
(passive)

Inhibition of M2-like
polarization of TAMs and

amplified OXA-
induced autophagy.

A 33.33% tumoral volume
reduction between

synergic treatment and
OXA alone.

[25]

CLAN made of
biocompatible

PEG-b-PLGA and
cationic lipids (double

emulsion method)

OXA IDO1 NS

Increased percentage of
central memory T and

effector memory T cells
by up to 1% and 3% in

tumor site CD4+ T cells.

A 70.4% and
65.9% tumoral volume

reduction with the
synergic treatment when

compared with those
receiving free OXA and

siIDO1, respectively.

[26]

ZIF-8 covered by
PCBMA (NS) Simvastatin

x-CT
(subunit

SLC7A11)
NS Improved cytotoxicity in

the combined therapy.

A 6-fold reduction in
tumor volume between
synergic treatment and

ZIF-8 alone.

[27]

DSPE-PEG2k in the
cover (microemulsion)

Digitoxin and
carboplatin PD-L1 NS

IC50 decreased by
1.8-fold and caspase

3/7 increased expression,
inducing apoptosis.

A 4-fold reduction in
tumor volume between
synergic treatment and

siRNA alone.

[28]

As1411
aptamer-conjugated

cationic liposomes (NS)
OXA and 5-FU COL1A1 Nucleolin AS1411

aptamer (active)

Lower COL1A1
expression, decreased
cell proliferation and
5-fold and 3-fold IC50

reduction compared to
free 5-FU and OXA.

- [29]
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Table 1. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

PEI-PDLLA (two-time
hydration method) Fru CCAT1

PEGylated
structure
(passive)

A 50% reduction in cell
proliferation between the
synergic treatment and

Fru alone.

A 3-fold reduction and
50% inhibition rate of

tumor growth in tumor
volume between synergic

treatment and Fru.

[30]

Nano-emulsion of
PLGA with NC3S

(solvent evaporation
method)

Doxorubicin

HGF Aptamer over
N-Cadherin

A 5-fold reduction in the
number of colonies

between the combined
treatment and

doxorubicin alone.

In vivo tumor volume
was reduced 4 times

between full treatment
and doxorubicin alone.

[31]

CL-TAT-HA (NS) CD73

Hyaluronate
(active) and HIV-1

derived
peptide (active)

A 58.88% decrease in
IC50 of DOX with the

synergic treatment
compared to

doxorubicin alone.

A 64.28% reduction in
tumor volume and

20% reduction in necrotic
area between free

chemotherapeutic and
synergic treatment, with
an increase in granzyme

B, IFN-γ, and IL-17
secretion and a decrease
in IL-4 and IL-10 levels.

[32]

CD nanoparticle
modified with FA
(rehydration and

evaporation method)

Docetaxel RelA PEGylated folate
structure (passive)

A 95% reduction in
tumor cell viability

between the full
treatment and the

treatment
without siRNA.

A 75% reduction in
tumor volume between

the synergic full
treatment and the

individual
chemotherapeutic agent

and siRNA.

[33]

HLBBRT NPs
(rehydration and

evaporation method)
Cu2+ ions VEGF

PEGylated
structure

(passive) and
azobenzene
derivative
(passive)

A 30% reduction in cell
viability test with the

complete synergic
therapy compared to

control and
50% reduction in GSH

levels between the
complete synergic therapy

and the free siRNA.

An 80% increased
survival rate of mice
with xenografts at 40
days compared to the

non-survival of the free
siRNA, content of Tregs

in tumor was reduced by
81% with the synergic
treatment compared

to controls.

[34]

bPEI (NS) Doxorubicin and
aspirin Bcl-2 NS

Decreased cell survival
and increased apoptosis

induction and ROS
generation. Induction of
G2/M cell cycle arrest.

Not performed [35]

2E′ (NS) Paclitaxel PD-L1 NS
Increased cell

cytotoxicity compared
with the NP alone.

A 30% reduction in
tumor volume at 20 days

with the synergic
treatment, increased

immunoreactive
phenotype in TME, as
well as tumor-specific

T-cell responses with an
increased CD8+ T cell

infiltration into tumors of
about 6-fold with the full
treatment with respect to

the chemotherapeutic
agent alone.

[36]

PMBOP-CP (NS) FuOXP Xkr8
Lipidic motif in
the polymeric

structure (active)

Increased caspase-3 and
annexin V levels in the

combined treatment
compared with the

free drug.

Additional 15% decrease
in tumor growth

compared with the
treatment with siRNA
alone, increased CD45+

cells by 30% and Treg cells
by 20%, compared to

siRNA treatment alone.

[37]
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Table 1. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

DDAB-mPEG-PCL
(nanoprecipitation

method)

Regorafenib and
Quercetin A5B1

PEGylated
structure
(passive)

Decreased the
regorafenib and
quercetin IC50 in

resistant cell lines by
20% and 55%,

respectively, compared
with the

free drugs.

Not performed [38]

Apt-PEG@MSNR-
CPT/Sur (sonication) Camptotecine Survivine

PEGylated
(passive) and
AS1411 TAT

aptamer (active)

Increased cell
cytotoxicity and

apoptosis induction
compared with the

free drug.

Final tumor volume with
the synergistic treatment

was reduced by
78.6% compared with the
free drug. Survival rate
with synergic treatment
was 100%, doubling the

free drug.

[39]

Apt-PEG@MSNR-CPT/Sur (PEG rod-shaped mesoporous silica nanoparticle); bPEI (amphiphilic polymer with
modified ramified polietilenimine); CD (amphiphilic cationic cyclodextrin); CLAN (cationic lipid-assisted
nanoparticles); CL-TAT-HA (chitosan lactate nanoparticles (composed of chitin acetylation and N-acetyl-D-
glucosamine (acetylated unit) and α-(1-4)-linked D-glucosamine) functionalized by HIV-1-derived TAT (trans-
activating transcriptional activator) peptide and hyaluronate (HA)); DDAB-mPEG-PCL (polymeric hybrid
nanoparticles built with mPEG-PCL and cationic lipid DDAB, a quercetin core); DSPE-PEG2k (polymeric with
1,2-diestearoil-sn-glicero-3-fosfoetanolamine-N-[methoxy(poliethylenglicol)-2000]); DOTAP (DAN, PEG5k-b-
PLGA11k (LA/GA = 75/25)-1,2-dioleoil-3-trimetilamonio-propan); 2E′ (polyethyleneimine-acid lithocholic con-
jugate, with hydrophobic core and cationic surface); FA (PEGylated Folate); Fru (endothelial vascular growth
factor receptor inhibitor); 5-fu (5-fluoracile); HLBBRT NPs (hypoxia-activated liposome-supported metal polyphe-
nol gene bio-nanoreactor (azobenzene derivative) with IR780 photosensitizer as the hydrophobic part and
polyethylene glycol as the hydrophilic chain); NS (non-specified); OXA (oxaliplatin); PAPEI (cationic polymer
APEG-PAsp); PCBMA (carboxybetaine methacrylate); PEG-b-PLGA (poly (ethylene glycol)-block-poly(lactic-
co-glycolic acid); PEI-PDLLA (polymeric nanocomplex of polyethyleneimine and poly-1,2-diesteraoil-snglicero-
3-fosfoetanolamine-N-[methoxypolyethylenglicol]); PLGA (poli coglycolic-lactic acid); PMBOP-CP (polymeric
amphiphilic, with hydrophobic core and a PEG and chondroitin sulfate; PPO (polyamidoamine dendrimer
modified with metoxylpolyethylenglicol); ZIF-8 (Zeolitic Imidazolate-8).

3.3. Nanoparticles for Liver Cancer Treatment

Most of the studies included the chemotherapeutic DOX in conjunction with siRNA,
such as the one carried out by Tian et al. (2019) that employed DSPE-PEG-PEI nanoparticles,
with glycyrrhetinic acid-modified hyaluronic acid, to carry siRNA against Bcl-2. This study
achieved a decrease in Bcl2 protein expression with the combination therapy. In addition,
an in vivo study performed in mice with the synergistic RNAip/DOX/GH-DPP treatment
produced a reduction in the tumor volume by 90% compared with the free drug [40].

On the other hand, Wu et al. (2022) employed a hydrophobic core–shell nanoparticle
loaded with DOX and siTOX to increase CD8+ T-cell infiltration and achieve tumor inhibi-
tion. The treatment achieved a 17% increase in apoptosis rate with the synergic treatment
compared to DOX alone and a 50% reduction in relative tumor volume. Finally, the TNF-α
and IFN-γ expression increased 200% and 100% compared to chemotherapeutic alone [41].

Another study employing doxorubicin is the one carried out by Yuan et al. (2023),
which used a copolymeric nanoplatform loaded with DOX and siADP6. It obtained a
reduction in tumoral cell viability and a higher apoptosis rate and inhibition rate of tumoral
volume [42]. Furthermore, another study that used doxorubicin was performed by Leboeuf
et al. (2020). They employed lipid nanoparticles co-carrying siRNA against UBR1, UBR2,
UBR4 and UBR5 to induce the downregulation of cell migration and proliferation in liver
cancer cells. With this strategy, a concentration of 0.25 nM of each siRNA resulted in a
70–80% decrease in in vitro expression of UBR1, UBR2, UBR4 and UBR5 after 72 h of
exposure. In an in vivo assay, the nanoformulation induced a 75–90% reduction in the
expression of these genes in the mice liver and reduced the tumor proliferation by up
to 20%. In addition, the proportion of neutrophils, eosinophils and macrophages,
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with high Ly6C content, in the livers of the in vivo model increased between 11.5 and
13.5% compared to the untreated controls [43].

Finally, Yan et al. (2020), developed pH-sensitive chitosan micelle-based nanoplatforms
prepared with glycyrrhetinic acid grafts on their surface loaded with siBcl2 and DOX as a
tumor inhibition strategy. Furthermore, the cotreatment increased the apoptosis rate by
8.5% compared to the double administration of the siBcl2 and DOX independently. Finally,
a difference in tumor volume growth of 50% was observed between combination therapy
and free drug administration, with a tumor inhibition rate of 88% [44].

The chemotherapeutic agent sorafenib was also used in the treatment of liver cancer.
Chen et al. (2024) employed TAT-poly-SS-lysine-modified chitosan nanoparticles to co-
deliver siPD-L1 and sorafenib. The apoptosis rate was higher in the groups treated with the
complete synergistic therapy compared to the administration of the free drugs, reaching
a 73% retention of the nanoplatform in the blood circulation with the synergistic therapy.
Also, this combined treatment showed a better in vivo antitumor effect, with a tumor
inhibition rate of 90.2 ± 3.5% compared to the untreated controls [45].

On the other hand, Younis et al. (2021) employed ultra-small lipid nanoparticles,
co-loading sorafenib and siMK. The in vivo results showed a 68.33% tumoral volume
reduction in vivo at the end of treatment compared to the synergistic therapy at half
the concentration [46].

Furthermore, the study carried out by Chen et al. (2020) employed cytoplasmic
enzyme-degradable porous biological nanospheres with hydrophobic cavity using RNA
as a building block and cyclodextrin to load sorafenib and siRNA against EpCAM
as a combination therapy. This study achieved a general reduction in cell viability
with 90% compared to the untreated cells. In addition, the apoptosis rate increased to
almost 20% compared to the free drug. In in vivo assays, the NP produced a 3-fold
decrease in the tumor volume compared to the treatment using the nanoparticle and the
aptamer alone [47].

In addition, Younis et al. (2019), developed pH-sensitive lipid nanoparticles modified
with a SP94-targeted peptide for liver cancer cells loaded with siMK and sorafenib (SOR) as
combined therapy. In this study, the IC50 for SOR + MK-siRNA decreased to 5 ± 1.50 µM,
lower compared to the IC50 obtained with control SOR + siRNA at 9 ± 2.20 and with gene
silencing alone at 17 ± 2.60 µM [48].

Punuch et al. (2022) encapsulated a combination of sorafenib and sunitinib through
PVA-emulsified polymeric PLGA nanoparticles, co-loaded with siAFP as combination
therapy against hepatocellular carcinoma. With this strategy, the cell viability with the
complete combination therapy with sorafenib 2.5 µM decreased to 39.29 ± 2.72%, whereas
it decreased to 44.04 ± 3.05% when combined with 5.0 µM sunitinib. Furthermore, caspase
3/7 activity increased by up to 300% with sunitinib therapy and 200% with sorafenib
5.0 µM compared to no increase with sorafenib at 2.5 µM [49].

Other studies used cisplatin as chemotherapy encapsulated in its nanoparticles. Huang
et al. (2023) used a metal-organic framework nanocarrier, with a nuclear localization
sequence (NLS) as the core and A54 peptide on the shell, coloaded with NOR1 shRNA.
These NPs achieved a decrease in cancer cell viability of cisplatin-resistant cells of 90% in
contrast to the 70% achieved with the free drug at the highest possible concentration. In
the in vivo results, the group treated with the synergistic strategy showed inhibited tumor
growth with an inhibition rate of 75 ± 5% [50].

Meanwhile, Li et al. (2019) developed calcium phosphate nanoparticles with an
asymmetric lipid bilayer coating loaded with cisplatin and siBmi-1 as antitumor therapy.
The combined treatment induced a 20% increase in cell death compared to the free drug. In
the in vivo xenograft model, the group treated with the synergistic therapy achieved the
greatest inhibition of tumor growth with a final volume of 380.62 ± 100.34 mm3 in contrast
to 1271.69 ± 59.69 mm3 for siRNA therapy [51].

Huang et al. (2019) employed arsenic trioxide as a primary drug in Zinc arsenite
NPs involved in a SiO2 matrix to co-deliver siRNA against SHP-1. These NPs promoted
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apoptosis and significantly inhibit proliferation, migration, and invasion of tumor liver
cells compared to the free drugs. With this strategy, the apoptosis was increased by
39% compared to chemotherapeutic alone. In the in vivo assay, the synergistic therapy inhib-
ited tumor growth 2.2-fold and metastasis 3.5-fold compared with individual therapies [52].

Another chemotherapeutic drug employed was Adriamycin. Zhao et al. (2020) em-
ployed NPs co-loaded with siRNA against T-type Ca2+ channels and Adriamycin, with the
objective of decreasing intracellular Ca2+ concentration and increasing chemosensitivity to
Adriamycin. This study achieved an 80% cell viability decrease using synergistic therapy,
increasing the cytotoxic potential compared with the NP encapsulating siRNA alone. In a
xenograft model, the combined therapy produced a 60% inhibition in the tumor volume
compared with the NP-siRNA that did not encapsulate the drug [53].

Finally, it is noteworthy that the use of imidazole through nanoplatforms, based on
spherical carboxylate metallodendrimers, encapsulated simultaneously with siRNA against
Mcl-1 as combination therapy. This study achieved a promoted entry of Mcl-1 siRNA into
HEPG2 cancer cells and promoted lower IC50 values compared to the free drug [54].

In liver cancer, many different chemotherapeutics and siRNA gene-silencing targets
have been reported in this systematic review. We can highlight the use of conventional
chemotherapeutics such as doxorubicin, widely used as a DNA intercalator to reduce the
proliferation of cancer cells, or newer primary drugs such as arsenic trioxide, to promote
apoptosis and proliferation reduction in tumor cells. These drugs were combined with
various silencing targets such as SHP-1 or NOR1, disabling cellular pathways linked to cell
proliferation and resistance (Table 2).

Table 2. Nanoparticle-siRNA-drug strategies developed for liver cancer treatment.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

DSPE-PEG-PEI with
hyaluronic acid
modified with

glicerretinic
acid (dialysis)

Doxorubicin Bcl-2

PEGylated
(passive) and
hyaluronate

(active) structure

In vitro time-dependent
sustained release, GA

receptor-mediated
internalization

significantly increased
cellular uptake efficiency,
enhanced cell apoptosis
and exhibited enhanced

antitumor effect.

A 10-fold tumoral
volume reduction

between the synergic
treatment and the
chemotherapeutic

agent alone.

[40]

FD/FM@siTOX
(nanoprecipitation) Doxorubicin TOX

Cationic cytolytic
peptide in the

surface (active)

A 17% increase in
apoptosis rate with the

synergic treatment
compared to

doxorubicin alone.

A 72.73% tumoral
volume reduction

between the synergic
treatment and

doxorubicin alone,
TNF-α and IFN-γ

increased by 200% and
100% compared to the

chemotherapeutic agent
alone, respectively.

[41]

mPEG-PLys-PDPA (NS) Doxorubicin ADP6
PEGylated
structure
(passive)

A 40% cell viability
reduction with synergic
treatment compared to
the one without siRNA
and 51.31% increased

apoptosis rate in contrast
with the treatment

without
chemotherapeutic.

Not performed [42]

Lipidic nanoparticles
(micro-fluidization) Doxorubicin

UBR1,
UBR2,
UBR4
and

UBR5

NS

High decrease (75–90%)
in in vitro expression of
UBR1, UBR2, UBR4 and
UBR5 and 20% decrease

in cell proliferation.

Increased apoptotic rate
(11.5–13.5%) compared

to controls and
80% decrease in
tumor volume.

[43]
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Table 2. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

pH-sensitive chitosan
micelle (NS) Doxorubicin Bcl-2

Glycyrrhetinic
acid motifs

(Active)

Increased cytotoxicity
compared to the

administration of DOX
and siRNA

independently and
increased apoptotic rate

(34.3% vs. 25.8%)
compared to the
same condition.

A 55% tumoral volume
reduction with the

synergic full treatment
compared to the

chemotherapeutic agent
alone, with a tumor

inhibition rate of 88%.

[44]

Chitosan modified with
TAT-Poli-SS-Lysine

(dialysis)
Sorafenib PD-L1 NS

Higher repression of
some proliferation

markers like VEGF and
resistance markers like

P-GP. Higher
apoptosis rate.

A 73% retention of the
nanoplatform in the

blood circulation with
the synergistic therapy
and better antitumor
effect, with a tumor

inhibition rate
of 90.2 ± 3.5%

[45]

Ultra-small lipid
nanoparticles with a

fusogenic cover and a
selective peptide

(micro-fluidization)

Sorafenib MK
Targeting peptide

SP94 in the
surface (active)

Not performed

A 66.66% tumoral
volume reduction

between synergic full
treatment and

chemotherapeutic alone.

[46]

Porous biological
nanospheres with a

hydrophobic cavity and
cyclodextrin as an
adhesive with an

aptamer of EpCAM
(hybridation and
thermal shock)

Sorafenib EpCAM EPCAM aptamer
(active)

A 90% reduction in the
cell viability and

20% apoptosis increase
compared to the

untreated control.

A 4-fold tumor volume
reduction between full

treatment and
nanoparticle with

aptamer alone.

[47]

pH-sensitive lipid
nanoparticles consisting
of a novel lipid, YSK05,

modified with a
targeted peptide SP94

selective for liver cancer
cells (sonication)

Sorafenib MK

Targeting peptide
SP94 in the

surface (active)
and PEGylated

structure
(passive)

Decreased Sorafenib IC50
in the combined therapy

compared to the drug
alone and 27-fold higher

encapsulation of the
drug inside the

tumoral cell.

Not performed [48]

Polymeric PLGA
nanoparticles (double

emulsion method

Sorafenib and
Sunitinib AFP

PEGylated
structure
(passive)

A 20% cell viability
reduction with the
synergic treatment

compared to 5.0 µM
sunitinib alone, caspase
3/7 activity increased by

up to 300% compared
to control.

Not performed [49]

Dual-target biomimetic
nano-delivery system
with a metal-organic

core modified with NLS
charged with DDP with
A54 peptide in the cover

(ultrasounds)

Cisplatin NOR1

Nuclear location
sequence (active)
and A54 peptide

(active)

A 20% cell cytotoxicity
increase compared to the

free drugs treatment.

A 75% reduction in
tumor volume with the

synergic treatment
compared to

empty nanoparticle.

[50]

Calcium phosphate (CaP)
nanoparticles with

asymmetric lipid bilayer
coating (step-by-step

precipitation)

Cisplatin Bmi-1

Calcium
phosphate
structure
(passive)

A 20% increase in cell
cytotoxicity compared
with the free drug and
reduction in the Bmi-1

expression by 50%.

A 70.05% tumoral
volume reduction with

the synergistic therapy in
contrast with the siRNA

therapy alone.

[51]
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Table 2. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

ZnAsOx in a matrix of
SiO2 (“one-pot” reverse

emulsification)
Arsenic trioxide SHP-1 NS

A 39% reduction in cell
viability and

20% increase in apoptosis
rate with the synergic

treatment compared to
chemotherapeutic alone.

A 2.2-fold and metastasis
3.5-fold reduction in
tumor growth and
metastasis in the

combined therapy
compared with

individual therapies and
induced significant
changes in different

EMT markers

[52]

iRGD-targeted hybrid
nanoparticles (NS) Adriamycin Ca2+ T

Channels
iRGD (passive)

Higher cellular cycle
arrest in G0/G1 and

decrease in viability to
40% at the maximum
drug concentration

(20% lower than treatment
with siRNA alone).

A 66.66% tumoral
volume reduction with
the synergic treatment
compared to the one

without the drug.

[53]

NHC at the periphery
of the imidazolium

precursors with
dendriplex formation
with the siRNA (NS)

Imidazole Mcl-1 NS

Promoted entry of Mcl-1
siRNA into HEPG2

cancer cells and 15-fold
IC50 reduction between
the combined NP and

the drug alone.

Not performed [54]

ATO (arsenic trioxide); DSPE-PEG-PEI (1,2-diestearoil-sn-glicero-3-fosfoetanolamine-polietilenglicol-
polieterimide); FD/FM@siTOX, (fluorinated nanoparticle with hydrophobic core); mPEG-PLys-PDPA (copolymer
tri-block amphiphilic methoxy poli(ethylenglicol)-block-poly(L-lysine)-block-poly (methacrylate de 2-(diisopropil
amino)ethyl)); NHC (spherical carbosilane metallodendrimers of different generations containing ruthenium (II)
N-heterocyclic carbene); NS (non-specified); ZnAsOx (zinc arsenate); NLS (nuclear localization sequence).

3.4. Nanoparticles for Pancreatic Cancer Treatment

Different strategies for the treatment of pancreatic cancer have been employed among
the studies analyzed in this systematic review, using different combinations of chemothera-
peutics, and siRNAs targeting different aspects of the neoplasm have been encapsulated
in nanoparticles.

Inside these, a great proportion of studies included chemotherapeutic gemcitabine
as a co-therapy with siRNA. In this context, Norouzi et al. (2020) employed polymeric
trilamellar micelles, co-loaded simultaneously with NF-kB. This treatment induced
a significant increase in apoptosis and inhibition of cell migration compared with
chemotherapy alone [55].

Furthermore, another study, carried out by Wang et al. (2019), employed cationic
liposomes co-loaded simultaneously with gemcitabine and siMcl-1. The combined treat-
ment induced a 40% and 27% increase in cell cytotoxicity compared with the siRNA and
gemcitabine treatments alone, respectively. In addition, the tumor volume decreased by
83.33% with the complete LP-Gem-siMcl1 therapy reaching a minimum size compared to
the chemotherapeutic alone and 90% with the PBS control [56]. Li et al. (2021) used a core–
shell micelle-like nanocomplex based on a conjugation of cholesterol to the N-termination
of short peptides and a labile dipeptide of cathepsin B (Val-Cit) to load siPCBP2 combined
with gemcitabine. This was to try to reverse the accumulation of type I collagen in the
tumor stroma and induce antitumor activity. It achieved a 97% reduction in PCBP2 mRNA
expression with synergic treatment and decreased αCP2 and type I collagen levels by
82% and 70%, respectively, with respect to the siRNA alone. Moreover, the combination
of gemcitabine and the siRNA nanocomplex induced the highest inhibition of collagen
expression in the tumor in vivo with 46.8%. Also, the combined synergic therapy reduced
tumoral volume by 36.66% compared to gemcitabine alone [57].

Another study employed gemcitabine co-administered independently with the gene
silencing using a dextran-coated ferric magnetic nanocarrier that delivers siPD-L1 as
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an anti-tumor strategy. This strategy showed a higher tumor volume decrease, with a
93.75% reduction between the synergic high-dose treatment and gemcitabine alone. The
combined treatment increased the recruitment of CD8+ tumor-infiltrating lymphocytes
(TILs) with increased cell-mediated cytotoxicity, indicating an initiation of antitumor im-
mune response [58].

The last study that employed gemcitabine was performed by Tang et al. (2021). They
used nanoparticles with a polymeric antagonist of CXCR4 (overexpressed in pancreatic
cancer) and cholesterol to deliver siPLK1 to enhance the effect of gemcitabine. This therapy
achieved a synergistic effect, achieving a 30% reduction in cell viability compared with
free gemcitabine. In a xenograft tumor model, this combined therapy obtained the greatest
tumor weight reduction, with a 3.75-fold reduction between synergic treatment and the
gemcitabine alone [59].

Other studies applied paclitaxel as the main chemotherapy. A study carried out
by Yu et al. (2019) employed PEGylated liposomes to negatively regulate Bcl-2 expres-
sion. Cell viability was reduced by 35%, and the cell invasion capacity was reduced by
15% in comparison with the treatment with paclitaxel alone. Tumor volume barely in-
creased, with a reduction difference of 75%, compared to the treatment without siRNA,
paralleled by increased expression of proapoptotic caspase-3 [60].

On the other hand, Chen et al. (2023), employed a combination of 5-FU and oxaliplatin
encapsulated in an amphiphilic polymer (PMBOP). It was coated with a mixture of chon-
droitin sulphate (natural ligand for CD44) and PEG (polyethylene glycol) that co-delivers
an siRNA against Xkr8, which is associated with tumor immunosuppression. This strategy
achieved a 17 and 20% increase in caspase-3 and annexin V levels with the combined
treatment compared to the use of the free drugs, respectively. Also, the study obtained
good results in vivo, with a 15% extra inhibition of tumoral growth with a 15% decrease in
tumor volume compared to the use of siRNA alone [37].

Finally, it is noteworthy that a study that used a TGF-β receptor inhibitor, called
LY2157299, encapsulated in a nanoplatform with a hydrophobic core, and a surface adsorb-
ing siPD-L1 that acts by increasing CD8 T-cell infiltration. This combined NP produced
an increased cytotoxicity (26%) compared to the use of a free inhibitor. Furthermore, the
tumor volume in vivo decreased by ≈73% with the synergic full treatment compared to the
chemotherapeutic alone and had a 90% reduction in tumor weight between the synergic
therapy and LY2157299 alone [61].

In summary, in pancreatic cancer, we highlight the use of conventional chemother-
apeutic agents, such as oxaliplatin or gemcitabine, or novel therapies, such as TGF-β
receptor inhibitors. These therapies were combined with gene silencing of important tar-
gets such as PD-L1 or Xkr8, increasing the chemosensitivity of these cells to drug treatments
administered in conjunction with siRNA therapy (Table 3).

Table 3. Nanoparticle-siRNA-drug strategies developed for pancreatic cancer treatment.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

PCL-PEI-PEG tri-layer
micelles (solvent

evaporation method)
Gemcitabine NF-kB

PEGylated
structure
(passive)

Reduced cell migration
and increased apoptotic

rate compared to
chemotherapy alone.

Not performed [55]

Cationic liposome-
based system (NS) Gemcitabine Mcl-1 NS

Reduced cell
migration compared

to gemcitabine.

Decrease of 83.33% in the
tumor volume with the

complete LP-Gem-siMcl1
therapy compared to the
chemotherapeutic alone
and 90% compared with

PBS control.

[56]
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Table 3. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

Nanocomplex with
cholesterol conjugated

core with N
short-peptide end

(micro-flow
mixing method)

Gemcitabine PCBP2 NS

Reduced PCBP2
expression, better

intratumoral penetration
and decreased

collagen I level.

Reduced production of
ECM, reduced tumoral

volume (36.66%)
compared to gemcitabine

alone and 5.4-fold
increased apoptosis

compared to the
free drug.

[57]

Magnetic ferric
nanoparticle covered in
dextran and reticulated
with epichlorohydrin

(NS)

Gemcitabine PD-L1 NS Not performed

Higher tumor volume
decrease, with a

93.75% reduction
between the synergic

high dose treatment and
gemcitabine alone.

[58]

PAMD-CHOL (NS) Gemcitabine PLK1

Cholesterol
modifications in

the structure
(passive)

Cell migration (75%) and
cell growth (30%)
inhibition in the

combined treatment
compared with the
gemcitabine alone.

A 3.75-fold reduction in
tumor weight between
synergic treatment and

gemcitabine alone.

[59]

LH-Lip with PEG (film
hydration method) Paclitaxel Bcl-2

PEGylated
structure

(passive) and
incorporation of
low-molecular-
weight heparin

(passive)

Reduced cell viability
and cell invasion

compared to the use of
chemotherapy alone.

Reduction in tumor
volume (75%) and tumor
weight (50%) compared

to the free drug and
increased expression of
proapoptotic caspase 3.

[60]

PMBOP-CP (NS) FuOXP (5-FU +
oxaliplatin) Xkr8

Lipidic motif in
the polymeric

structure (active)

Reduced cell viability
and increased apoptosis
induction compared to
the combination of the

free drugs.

Decreased cell growth
(15%) in the combined
NP compared with the
combination of the free
drugs, 30% increase in
CD45 cells and 20% in

Tregs in the tumor sinus.

[37]

LYiClustersiPD-L1 (NS) Inhibitor of
TGF-β receptor PD-L1 NS

Reduction of 26% in
survivance of tumor cells

with the complete
therapy compared to the

one without siRNA.

Tumor volume in vivo
decreased 73% with the
synergic full treatment

compared to
chemotherapeutic alone.
This therapy decreased

PD-L1 expression by 75%,
and mice treated with it

exhibited a strong increase
in tumor-infiltrating CD8+

T cells (9-fold higher) and
in the expression of IFN-γ.

[61]

LH-Lip (low-molecular-weight heparin-coated liposomes); LYiClustersiPD-L1 (PCL-CDM-PAMAM, pH-responsive
clustered nanoparticles with hydrophobic nuclei); NS (non-specified); PAMD-CHOL (polymeric nanoparticles
modified by cholesterol); PCL-PEI-PEG (polymeric ε-caprolactone-polyethyleneimine-PEG); PMBOP-CP (polymeric
amphiphilic nanoparticle, with a hydrophobic core and a PEG and chondroitin sulfate).

3.5. Nanoparticles for Gastric Cancer Treatment

Different strategies for the treatment of gastric cancer have been employed among
the studies analyzed in this systematic review using different combinations of chemothera-
peutics, and siRNAs targeting different aspects of the neoplasm have been encapsulated
in nanoparticles.

Kumar et al. (2024) encapsulated navitoclax in combination with siRNA against
Bcl-2. In this study, the combined NP increased the cytotoxicity of chemotherapy, and
the synergistic treatment reduced the tumor weight on the mouse stomach reaching a
minimum weight, which was negligible compared to the weight of a healthy organism’s
stomach. Furthermore, the individualized treatments increased the weight by 50% due
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to the accumulation of tumor mass. In vitro, it achieved an increase in apoptosis rate of
2.5-fold along with a 33% decrease in the expression of Ki67, a tumor prognostic factor [62].

On the other hand, another study incorporated cisplatin employing a plasma exosome,
which simultaneously carries siRNA against C-Met, which is overexpressed in a wide
variety of tumors and involved in tumor proliferation, invasion, and metastasis, to enhance
tumor sensitivity to cisplatin in vivo and induce antitumor activity. Through this, the
cisplatin resistance was reversed, and the apoptosis rate improved by about 7% with
synergistic treatment and produced a decreased cell migration. Furthermore, the tumor
volume between controls and treatments showed a difference of up to 50% and 71.42% in
tumor weight [63].

Furthermore, a study performed by Wu et al. (2022) used salinomycin encapsulated in
cholesterol-loaded chitosan micelles carrying siRNA (siRNA@C-SAL). This nanotherapy
showed enhanced cytotoxicity compared with the free drug at low concentrations with
a decrease of about 55% in cell viability. In addition, the tumor volume in mice was
reduced by 55.71% at the end of the study compared to the free drugs, and its weight
was halved [64].

Another study employed paclitaxel, encapsulated in cationic liposomes modified with
PEG to enhance in vivo circulation of the liposomes, and loaded with a siRNA capable
of inhibiting APAF1. APAF1 is a protein that blocks apoptosome assembly and caspase
9/3 activation. This therapy induced a decrease in cell colony formation and an increase
in apoptosis induction (5% more compared to the free drug). In addition, in a xenograft
in vivo experiment, it achieved a 55% tumoral volume reduction between the complete
therapy and the treatment without gene silencing and chemotherapy [65].

Wang et al. (2021), co-encapsulated arsenic oxide and a siRNA targeting Her-2 in a
calcium phosphate nanoparticle, modified with PEG. The combined therapy increased
the apoptosis rate by 12.1% and decreased the expression of different markers of tumor
progression such as HER2, CXCR4, MMP2, and MMP9. Finally, the weight of the tumor
mass in vivo was reduced by about 71.4% with the combined therapy with respect to the
free drug and the number of metastases was reduced by 50% [66].

Therefore, in gastric cancer, the most widely used chemotherapeutics have been pa-
clitaxel (conventional) together with other novel therapies such as arsenic oxide. Among
the molecular targets silenced with siRNA, we find HER2 or APAF1, which are linked to
chemoresistance in this type of cancer. Among the most relevant results, significant reduc-
tions in cell proliferation were shown in simultaneous treatment compared to individual
treatments, in addition to a reduction in tumor growth in vivo (Table 4).

Table 4. Nanoparticle-siRNA-drug strategies developed for gastric cancer treatment.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

Mucoadhesive vehicle
composed of β-glucan
and docosahexaenoic

acid (modified
solvent–antisolvent

precipitation method)

Navitoclax Bcl-2 NS

Increased cell
cytotoxicity compared to
the administration of the

free drugs.

Reduced stomach tumor
weight Reduced the
tumor weight and
2.5-fold increase in
apoptosis, with a

33% decrease in the
expression of Ki67.

[62]

Plasmatic exosome (NS) Cisplatin C-Met NS

Increased induction of
apoptosis (7%) and

decreased cell migration
compared to the

free drugs.

Tumor volume decreased
by 50% compared with
the untreated controls.

[63]

Cholesterol-loaded
chitosan micelles
with hydrophobic
core (condensation

and dialysis)

Salinomycin C-Sal

Cholesterol
modifications in

the structure
(passive)

Decreased cell viability
(55%), increased

apoptosis (10%) in the
combined therapy
compared with the

free drug.

Tumor volume in mice
with the full synergic

treatment was reduced
by 55.71% at the end of
the study compared to

the free drugs.

[64]
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Table 4. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

Cationic liposomes
modified with PEG

(condensation)
Paclitaxel ABL NS

Decreased clonogenicity
and increased apoptotic

rate compared to the
free chemotherapy.

A 55% tumoral volume
reduction between the

complete therapy and the
free drug and 5-fold

decrease in tumor weight.

[65]

cRGD-PEG-DSPE (NS) As2O3 HER2 NS

Improved cell growth
inhibition (50%) and
increased apoptosis

(12.1%) compared to the
administration of the

free drugs.

Reduction in tumor
weight (71.4%) and in

metastasis (50%)
compared with the

free drug.

[66]

cRGD-PEG-DSPE (pH-Sensitive Nano Platform integrated by calcium phosphate and RGD(H-(D-Val)-Arg-Gly-
Asp-Glu-OH) peptide modified with polyethylene glycol phosphatidylethanolamine); NS (non-specified).

3.6. Nanoparticles for Esophageal Cancer Treatment

Different strategies for the treatment of esophageal cancer have been employed among
the studies analyzed in this systematic review, using different combinations of chemothera-
peutic agents, and siRNAs targeting different aspects of the neoplasm have been encapsu-
lated in nanoparticles. Among all the studies, the ones focused on esophageal cancer were
the least represented.

Jun et al. (2020) employed doxorubicin co-administered simultaneously with siLP-
CAT in the same low lipid toxicity nanovector (EYLN). These NPs achieved excellent
blood compatibility analyzed by hemolysis assay with only 2% cell lysis at the maximum
concentration tested. In addition, the circulation time of the drugs increased by 20% at
72 h post-injection. Finally, a consistent in vivo antitumor effect was obtained, reaching an
almost 90% tumoral volume reduction with respect to the PBS control and almost 80% with
respect to the individual drugs 35 days after inoculation of the treatment [67].

The last study was carried out by Zhang et al. (2022) using the drug Adriamycin
combined with siRNAs targeting MVP and Bcl-2 using a pH-sensitive nanoplatform and
functionalized with an EGFR antibody. The combined therapy induced superior G0/G1
cell cycle arrest and therefore improved cell cytotoxicity. In addition, the complete syner-
gistic therapy was the only one that reduced esophageal tumor volume in vivo to below
100 mm3, reaching a tumoral volume reduction of 80% compared to the chemotherapeutic
agent alone; the other therapies simply reduced growth [68].

Finally, in esophageal cancer, only two articles have been found that use this com-
bination of treatments. Among the chemotherapeutic agents, we found adriamycin and
DOX, which have been combined with siRNAs aimed at inhibiting LPCAT1, Bcl-2 and
MVP, reducing cell proliferation capacity and tumor growth in vivo (Table 5).

Table 5. Nanoparticle-siRNA-drug strategies developed for esophageal cancer treatment.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

mEYLNs (sonication) DOX LPCAT1 LFA-1 coating
(active)

Reduced clonogenicity
(66%) and cell migration
(72%) compared with the

individual treatments.

Significative growth,
migration and metastasis
inhibition, improvement
in blood circulation time

by 20%, 90% tumoral
volume reduction with

respect to the PBS control
and almost 80% with

respect to the individual
drugs 35 days after

inoculation of
the treatment.

[67]
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Table 5. Cont.

Nanoformulation
(Loading Method)

Chemotherapeutic
Agent

siRNA
Target Targeting Ability In Vitro Results In Vivo Results Ref.

NP CEAMB
(ultrasonication) Adriamycin Bcl-2 and

MVP

Multiple histidines
(active), cholesterol

(passive) and
epidermal growth

factor receptor
(EGFR) antibodies

(active)

Improved cytotoxicity,
drug internalization and

induction of cell cycle
arrest in G0/G1 phase in

the combined
therapy NP.

Extension of siRNA and
Adriamycin blood

circulation time in vivo,
and improved

antitumoral effect,
tumoral volume

reduction of
80% compared to
chemotherapeutic

agent alone.

[68]

DOX (doxorubicin); mEYLNs (lipidic nanovector revested with leucocyte proinflammatory membranes); NP
CEAMB (multifunctional nanoparticles with a carboxymethylquitosan base and histidines, cholesterol and EGFR
receptor antibodies).

4. Discussion

Among all the types of tumors included in this systematic review, colorectal cancer
was the second most represented worldwide due to its relevant incidence and mortality,
possessing a keen interest in the world of preclinical and clinical research. Furthermore,
oxaliplatin was the most used chemotherapeutic, being one of the few drugs active on this
type of metastatic cancer [69]. Other studies incorporating other relevant chemotherapeutic
agents could be highlighted, such as docetaxel, a semisynthetic taxoid that has been
presenting a high effectiveness in colorectal cancer in conjunction with siRNA treatment
in the nanoparticle, among other relevant chemotherapeutic strategies targeting different
mechanisms of colorectal cancer (Figure 2).
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Liver cancer was the most represented of all those analyzed due to being third in over-
all mortality, and within this, doxorubicin was the most used chemotherapy, representing
33.3% of the total studies analyzed. In pancreatic cancer, the most-used drug was Gemc-
itabine (62.5% of the studies), while in gastric cancer, all the articles included a different
chemotherapeutic regime than the rest. For example, we can find the use of Navitoclax,
used as a co-therapy with siRNA against drug resistance with simultaneous delivery in the
vector, as a Bcl-2 inhibitor to prevent cancer cells from growing. Meanwhile, esophageal
cancer was the least studied, with only two studies included in this review. This shows
the great heterogeneity of strategies employed and chemotherapeutics tested among all
the studies analyzed, in addition to the fact that the use of each chemotherapeutic was
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variable between each type of gastrointestinal cancer, attacking the different neoplasms in
a different way according to different mechanisms and characteristics linked to each one.

The combination of siRNA and chemotherapy has been confirmed as effective for the
treatment of various types of gastrointestinal cancer, showing solid in vitro and in vivo
results at the preclinical level with different cancer cell lines and xenograft animal models.
This demonstrates the enormous potential of these combined gene silencing and chemother-
apy strategies for the treatment of not only gastrointestinal cancer in any of its forms but
also any type of neoplasm, amplifying the effect of individual therapies and achieving a
relevant synergistic effect, at least at the preclinical level according to the analysis in this
systematic review.

Furthermore, we could mention the great diversity of siRNA targets that were de-
veloped among these studies. They focused on a wide variety of possible pathways and
expressions within the tumor cell, which in many cases are under-regulated or in an aber-
rant state. For example, we can mention the targeting of overexpression of Bcl-2, a protein
that helps control the survival or destruction of a tumor cell by preventing apoptosis and
the family of which is regulated through post-translational modifications and interactions
with other proteins, allowing them to serve as crucial nodal points at the intersection of
multiple pathways with significant relevance to oncology [40]. These proteins regulate all
major forms of cell death, including apoptosis, necrosis, and autophagy, and can modulate
various cell death mechanisms. This elevated expression is observed in nearly half of all
human cancers and usually results in the loss of the tumor suppressor function of these
killer genes, thereby inhibiting cell death, including that induced by cytotoxic anticancer
drugs. For this reason, it has become an interesting target for different strategies to induce
tumoral cell death [70].

Regarding the inhibited molecular pathways, we found targets located in the same
signaling pathways, in different but correlated pathways due to their cellular effects, or
even targets located in independent pathways or specific protein expressions. For example,
within this last subdivision, we can find COL1A1, a cancer-promoting factor whose accu-
mulation is correlated with dysregulation of the epithelial–mesenchymal transition and
tumorigenesis [29]; IDO-1, which is integrating the kynurenine pathway related to tumor
neovascularization through modulating the expression of interferon-gamma (IFN-γ) and
tumor immunosuppression [26]; LDHA, related to the growth and proliferation of tumor
cells through the secretion of lactic acid and the activation of the epithelial–mesenchymal
transition [25]; UBR, associated with the Arg/N-degron pathway, related to cell cycle
control [43]; VEGF, present in its own signaling pathway for stimulating angiogenesis;
PLK1, linked to the regulation of the G2/M transition and the initiation of cancer through
activation of CDC25 via the PLK signaling pathway cascade, among others [59].

However, we can also exemplify cases of different siRNA targets that have an influence
on the same signaling pathway. For example, si-SHP-1 [52], which influences as a multi-
regulator of signals in the JAK/STAT3 signaling pathway, as well as si-Bmi-1, is involved in
most signaling pathways, including JAK/STAT3, and present in the DDR pathway of ROS
reduction [51]. In addition, C-Met and HGF were both associated with the activation of key
oncogenic pathways such as STAT3, PI3K, or RAS, and with processes of organogenesis
and metastasis. Furthermore, regarding the PI3K pathway, targets such as PD-L1 are also
notable, related to immune system suppression and tumor proliferation, and associated
with it, ATP7A was positively related to tumor infiltration and the detoxification of copper
in tumor cells, preventing apoptosis [22]. Also, within the PI3K/AKT pathway, we can find
the target PCBP2, essential in the apoptotic pathway and present in the STAT3 pathway.
Finally, EpCAM was also associated with the regulation of this pathway, being linked to
increased cellular proliferation and differentiation, angiogenesis, and metastasis [47,57].

In addition, HER2, related to the control of cell division and the survival of tumor
cells, was also present in the mTOR pathway [35,40,44,60,62,63,68]. Noteworthy also is
the Bcl-2 pathway, comprised of Bcl-2 itself, linked to the regulation of the induction of
apoptosis; Mcl-1, anti-apoptotic; and MK, related to the proliferation of cancer cells and the
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activation of Bcl-2, also associated with the mTOR and VEGF-A pathways. The different
affected pathways and targets are represented in Figure 3.
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Treatment based on the synergistic combination of drug and gene silencing via siRNA
offered a novel and promising therapeutic strategy for gastrointestinal cancers. This
systematic review has elucidated its great potential, observing a wide variety of drug-
siRNA and nanoplatform combinations with very promising results both in vitro and
in vivo. These results were seen in the reduction in cell viability and proliferation, increased
rate of apoptosis, decreased cell migration and increased chemosensitivity compared to the
administration of the free drugs. Also, these therapies achieved a considerable reduction of
tumor xenograft volume and weight in murine models, a reduction in angiogenesis in the
introduced tumor tissue and an increase in survival.

In the different studies, the authors used a wide range of different cancer cell lines
obtained from different animal models, as many of them naturally generate an insensitivity
to certain drugs or artificially acquire resistance to further studies, such as HepG2-SI
cells insensitive to sorafenib [45]. Also, a vast variety of in vitro and in vivo techniques
were used to analyze different parameters and characteristics, e.g., immunohistochemistry
and hematoxylin-eosin staining, western blot, qPCR, cell viability (calculating the IC50
cytotoxicity), apoptosis detection by flow cytometer and TUNEL staining, among others.
In the in vivo assays, the authors analyzed in vivo biodistribution and the antitumor effect,
i.e., the accumulation of the nanoparticles in the tumor. They achieved good in vitro and
in vivo results and were represented in most studies.

This also showed its great applicability. All the analyzed studies were focused on
a preclinical level of treatment, using murine models as in vivo elements. The next step
for the development of these promising strategies is to reach the clinical phase to ensure
their maximum applicability in humans and to have a real therapeutic use, not only as an
antitumor element but also as a translational medical tool for a multitude of diseases.
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This approach should be applicable at all levels and customizable, without patient
rejection and with few side effects. Currently, there are many preclinical trials focused on
the combination of gene therapy, chemotherapeutics, and nanoparticles, but they have not
yet reached the level of clinical trials in humans in most cases. Therefore, few therapies
containing these three elements have been approved by any regulatory agency. However,
gene therapy or chemotherapeutics alone in nanoparticles, have reached the clinical phase
and in many cases have been approved by the FDA or EMA. These treatments aim to
overcome potential low tumor localization, low stability, and rapid elimination from the
bloodstream. They show promising antitumor activities and adequate safety profiles
when used individually. For example, notable siRNA anticancer nanotherapeutics include
CALAA-01 for solid tumors targeting RRM2, selectively targeting transferrin receptors on
the surface of tumor cells, with a completed phase I clinical trial in 2012 (NCT00689065); or
DCR-MYC against hepatocellular carcinoma targeting c-Myc to inhibit cell proliferation
and growth, with completed phase II (NCT02314052), among others. And as an exceptional
case, we could find the use of Atu027, a novel liposomal RNA interference therapeutic
targeting PKN3, to inhibit angiogenesis and tumor invasion, with completed phase Ib/IIa in
2016 combined with gemcitabine (NCT01808638) against advanced or metastatic pancreatic
adenocarcinoma. The study employed two cohorts, with non-pancreatic cancer and with
advanced pancreatic cancer, as one of the few studies that combined gene therapy and
chemotherapy that reached the clinical phase [13,71,72].

This demonstrates the great interest in applying this strategy to translational oncology
and its great potential, with an increasing trend in published articles that include these
therapies, but it has become evident that there is a need to extend the studies to a clinical
level as all in vivo results have been marked in a biocompatible non-human animal model
context; it would also be beneficial to extend the types of gastrointestinal cancer under study,
e.g., esophageal cancer, which is under-represented in the studies analyzed. Furthermore,
all the studies analyzed presented a wide variety of nanoparticle-drug-siRNA combinations
that employed completely different molecular strategies that generated different effects
on the tumor environment and its inhibition. This proves its great potential and growing
interest as one of the major anti-tumor therapies to stop the expanding incidence, prevalence
and mortality of gastrointestinal cancer.

Due to its potential, siRNA-drug co-delivery systems should be further developed for
possible effective clinical application. This involves several points, such as the optimization
of its large-scale production or the homogenization of its physicochemical characteristics
for its commercialization as an effective nanodrug. In addition to this, it is necessary
to analyze which surface modifications can be made to improve its active targeting in
different types of cancer or to improve its stability in blood, trying to reduce the side
effects generated as much as possible. On the other hand, it would also be interesting to
develop siRNA therapies that allow the activation of the immune system itself to produce
an effective therapeutic effect in combination with encapsulated chemotherapy, which
could improve the antitumor effect of these drugs. Once these points have been optimized,
their use in different clinical trials with a larger number of control and treated individuals
would lead to the possible development of effective therapies for the treatment of various
gastrointestinal tumors [73–76].

5. Conclusions

The efficacy of chemotherapy in gastrointestinal tumors is limited by the different
mechanisms of drug resistance. The results obtained in this review have shown that
simultaneous nanoencapsulation of siRNA and chemotherapy was effective in several
different gastrointestinal tumors, possessing greater efficacy in vitro and in vivo compared
to free drug administration. The deregulation of several molecular pathways involved
in chemoresistance and cell survival allowed increasing the sensitivity of tumor cells to
the different drug treatments, generating an induction of apoptosis, a decrease in cell
proliferation and migration capacity, and immune activation. This was reflected in the
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results obtained in vivo, which showed a decrease in tumor volume in the mice treated with
this combined therapy compared to the individual therapies, as well as an increase in their
survival. Despite this, further research is needed in this field, improving biocompatibility
and efficacy of the designed nanoformulations since the few clinical trials using this type
of therapy are still in very early stages (phase I–II) and these therapies are of interest for
effective treatment of these types of tumors.
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