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How to effectively transform the pro-oncogenic tumor microenvironments (TME) 

surrounding a tumor into an anti-tumoral never fails to attract people to study. Small 

interfering RNA (siRNA) is considered one of the most noteworthy research directions that 

can regulate gene expression following a process known as RNA interference (RNAi). The 

research about siRNA delivery targeting tumor cells and TME has been on the rise in recent 

years. Using siRNA drugs to silence critical proteins in TME was one of the most efficient 

solutions. However, the manufacture of a siRNA delivery system faces three major obstacles, 

i.e., appropriate cargo protection, accurately targeted delivery, and site-specific cargo release. 

In the following review, we summarized the pharmacological actions of siRNA drugs in 

remolding TME. In addition, the delivery strategies of siRNA drugs and combination therapy 

with siRNA drugs to remodel TME are thoroughly discussed. In the meanwhile, the most 

recent advancements in the development of all clinically investigated and commercialized 

siRNA delivery technologies are also presented. Ultimately, we propose that nanoparticle 

drug delivery siRNA may be the future research focus of oncogene therapy. This summary 

offers a thorough analysis and roadmap for general readers working in the field. 

© 2023 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University. 
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. Introduction 

ancer is one of the most frequent and deadly diseases in the 
orld, adversely damaging people’s health. The therapeutic 

ffects of traditional drugs as well as treatment regimens 
re often lower than expected while having certain side 
ffects. Therefore, given the unavoidable limitations of 
xisting clinical drugs and treatments, seeking innovative 
reatment techniques along with directions remains a top 

riority [1] . Currently, regulating and controlling the human 

mmune system is regarded as a significant focus of research 

or cancer treatment [2] . Studies have demonstrated that a 
pecial immune response occurs around the tumor, a series of 
omplex reactions that are triggered via interaction between 

mmune cells and tumor cells. This complicated chain of 
vents created a unique tumor immune microenvironment 
TME) that controls the development and spread of 
umors [3] . 

TME is a dynamic, heterogeneous, and complex network 
hat solely relies on three components: tumor cells, immune 
ells, and surrounding accessories. Among the auxiliary 
lements are blood vessels, fibroblasts, adipocytes, signaling 
olecules, and extracellular matrix components ( Fig. 1 ). The 

unction, applicability and molecular markers of infiltrating 
mmune cells have previously been thoroughly examined.
ome markers inhibitors, such as programmed cell death 

rotein-ligand 1 (PD-L1), programmed cell death protein 1 (PD- 
), and cytotoxic T lymphocyte-associated antigen 4 (CTLA- 
) have the ability to treat various tumors by remodeling 
ME [ 4 ,5 ]. Clinical practice has further revealed that the 
ffectiveness of tumor immunotherapy is greatly influenced 

y TME. Hence, it suggested that modulating TME through 

ew advanced delivery systems and drugs could be one of 
he most important and successful treatments for malignant 
umors [6] . 

RNA interference (RNAi) is a natural biological mechanism 

hile also being a unique innovative therapeutic approach 

o treating disease. This unique therapy strategy includes a 
umber of variations, like short hairpin RNA (shRNA), siRNA,
nd micro RNA (miRNA), which can induce the degradation 

f a complementary mRNA sequence while lowering the 
xpression of a protein ( Fig. 2 ). The most widely publicized are 
iRNA medicines, which were discovered by David Baulcombe 
n 1998 [7] . Surprisingly, siRNAs, which are more highly 
argeted than conventional antibody drugs, can be targeted 

o complement the mRNA sequence of a single target gene,
recisely blocking the expression of the target gene [8] . In 

ddition to that, siRNA’s post-transcriptional modulation of 
rotein expression in vivo is more targeted as well as sustained 

han conventional chemical medicines. It can also effectively 
liminate the interference of gene pathogenic mutations in 

raditional drug therapy [9] . Recently, some clinical trials 
sing siRNA medicines have been conducted, with excellent 
utcomes in modulating TME, increasing the effectiveness 
f other immunotherapies, and killing tumor cells [ 10 ,11 ].
herefore, the following novel nucleic acid delivery treatment 

hrough regulating TME can also effectively complement 
xisting treatments, which raises the prospect of future 
umor-specific gene therapy. 
b
Compared with routine individual therapies, siRNA 

edicines showed considerable individual improvement,
specially in cancer immunotherapy. Two fundamental 
actors determined the effectiveness of siRNA drugs for 
emodeling TME. Initially, the selection of target genes 
or siRNA in tumor therapy has distinctiveness in various 
ircumstances [12] . From a therapeutic perspective, the first 
lement that directly affects how well siRNA medicines work 
o alter TME is selecting typical gene targets in a certain 

umor. Among them, the correct selection of appropriate 
iRNA fragments corresponding to target genes must acquire 
he following characteristics: it does not activate the innate 
mmune system, efficiently and blatantly accomplishes its 
oal, while having no off-target or other toxic effects, and has 
 prolonged half-life and slow degradation in the systemic 
irculation and target cells [ 13 ,14 ]. Nonetheless, insufficient 
mphasis has been placed on the exact pharmacological 
echanisms and significance of siRNA in modifying TME.

herefore, this review focuses on the pharmacological actions 
f siRNA drugs on the three different components of TME. 

On the other hand, the correct selection as well as design 

f delivery systems is the factor determining the effectiveness 
f siRNA drugs in TME remodeling [15] . The following paper 
ummarized and explained the nanoparticle (NP) design 

onsiderations and new advances in nucleic acid delivery 
o treat cancer. In addition to that, it was widely reported 

hat siRNA drug delivery strategies could also enhance 
mmune response and remodel TME. Therefore, we have 
xplained various joint delivery strategies and discussed the 
pplications and adverse effects in the current development 
f siRNA drugs. 

. The pharmacological actions of siRNA 

rugs for remodeling TME 

ccording to previous literature, We discovered that the 
harmacological effects of siRNA medicines on TME 
emodeling are primarily directed in the following direction: 
1) siRNA drugs will directly inhibit the tumor activity by 
estroying the physiological activity of tumor cells in TME; (2) 
iRNA drugs enhance the body’s autoimmunity by modifying 
he activity of immune cells in TME; (3) siRNA drugs mainly 
egulate the secretion of cell growth factors along with 

ngiogenesis in TME to cause the destruction of the tumor 
atrix, thereby inhibiting the occurrence and development of 

umors. The following process is mentioned below in detail. 

.1. Pharmacological mechanisms of siRNA for regulating 
umor growth 

.1.1. The siRNA drugs regulate the physiological activities of 
umor cells 
n the complex network of TME, halting the physiological 
ctivities of tumor cells could be the core factor determining 
he therapeutic effect. Tumor cells’ primary physiological 
raits include unrestricted proliferation, increased migration,
nd invasive ability, as well as the evasion of apoptosis 
rograms [ 16 ,17 ]. The siRNA drugs can achieve their goal 
y efficiently silencing the overexpression of physiological- 
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Fig. 1 – The main cells in TME. The stromal cells are closely related to fibroblasts and vascular endothelial cells, pericytes 
and platelets related to vascular composition, which are the main part of TME. Some cytokines such as TNF, VEGF and 

chemokines such as CXCL12, CCL27 also play a role in information transmission and energy transfer in TME. As the star 
component of TME, immune cells can be divided into two opposing categories: ones that inhibit tumor growth and the 
others that support tumor escape and invasion. The immune cells that inhibit tumor growth mainly refer to M1-type TAMs, 
tumor-associated Neutrophils (TANs)- N1 type, natural killer cells, B cells and T cells. The large number of immune cells that 
support tumor cell escape remains divided into many types, such as CAFs, M2-type TAMs, MDSCs, and regulatory cells 
(Treg) and tolerant DCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

activity-related proteins in tumors. Due to the strong
correlation between these physiological characteristics, siRNA
interference often causes simultaneous changes in multiple
physiological characteristics. 

Zhang et al. [18] found that hypoxia-inducible factor-
1 α (HIF-1 α) promoted the invasion of ovarian cancer cells
via causing a change in the matrix metalloproteinase 13
(MMP13) protein. After silencing HIF-1 α with siRNA and
detecting by RT-PCR and Western blot analysis, the number
of aggressive A2780 cells (human ovarian cancer cells) was
drastically reduced by utilizing transwell invasion assays.
Another investigation established that when HIF-1 α in A2780
and SKOV3 (human ovarian adenocarcinoma cells) cells
were destroyed by siRNA transfection, the phosphatidyl
inositol3-kinase (PI3K)/protein kinase B (Akt)/mammalian
target of rapamycin (mTOR) signaling pathway in the cells
was inactivated, this results in decreased cell viability and
increased cell apoptosis [19] . Survivin (encoded by surviving
gene) is one of the inhibitory members of the apoptosis
inhibitor protein family. It stimulates cell proliferation,
inhibits apoptosis, and is intimately associated with tumor
occurrence, development, diagnosis, therapy, and prognosis.
Rmagnoli et al. [20] used siRNA to reduce the expression of
survivin, it prevented the genesis and growth of tumors
by slowing the growth rate of myeloma cells through
the cell cycle and apoptosis destruction. Besides, Yang
et al. [21] represented that the positive expression rate of
survivin was significantly increased in patients with multiple
refractory myelomas (MRM), and the patients with high
expression of survivin had increased drug resistance and
harsher chemotherapeutic effects. Using siRNA- survivin
drugs would completely reverse vincristine resistance,
which suggested that the siRNA- survivin drug was the
potentially proper treatment of vincristine-resistant MRM
[22] . Additionally, the signal transducer and activator of
transcription 3 (STAT3) played an important influence in
tumor cells and tumor-associated immune cells, further
influencing tumorigenesis and progression. Zhang et al .
[23] constructed a new human cell-specific unmethylated
cytosine-guanine oligodeoxynucleotides CpG(A)-siRNA-
STAT3 conjugate, which could effectively down-regulate
oncoproteins like STAT3 and B-cell lymphoma-extra-large
(BCL-XL), demonstrating that CpG(A)-siRNA treatment could
prevent the growth of numerous bone marrow tumors. 

2.1.2. siRNA drugs solve the dilemma of tumor drug
resistance 
Traditional chemotherapy drugs frequently lead to the
emergence of tumor resistance in cancer patients, which
has a detrimental impact on the efficacy of clinical
tumor treatment. Significantly, the positive reaction of
immunotherapy is typically based on the dynamic along
with the effective interaction between tumor cells and the
immune system in TME. Hence, solving the drug resistance of
tumors is another important keynote to remodeling TME [24] .

The siRNA drugs can contribute to the resolution of tumor
drug resistance in treatment by modifying the expression of
genes that induce drug resistance. In light of clinical practice,
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Fig. 2 – The working principle of RNAi. siRNAs are double-stranded RNA molecules (dsRNAs, with ≈20–25 nucleotides), 
which are generated by the cytoplasmic cleavage of long RNA, including mRNA and long noncoding RNA (lncRNA), with the 
RNase III enzyme Dicer. siRNAs specifically incorporate into the RNA-induced silencing complex (RISC) and then guide the 
RNAi machinery to degrade the target mRNAs containing the complementary sequences. 
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ost patients with ovarian cancer receive paclitaxel (PTX) 
hemotherapy, yet, less than 50 % of them benefit from PTX 

hen utilized alone. Therefore, using siRNA to target drug 
esistance pathways is a critical technique for addressing 
TX’s limited sensitivity to chemotherapy. Li et al . [25] found 

hat the PTX-resistant phenotype was mainly attributed to 
he activation of the STAT3 signaling pathway. They utilized 

iRNA- ERp57 (recombinant Endoplasmic Reticulum Resident 
rotein 57) silencing and synergistic treatment with PTX 

o inhibit the STAT3 signaling pathway, which ultimately 
estored the drug-resistant ovaries’ PTX sensitivity of cancer 
ells. Xu et al. [26] discovered that the JAK-STAT3 pathway 
nhanced the development of PTX resistance by up-regulating 
he expression of survival and anti-apoptotic genes. 

Nevertheless, treatment of PTX-resistant human ovarian 

ancer cells with siRNA- JAK2 resulted in cell growth arrest 
hile enhancing apoptosis in response to PTX. Furthermore,

esearch has demonstrated that c-Met (cellular-mesenchymal 
o epithelial transition factor) protein is crucial for cisplatin 

esistance [ 27 ,28 ]. Cisplatin resistance can be reversed by 
nhibiting the expression of c-Met, and the expression of c- 

et by siRNA can inhibit the proliferation and adhesion of 
varian cancer [27] . Zhao et al. [29] found that silencing EPEL 
ith siRNA decreased the viability of carboplatin-resistant 
NU-251 cells (human ovarian intimal cancer cells). Invasion 

nd metastasis have gravely compromised the lives and 
ealth of ovarian cancer patients in clinical trials. Therefore,
astering its molecular and physiological mechanisms may 

rovide new ideas and solutions for treating ovarian cancer.
t is understood that BCL-2 (B-cell lymphoma-2) is an anti- 
poptotic gene, and the MRP1 (Motility Related Protein 1) 
egulates the expression of P glycoprotein, which regulates 
rug efflux. Taratula et al. [30] highlighted that the use 
f siRNA to prevent the expression of BCL-2 and MRP1 
enes could successfully overcome tumor cells’ medication 

esistance. 

.1.3. siRNA drugs eliminate the interference of gene 
athogenic mutations in traditional drug therapy 
 significant challenge in the treatment of lung cancer has 
een the emergence of drug resistance, often caused by 
utations in pathogenic genes. Taking TKI (tyrosine-kinase- 

nhibitor), which is a specific inhibitor of EGFR (epidermal 
rowth factor receptor) tyrosine kinase, as an example [31] .
he EGFR gene mutations, especially T790M and C797S, have 
een widely detected in some patients and re-activated some 
athways. These pathogenic gene mutations have resulted in 

pproximately 60 % of patients developing TKI resistance in 

dvance, causing significant delays in the therapeutic process 
32] . The siRNA therapy research showed that inhibiting 
he activation of related core pathways can make lung 
ancer cells re-sensitive to EGFR-TKI, making it a highly 
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effective treatment strategy. It may aid in the advancement of
treatment and serve as an effective supplement to traditional
therapies as well. Concurrently, clinical practice often reveals
that KRAS (kirsten ratsarcoma viral oncogene homolog) gene
mutations might quickly promote the growth along with the
spread of tumor cells when TKI treatments for individuals
were going on [33] . There are already clinical trials underway
targeting the following pathogenic gene mutation in lung
cancer patients. In January 2019, Nitto BioPharma (Inc) began
researching the clinical efficacy of a siRNA drug called NBF-
006 for non-small cell lung cancer (NSCLC) patients with
KRAS gene mutations [33] . Although the study is still ongoing,
promising results have been observed in preclinical studies.
There are numerous other harmful variants in NSCLC, and
there have been many fundamental investigations based on
the characteristic that siRNA can target many sites. These
mutation sites have been used as targets to develop siRNA
therapy, and remarkable achievements have been made.
Henceforth, there may be more clinical trials of siRNA therapy
shortly, promoting the clinical treatment of NSCLS. 

2.2. Pharmacological mechanisms of remodeling TME by 
affecting immune cells 

2.2.1. siRNA drugs regulate natural killer cell 
The exact source of natural killer (NK) cells, innate immune
core cells, is still unclear. NK cells can autonomously identify
and attack cancer cells, hence they are important immune
regulatory cells that have broad-spectrum anti-tumor effects
[34] . Utilizing NK-92 cells (a human NK cell line) is an attractive
next-generation cancer immunotherapy strategy, which has
undergone clinical trial testing as a generic drug [35] . Recently
research reported that the modulation of gene expression,
like BCL-2 in NK-92 cells, enhanced the efficacy of NK-92 cell
therapy [36] . Kaban et al. used the virus to transduce a siRNA
drug, BCL-2 siRNA (siBCL-2), into NK-92 cells, causing NK-
92 cells to generate substantially higher quantities of siRNA -
BCL-2 into exosomes (NKExos). Because siBCL-2 was mostly
located in exosomes rather than internals, the activity of NK-
92 cells was not disturbed and could nevertheless have a lethal
effect. The NKExos, when loaded with siBCL-2, could target
endogenous apoptosis pathways within breast cancer cells,
leading to enhanced therapeutic outcomes for the treatment
of tumors [37] . 

2.2.2. siRNA drugs regulate T cells 
T cells can release a variety of cytokines in order to trigger an
inflammatory response, trigger apoptosis, or after processing
the information supplied by innate immune antigens, directly
attack target cells [ 38 ,39 ]. Recent clinical successes of adoptive
T cell therapy (CAR-T) and immune checkpoint inhibitors
demonstrate the potential of modulating T cell function in
anti-tumor effects. The interaction between PD-1 (released by
T cell) and its ligand PD-L1 (located on the tumor) limited poor
response to CAR-T cell therapy tumor efficacy [40] . Various
studies have used siRNA to change targeting PD-1 ′ s expression
in T cells, resulting in significant silencing of PD-1 in CAR-T
cells. The reduction of PD-1 expression on the surface of T cells
strongly increases the production of cytokines in CAR-T cells
and enhances the cytotoxicity of T cells to PD-L1-expressing
cancer cells [ 41 ,42 ]. The following analysis demonstrated that
silencing PD-1 in CAR-T cells significantly enhances their anti-
tumor efficacy against several cancers. Huang and Liu et al.
[ 41 ,42 ] also suggested that silencing other specific genes at
immunological checkpoints may improve CAR-T cells’ ability
to treat human malignancies. 

At the same time, numerous studies demonstrated that
controlling T cell depletion and infiltration simultaneously
was a good immune regulatory tactic to elicit a potent immune
response [43] . Wu et al. modified tumor cells with siRNA
to eliminate the expression of TOX (thymocyte selection-
associated high mobility group box protein), which altered
tumors, causing them to emit a “defense” signal, which
in turn helped to alleviate the exhaustion of CD8 + T cells
[44] . Dendritic cell (DC)-based vaccine is another measure
for generating anti-tumor immune responses by improving
specific T cell activation. According to the research which
was performed previously, transfected with siRNA- BAK/BAX
(recombinant BCL-2 antagonist/killer) gene in DC cells could
prolong DC life while enhancing CD8 + activation of T cells [45] .

2.2.3. siRNA drugs regulate B cells 
For many years, investigations on the diverse functions of
B cells in anti-tumor immunity have been ongoing, mostly
based on mice studies. Clinical investigations have also
disclosed that a high density of B cells in the TME often leads
to better prognosis in patients [46] . B cells have been shown
to promote the initial initiation and expansion of CD4 + T
cells in the past [47] . In addition to that, they might promote
neovascularization and perpetuate chronic inflammation,
both of which have pro-tumor effects. For example, the
treatment is severe because of the rapid development cycle
of acute B lymphocytic leukemia (ALL), and conventional
chemotherapy approaches are quite constrained. Thereby, the
researchers focused on genes that regulate tumor formation
in precursor B cells in ALL to investigate novel possibilities,
and found that both MDX3 (MAX dimerization protein 3) and
c-Rel (a member of the nuclear factor κB transcription factor
family) were overexpressed in precursor B cells. Considering
the same context, Satake et al. used nanomaterials to deliver
siRNA- MDX3 and siRNA- c-Rel in B cells of ALL respectively, and
found that they both successfully induced apoptosis of pre-
B cells (precursor B-cell). Therefore, siRNA delivery may be a
potential therapeutic option for treating ALL [48] . 

2.2.4. siRNA drugs regulate tumor-associated macrophages
(TAMs) 
TAMs play an essential role in tumor immunotherapy.
Recoding TAMs can assist tumor immunotherapy by
eliminating tumor cells and regulating adaptive immunity.
As is well known, TAM has strong plasticity as well as is
reprogrammed by siRNA to become a functional TAM to clear
tumor cells while regulating the adaptive immune system.
Hence, siRNA regulation of TAM can be used as an adjuvant
therapy for cancer immunotherapy [49–51] . 

Through genetic screening, Dai et al. [49] discovered
that the USP7 (ubiquitin specific peptidase 7) was highly
expressed in the M2 type TAMs, and the implementation
of siRNA suppression may result in changes to the M2
macrophages’ phenotype and function. Nevertheless,
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hey confirmed that the knockout of the USP7 in 

acrophage M2 could mediate the reprogramming process of 
acrophages via activating the p38-MAPK (p38 mitogen- 

ctivated protein kinase) pathway. This adjustment 
ill successfully prevent the spread of lung cancer in 

ice. 
Concurrently, the critically activated NF- k B (nuclear factor 

appa-light-chain-enhancer of activated B cells) signaling 
athway, which affected the depolarization process of 
AM, was influenced by IKK β (inhibitor kappa B kinase 
). As a consequence of this, focused administration 

f siRNA- IKK to M2-type TAMs can improve anti-tumor 
fficacy and significantly activate M2-type TAMs’ ability to 
epolarize [52] . 

.2.5. siRNA drugs regulate myeloid-derived suppressor cells 
MDSCs) 

DSCs are a heterogeneous population composed of multiple 
ells, chiefly including myeloid-derived cells composed of 
yeloid progenitor cells, immature granulocytes, immature 
onocytes/macrophages and immature DCs [53] . MDSCs are 
yeloid cells that have been activated in a pathological state.
otably, the number of MDSCs would expand significantly 
nder pathological conditions like cancer, inflammation and 

nfection [54] . The expansion of MDSCs was also a potent 
uppressor of T cell and NK cell responses [55] . Henceforth,
eprogramming MDSC to remodel TME is the subject of study.

Rab7 GTPase (Ras-related proteins 7) can regulate the 
ctivity of MDSCs and enhance the growth of tumor 
ells. When knockdown of Rab7 GTPase in isolated bone 
arrow, MDSCs would reduce the hyperactivation of 
TOR and regulated metabolic reprogramming. Ding 

t al. discovered that MDSCs with suppression of Rab7 
TPase may significantly reduce their suppressive effect on 

 cell growth in mice and their capacity to migrate across 
ndothelial membranes [56] . According to a different analysis,
20 (ubiquitin-editing protein A20) was overexpressed in 

DSCs, the infiltration of MDSCs was relevantly reduced,
nd also significantly inhibited tumor growth after siRNA- 
20 treatment. Simultaneously, the numbers of DCs and 

acrophages were not affected [57] . 

.3. Pharmacological mechanisms of regulating cytokines 

umor-associated fibroblasts (CAFs) are one of the main 

omponents of breast cancer tumors, it was crucial in 

ncouraging the recurrence of cancer, metastasis and 

hemoresistance by releasing pro-angiogenic mediators 
nd proteins implicated in inflammatory pathways [58] .
AFs are also the most important stromal cells, and their 
ecretion of SDF-1 (stromal-derived factor-1) can directly 
romote the development of many tumor cells. For instance,
ndothelial cell precursors (EPCs) which stimulated CXCR4 + 

CXC chemokine receptor 4) can be recruited to participate 
n tumor angiogenesis. Activated fibroblasts attract CXCR4 + 

umors for directed migration through SDF-1/CXCR4. Calvo 
t al . [59] discovered that considering the breast cancer 
iopsies from mice and people, YAP (yes-associated protein) 
as more expressed in CAFs than in normal and proliferative- 

elated fibroblasts. On the other hand, when YAP was spliced 
y siRNA in tumor cells, CAFs’ ability to decrease the collagen 

atrix was dramatically reduced. Additionally, it lessened 

he body’s production of collagen fiber, angiogenesis, and 

ocal tumor adhesion, all of which lower the chance of breast 
ancer spread and recurrence. 

.4. Pharmacological mechanisms of regulating blood 

essels 

n comparison to healthy cells, cancer cells require more 
utrients. They also necessitate greater resources for cell 
ivision, metastasis and invasion, all of which depend on 

ngiogenesis. Whereas, if the tumor wants to generate 
lood vessels, it will secrete some angiogenesis-inducing 
actors, like interleukin-11 (IL-11) and interleukin-15 (IL-15).

hen the secretion of factors (like vascular endothelial 
rowth factor (VEGF)) that block the body’s angiogenesis 
reation is insufficient, new blood vessels will form. Du 

t al. [60] confirmed that the specific siRNA-mediated down- 
egulation of IL-11 and IL-15 will greatly prevent tumors of 
ew blood vessels. In addition, the clinical application of 
iRNA-based therapy has many advantages in treating breast 
ancer. Chen et al. [61] used NPs to deliver siRNA in vivo , and
he outcomes demonstrated that siRNA mediated by them 

ight decrease in vitro VEGF expression by 60 % to 80 % in
CF-7 (human breast carcinoma cells). When using siRNA- 
EGF to treat tumors in mice, it effectively observed that 

umor growth and angiogenesis were effectively inhibited.
n addition, Gu et al. [62] used a dual gene targeting siRNA 

onjugate composed of VEGF and survivin siRNA to explore the 
roliferation and angiogenesis of two human osteosarcoma 
ell lines. The results showed that siRNA medicines greatly 
educed osteosarcoma cell migration, proliferation, and 

ngiogenesis while increasing cell death. It was projected 

o become a popular option for the development of human 

steosarcoma treatment strategies. All of above mentioned 

re represented in Fig. 3 . 

. Delivery vector-assisted siRNA drugs for 
ME modulation 

.1. Barriers to siRNA delivery 

egardless of the enormous potential of siRNA in modulating 
he TME, the secure and efficient delivery of siRNA to 
arget cells remains a great challenge. The administration 

outes for siRNA include intravenous drip, subcutaneous 
njection, or local administration. Compared to systemic 
elivery, local administration of siRNA encounters fewer 
arriers. Nevertheless, the treatment of most cancers with 

iRNA typically requires systemic administration. Currently,
xcept for a few, such as Patisiran, which is injected 

ntravenously, most of the siRNA drugs available in the 
linical market are administered subcutaneously [63] . From 

he injection/ingestion site to the cytoplasm in target cells,
iRNA must surmount a variety of physiological obstacles to 
erform their role in silencing or knocking down disease- 
ausing genes. Several obstacles at the extracellular and 

ntracellular levels are depicted in Fig. 4 . 
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Fig. 3 – siRNA therapy modulates immune cell function in 

the TME. The siRNA system recognizes specific ligands on 

immune cells, such as the USP7 ligand on M2, MDX3 ligand 

on B cells, and CTLA-4 ligand on T cells, so as to achieve 
precise targeting of specific immune cells. Subsequently, 
siRNA enters the cell and interferes with the expression of 
related proteins, regulating TME, thereby increasing the 
number of killer immune cells in the TME and further 
inhibiting the occurrence and development of tumors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Numerous nucleases present in the blood and tissues
break the intra-nucleotide bonds of naked siRNA, rendering it
unstable. In addition to that, due to the size of naked siRNA is
about only 7 nm, it is easily removed by glomerular filtration
Fig. 4 – Barriers of siRNA delivery after systemic administration. 
siRNA at the target site is complicated. siRNA may be degraded b
by RES, which makes it difficult for siRNA to reach the target site
effect may not be exerted due to limited cellular uptake and poo
(the filtered pore size is about 8 nm) [64] . Considering
the other side, the non-specific uptake of siRNA by the
reticuloendothelial system (RES) is another major obstacle to
siRNA distribution [64] . The RES is composed of phagocytic
cells with the capacity to capture and rapidly eliminate siRNA.
These factors result in the short half-life of siRNA and pose
challenges in achieving its delivery to the target area. Even if it
is transported to the target tissues, siRNA needs to be taken up
by the target cells. Somehow, all of the physical properties of
siRNA, including high hydrophilicity, large molecule (13 kDa)
as well as negative charge, collectively impede its ability to
traverse the negatively charged cell membrane structure [65] .
According to several lines of evidence, it is apparent that
only a few cell types, such as neurons and retinal ganglion
cells (RGCs), possess the capacity to internalize bare siRNA
[66] . This suggests that siRNA necessitates the assistance of
vectors for cellular entrance. Furthermore, the challenge
of achieving endo/lysosomal escape following cellular
internalization represents another notable constraint on
the therapeutic efficacy of siRNA [67] . A membrane organelle
in cells called an endosome transfers substances taken in
through endocytosis to lysosomes. After internalization by
endocytosis, siRNA initially confronted the early endosomes.
Then early endosomes fuse with late endosomes to combine
with lysosomes which are acidified while also containing
nucleases capable of degrading siRNA [ 68 ,69 ]. 

Lastly, siRNA as a cancer treatment drug still has certain
safety risks. First of all, siRNA drugs always are synthetic
in vitro . They exhibit immunogenicity due to their foreign
nature and can activate toll-like receptors, including TLR3,
TLR7 and TLR8, triggering the innate immune system and
initiating an immune response [ 70 ,71 ]. Secondly, siRNA
drugs might face the dilemma of “off-target” effects [ 72 ,73 ].
Off-target transcription can cause undesirable transcription
Due to extracellular and intracellular barriers, the arrival of 
y nucleases in the blood, cleared by kidneys, and taken up 

. Even if siRNA reaches the target site, the gene silencing 
r lysosome escape. 
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Fig. 5 – Various vectors are used for the delivery of siRNA. 
siRNA delivery vectors can be divided into two main 

categories, viral and non-viral vectors. Common non-viral 
vectors include liposomes, polymers and inorganic 
nanomaterials. 
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utcomes, including toxicities, by silencing mistake genes 
hat share sequence homology with the target genes. To 
esolve the aforementioned issues that may affect the 
herapeutic efficacy of siRNA, there are two standard 

echniques. One is to improve the inherent properties of 
iRNA through chemical modification of the ribonucleotide 
keleton or base of siRNA. Chemical modification can 

ncrease siRNA’s nuclease resistance, enhance serum 

tability, lessen immunogenicity, and diminish off-target 
ffects [74] . On the other hand, encapsulation of siRNA 

nto vectors is considered to be another successful 
ystemic delivery technique [75] . Excellent drug delivery 
ectors must acquire biocompatibility, biodegradability 
nd non-immunogenicity. In addition, they should 

erve the purpose of safeguarding siRNA from nuclease 
egradation and facilitating its cellular internalization.

n order to execute RNAi impact, they should play a 
ivotal role in assisting siRNA in escaping from lysosomes 
nd gaining access to the cytoplasm [76] . The several 
ophisticated siRNA delivery vectors are demonstrated in 

ig. 5 and delivery systems for siRNA-mediated cancer 
herapy are summarized in the following Table 1 . 

.2. Strategies for overcoming the delivery barriers of 
iRNA 

.2.1. Naked siRNA delivery 
hemical modification can enhance the resistance of siRNA 

o nucleases, improve its serum stability, and reduce both 

mmunogenicity and off-target effects [74] . In this way,
mploying siRNA’s physicochemical features can also achieve 
argeted disease treatment in the lack of protective vectors.
or example, because of the small size of siRNA, most siRNA 

dministered intravenously can be filtered through the kidney,
roviding a possibility to treat kidney diseases. Additionally,
he low content of nucleases in particular organs, such as 
he eye and lung, may allow naked siRNA to exert its gene- 
ilencing effect through local administration [77] . Shen et al.
78] substantiated that intravitreous or periocular injection 

f naked siRNA- VEGFR1 could specifically reduce the levels 
f VEGFR1 (vascular endothelial growth factor receptor 1) in 

ouse models of retinal and choroidal neovascularization. On 

op of that, it has already been demonstrated the feasibility 
f directly delivering naked siRNA to lung tissues for the 
reatment of lung disorders [77–80] . 

Although the delivery of naked siRNA has been quite 
uccessful, it still confronts several difficulties, such as 
imited effectiveness in treating multi-organ diseases and 

nintended toxicological consequences. Henceforth, carrier- 
ased delivery of siRNA has been researched more and more 
xtensively. 

.2.2. Viral vector 
iruses are naturally evolved delivery vectors. Through 

ioengineering, viruses that naturally convey their genomes 
nto cells may be altered to function as gene delivery vectors,
fficiently delivering siRNA without being pathogenic. The 
rimary advantage of viral vectors is that they can put forward 

enes to various types of mammalian cells, including hard- 
o-transfect, primary, and even non-dividing cell types [81] .
herapeutic gene expression is maintained throughout the 
ell cycle once they have been integrated into the genome 
82] . Viral vectors derived from adenovirus, adeno-associated 

irus, lentivirus, retrovirus, poxvirus, herpes simplex virus,
nd human foamy virus are available for gene delivery 
83] . Adenovirus (Ad) is a non-enveloped double-stranded 

NA virus known for its efficient transfection capabilities.
y manipulating the Ad capsid, targeting properties also 
e transmitted [84] . Nevertheless, the sensitivity of Ad to 
hemical or physical factors renders it unable to survive in 
itro for a long time. Additionally, its high immunogenicity 
mposes limitations on repeated administration. Adeno- 
ssociated virus (AAV) is a non-pathogenic enveloped single- 
tranded DNA virus with good biological characteristics 
85] . Despite this, the amount of the insertable foreign 

ene section is limited to less than 5 kb due to the AVV
apsid’s size of around 22 nanometers and membership 

n the parvovirus family [86] . Although virus-related drugs 
ave been used in the clinic and offer a crucial advantage 
ith their superior transduction efficiency than non-viral 

ectors, there still exist safety concerns in the utilization 

f viral vectors, such as immunogenicity and carcinogenic 
isk. 

A novel virus-derived vector called virosomes has been 

eveloped by merging viral and non-viral components 
o address these concerns [87] . The virosomes composed 

f a phospholipid bilayer and viral envelope proteins 
reserve the high transfection efficiency of viral vectors 
nd improve their safety for the fact that they contain 

o genetic material. Currently, the influenza virus, Sendai 
irus, human immunodeficiency virus, Newcastle disease 
irus, and vesicular stomatitis virus G protein have been 

sed to construct virosomes [88–90] . These virosomes 
ave shown versatile potential in cancer treatment as 
rug delivery vectors, adjuvants, anti-cancer immune 
ctivators, etc. Wang et al. [89] first proposed synthesizing 
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Table 1 – Examples of different delivery systems for cancer treatment. 

Delivery system Component excipients for 
preparing nanocarriers 

Target genes Treated Cancer 
(Target cells) 

Main outcomes of the research Ref. 

Liposomes Chol: DOPE: 
MAL-PEG-DOPE = 1:1:0.1 

BRAF Melanoma (A375) Significantly inhibition of cancer 
growth was observed due to 
silencing BRAF 

[199] 

AtuFECT01: Chol: mPEG 

2000-DSPE = 70:29:1 
CD31 Lung cancer (LLC) Reduced formation of lung 

metastases and increased life span 
[200] 

DOPC JNK-1 Ovary cancer (HeyA8 
or SKOV3ip1) 

Growth inhibition and apoptosis of 
cance rwas observed due to 
down-regulation of the JNK-1 

[201] 

DOTAP: DOPE = 1:1 BCL-XL Breast cancer 
(MCF-7) 

Formulation efficiently 
deliveredsiRNA and inhibited the 
expression of BCL-XL in cells 

[202] 

c-RGD conjugated 
DSPE-PEG2000; Chol: 
DOTAP: DSPC 

STAT3 Melanoma (B16F10) Conjugation of c-RGD on the 
liposomes increased the efficiency 
of siRNA delivery to cancer 

[203] 

polymer PAMAM BCL-2 Cervical cancer 
(HeLa) 

The use of PAMAM loaded 
siRNA-BCL-2 and Cur showed 
more effective cellular uptake, and 
higher inhibition of tumor cell 
proliferation. 

[112] 

PEI-PEG CD44 GBM multiforme 
(U87MG) 

The delivery of siRNA-CD44 using 
the polymeric NPs significantly 
downregulated CD44 gene and 
attenuated the cell cycle 

[204] 

Carboxymethyl chitosan 
modified with histidine, 
cholesterol, and anti-EGFR 
antibody 

VEGFA Breast cancer 
(MDA-MB-231) 

Formulation could effectively 
silence the VEGFA to cause cell 
apoptosis and inhibit proliferation. 

[205] 

Arg-Gly-Asp (RGD) 
peptide-labeled chitosan NP 

POSTN, FAK , 
and PLXDC1 

Ovarian cancer 
(SKOV3ip1, HeyA8, 
and A2780) 

siRNA successfully delivered by 
chitosan nanoparticle against 
ovarian cancer 

[206] 

FA-targeted PEGylated 
cyclodextrin 

RelA CRC (CT26) Formulation enhanced the 
apoptotic effect of DTX with 
thedownregulation of RelA 

expression 

[119] 

Inorganic NPs AuNP EGFR Lung cancer (A549) Systemic delivery of AuNP 
significantly inhibits tumor growth 
in mics 

[207] 

AuNPs-PEI-FA RelA Prostate cancer 
(LNCaP) 

The functionalized AuNPs 
efficiently delivered siRNA at 
targeted site 

[208] 

Magnetic nanocarriers Yap Hepatocellular 
carcinoma (HCC) 

Formulation could decrease the 
YAP1 expression down to 
approximately 35 %, reducing the 
cell proliferation and migration 

[209] 

Graphene Survivin Breast cancer 
(MCF-7) 

Graphene could deliver siRNA to 
MCF-7 cells and prevented tumor 
development 

[210] 

Carbon nanotubes and 
DOTAP 

CXCR4 Ovarian cancer 
(SW626 MG and 
SKOV-3) 

The co-delivery of Gemcitabine 
and siRNA significantly repressed 
the tumor growth of ovarian 

[211] 

Mesoporous silica 
NPs(surface-modified with 
APTES and chitosan) 

STAT3 Breast cancer (MCF7) The co-delivery of methotrexate 
and siRNA-STAT3 significantly 
decreased the viability of breast 
cancer cells 

[212] 

Biological Exosomes ITGB6 Prostate cancer 
(LNCaP) 

The delivery of siRNA-ITGB6 
significantly downregulated 
expression of the β6 subunit 
genes, had remarkable suppressive 
effects on migration and adhesion 

[213] 

( continued on next page ) 
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Table 1 ( continued ) 

Delivery system Component excipients for 
preparing nanocarriers 

Target genes Treated Cancer 
(Target cells) 

Main outcomes of the research Ref. 

KRAS Pancreatic cancer 
(PANC-1,BxPC-3 and 
KPC689) 

Treatment with iExosomes 
suppressed cancer in multiple 
mouse models of pancreatic 
cancer and significantly increased 
overall survival 

[214] 

Cancer cell membrane, 
PLGA 

PD-L1 Breast/Cervical 
cancer (MDA-MB-231 
and Hela) 

Effectively transported siRNA to 
cancer cells and enhanced the 
cellular uptake 

[132] 

Hydrogels Platelet membrane–coated 
metal-organic framework 

Survivin Breast cancer 
(SK-BR-3) 

High silencing efficiency could be 
achieved in vitro against multiple 
target genes 

[215] 

PDLLA-PEG-PDLLA, 
cholesterol-modified 
antimicrobial peptide DP7 

Pin1 Hepatocellular 
carcinoma (Hep3B) 

DP7-C NPs and hydrogel-assisted 
siRNA delivery prolonged the 
silencing effects of Pin1 siRNA and 
inhibited tumor progression 

[216] 

Collagen hydrogel, PEI Id1 gastric cancer 
(SGC-7901) 

Hydrogel significantly prolonged 
siRNA action time and enhanced 
its efficacy on target gene 

[217] 
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nfluenza virus hemagglutinin 2 (HA2) virosomes by cell-free 
rotein synthesis. Particularly, they engineered virosomes 
haracterized by a membrane made of lecithin and cholesterol 
long with a stiff core consisting of chitosan. Chitosan 

as used to adsorb siRNA- VEGF , thereby enhancing the 
ncapsulation efficiency of siRNA. Liposomes offered a 
ydrophobic lipid bilayer framework for HA2 protein multimer 
ssembly. The silencing efficiency of HA2 virosomes against 
EGF in A549 cells was 19.02 %, demonstrating the virosomes’ 
apacity to trasnsport siRNA. 

.2.3. Nano vehicle delivery 
anoparticles (NPs) are particles with diameters ranging 

rom 1 to 1000 nm, frequently utilized in drug delivery to 
mprove the bioavailability and pharmacokinetics of drugs 
or cancer therapy. Without any doubt, the physicochemical 
roperties of NPs, including size, shape, charge and surface 
hemistry, have a notable impact on their in vivo distribution 

nd effectiveness in siRNA delivery [91] . The size of NPs is 
 key factor in determining their absorption, distribution,
rgan accumulation and elimination in vivo [92] . In general,
Ps with particle diameters ranging from 10 to 200 nm can 

ffectively deliver siRNA to the target area [93] . NPs with 

article sizes less than 10 nm are easily cleared by the 
idney, and those larger than 200 nm are easily taken up 

y phagocytes [94] . The geometry also has an impact on 

P distribution and cellular uptake. According to various 
nalyses, spherical particles have the highest absorption rate 
95] . However, the discoidal and elongated NPs attained higher 
umor accretion than spherical NPs [96] . Positively charged 

Ps have a higher cellular absorption capacity than negatively 
harged NPs due to electrostatic interactions between them 

nd the cell membrane [97] . However, the positively charged 

Ps also tended to exhibit higher cytotoxicity. Therefore, the 
eliberate design of NPs plays a pivotal role in facilitating the 
elivery of siRNA to the tumor site while realizing therapeutic 
fficacy. 
.2.3.1. Lipid-based delivery Lipid-based systems for 
elivering anticancer siRNAs embody cationic liposomes,
eutral liposomes, stable nucleic acid-lipid particles, and 

olid lipid NPs. Liposomes are spherical, monolayer or 
ultilayered vesicles made of phospholipids that are either 

atural or synthetic [98] . There are various advantages of 
sing liposomes as a siRNA delivery. (1) Liposomes are 
traightforward to prepare and can be produced in substantial 
uantities, which is beneficial to clinical applications.
driamycin, the first liposomal drug approved by the FDA 

n 1995, has been employed in cancer treatment with 

otable therapeutic efficacy; (2) They can protect siRNA from 

ndonuclease degradation; (3) Liposomes can ensure efficient 
elivery of siRNA to tumor tissues through the permeation 

etention effect (passive targeting) or/and the use of ligands 
active targeting). The number of layers, size, and surface 
harge of the liposomes dictate the delivery efficiencies 
f siRNA [66] . Positively charged cationic liposomes can 

orm complexes with oppositely charged siRNA through 

lectrostatic interaction and subsequently bind to negatively 
harged cell membranes, so as to improve the transfection 

fficiency. Consequently, cationic lipids have emerged as 
he most widely utilized liposomal carriers in gene therapy 
mong all lipid-based systems. 

Cationic liposomes: Cationic liposomes are usually 
omposed of cationic lipids and helper lipids. Various cationic 
ipids, including N-[1-(2,3-dioleoyloxy) propyl]-N, N, N- 
rimethylammonium chloride (DOTMA), [1,2-dioleoyloxy)-3- 
Trimethylammonium) propane] (DOTAP) and 3 β [N-(N’, N’- 
imethylaminoethane)-carbamoyl] cholesterol (DC-Chol), are 
onducive to facilitating transmembrane transport for siRNA 

elivery. Whereas, helper lipids, like cholesterol (Chol) and 

,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), are 
ften incorporated into the liposome structure to improve 
he stability of cationic liposomes or endosomal release.
lthough cationic liposomes can be prepared using a wide 

ange of materials as well as the complexes which are formed 



Asian Journal of Pharmaceutical Sciences 18 (2023) 100852 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by liposomes and siRNA are easily endocytosed by cells, their
in vivo application is constrained by cytotoxicity like cell
membrane rupture and the generation of reactive oxygen
species (ROS) [99] . On top of that, positively charged cationic
liposomes come into contact with proteins in the blood and
are promptly removed. Surface modification of liposomes
with polyethylene glycol (PEG) provides an exterior polymeric
layer to hinder the adsorption of serum proteins and can
reduce the excretion by kidneys and scavenging in the liver,
ultimately enhancing circulation time and biocompatibility
[100] . Nevertheless, using PEG is not always advantageous. The
presence of PEG not only reduces the uptake of complexes
by tumor cells but also has the ability to interfere with
endosomal escape [101] . The efficacy of PEGy-lated NPs
can be increased by linking liposomes and PEG using pH-
sensitive, redox-sensitive, or enzyme-sensitive bonds. Zang
et al. [102] constructed a pH-sensitive cholesterol-Schiff
base-polyethylene glycol (Chol-SIB-PEG)-modified cationic
liposome that conjugated with the recombinant humanized
anti-EphA10 antibody (Eph) incorporating siRNA against
MDR1 gene (EPSLR). Eph binds precisely to anti-EphA10
expressed in breast cancer cells, improving liposomes’
capacity to target cancer cells preferentially. The pH-
sensitive PEG-lipid can be degraded under acidic conditions
in favor of endosomal escape. The results explained
that PEGylation and anti-EphA10 antibody modification
increased tumor targeting in vivo and reduced MDR1 protein
expression. In addition, cationic liposomes can be used as
carriers for the co-delivery of siRNA and chemotherapy
drugs to synergistically enhance the anticancer effect
by way of the combination of gene therapy and
chemotherapy [103] . 

Neutral liposomes: Anionic or neutral liposomes
exhibit superior biocompatibility and pharmacokinetic
characteristics than cationic lipids. However, the electrostatic
repulsion between anionic liposomes and siRNA causes
them to struggle to form stable complexes, resulting in low
delivery efficiency. This limitation is also a reason for the
relatively limited studies on using anionic liposomes as siRNA
delivery carriers. Since charged liposomes have numerous
drawbacks, neutral liposomes have emerged as desirable
siRNA complexation biomaterials. Sahu et al. [104] developed
a neutral nanoliposome based on 1,2-dioleoyl-Sn-glycerol-
3-phosphatidylcholine (DOPC) containing siRNA targeting
the mTOR gene (NL-siRNA- mTOR ) to treat breast cancer.
The pharmacokinetic study of NL-siRNA- mTOR outcomes
represented that neutral liposomes could significantly
prolong blood circulation by protecting siRNA from
degradation. The biotoxicity assessment of NL-siRNA -mTOR
demonstrated that it was free of toxicity. Significantly, NL-
siRNA -mTOR could down-regulate the expression of mTOR,
leading to a profound reduction in tumor growth, proliferation
and invasion. Likewise, Halder et al. [105] successfully
co-delivered siRNA- FAK (focal adhesion kinase) and the
chemotherapy agents docetaxel (DTX) or cisplatin to ovarian
tumors employing DOPC depending on neutral liposome.
Various studies highlight that the combined treatment of
chemotherapy and siRNA -FAK had a significant impact on
slowing the spread of ovarian cancer through both direct and
indirect anti-vascular mechanisms. 
Stable nucleic acid-lipid particles (SNALPs): SNALPs,
another lipid-based siRNA delivery vector, have been used
in medical experiments. SNALPs contain a lipid bilayer
with a mixture of cationic and fused lipids, which has a
high encapsulation efficiency for siRNA [106] . The bilayer is
additionally coated with PEG to improve retention in systemic
circulation and lessen NP aggregation. At the same time,
targeting ligands can be conjugated to the lipids of liposomes
to enhance their specificity towards the target. 

3.2.3.2. Polymer-mediated delivery Polymer-mediated siRNA
delivery systems have been extensively investigated because
of their promising qualities such as simplicity of manufacture,
cost-effectiveness, biocompatibility, biodegradability and high
surface functionality. Like cationic liposomes, polymers with
high positive charge density can form stable complexes.
Cationic polymers and the negatively charged phosphate
groups of siRNA self-assemble into microparticles through
electrostatic adsorption, boosting intracellular gene transport
via the proton sponge and shielding nucleic acids from
enzyme destruction [107] . Depending on the material utilized,
polymers used for gene delivery can be categorized into
synthetic polymers, dendrimers, and natural polymers [108] . 

Synthetic polymers: Polyethyleneimine (PEI) has been
widely employed as a cationic polymer carrier to deliver
anticancer siRNA. Under healthy settings, many of the
secondary and tertiary amine groups in the chemical
structure of PEI carry positive charges, which can interact
electrostatically with negatively charged siRNA to condense
the nucleic acid into a complex. The amine groups also enable
PEI to have buffering capacity in a wide pH range, which can
trigger connotation escape via proton sponge action and
promote the intracellular release of siRNA [109] . Klein et al.
[110] used PEI as a carrier for siRNA- HER-2 (human epidermal
growth factor receptor-2) delivery inducing effective gene
knockdown. According to the information gathered the
siRNA/PEI complex could down-regulate HER-2 mRNA by
about 50 % in SKOV-3 ovarian cancer cells. The siRNA/PEI
complex demonstrated greater significant transfection
efficiency and greater gene silencing effectiveness in vitro and
in vivo when compared to using siRNA alone. This enhanced
performance can be traced back to PEI’s protective role in
protecting siRNA from nuclease degradation and promoting
its intracellular release. Nevertheless, PEI’s low targeting and
molecular weight-dependent cytotoxicity limit its application.
To overcome these barriers, targeted ligands and chemical
alterations are employed. Hou et al. [111] synthesized folic
acid-modified leucine polyethyleneimine (NPF) and formed
NPs through self-assembly, which could effectively load
siRNA- PLK1 (polo-like kinase 1) and deliver to SGC-7901
gastric cancer cells overexpressed folate (FA) receptor. As
per research findings, the NPF/siPLK1 complex decreased the
SGC-7901 cell’s capacity for migration and invasion while
increasing the anti-tumor proliferative effect. 

Dendrimers: In addition to the cationic polymers, cationic
dendrimers are being considered as viable candidates for
siRNA delivery. Cationic dendrimers are macromolecular
3D spherical entities with well-defined molecular weight,
molecular size, stable structure and high branching.
Compared to other various linear polymers, dendrimers
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eature a high density of surface groups, rendering them 

menable to facile modifications [83] . Poly(amidoamine) 
PAMAM), poly (propylene imine) (PPI) and poly- l -lysine 
PLL) are the most frequently utilized cationic dendrimers 
or gene delivery. Within the endosomal environment,
rotonation of the amine group on the dendrimer molecule 
ccurs, generating a proton sponge effect. This effect induces 
n influx of chloride ions, which raises osmotic pressure.
inally, the endosomal membrane ruptures and siRNA 

elease occurs [112] . PAMAM is particularly suitable as a 
ehicle for the co-delivery of drugs and genes due to its 
ontrollable size and excellent uniformity [113] . Ghaffari 
t al. [114] co-delivered a siRNA molecule targeting the 
CL-2 anti-apoptotic gene and curcumin (Cur) into human 

ervical cancer (HeLa) cells using the fourth-generation 

AMAM dendrimer (G4). Cur was trapped within the PAMAM 

endrimer cavity, and then it formed a complex with siRNA- 
CL-2 via electrostatic interactions. In comparison to the 

ndividual delivery of Cur or siRNA- BCL-2 , the co-delivery 
pproach of both substances exhibited enhanced cell death.
imilarly, Gaballu et al. [115] fabricated methotrexate (MTX)- 
odified polyamidoamine dendritic molecule 4 (G4) (G4/MTX) 

o deliver siRNA- HMGA2 . MTX endowed the nanocapsules to 
arget human breast cancer cell lines (MCF-7, MDA-MB-231) 
xpressing folate receptor (FR). Consequently, G4/MTX-siRNA 

emonstrated strong impacts on cellular internalization and 

ene silencing. 
Natural polymers: Cyclodextrin (CD) and chitosan 

re promising natural polymers widely used in siRNA 

elivery for targeted cancer therapy [116] . CDs are cyclic 
ligosaccharides with a hydrophobic cavity and a hydrophilic 
uter surface [ 117 ,118 ]. The cationic polyamine skeleton of 
Ds enables electrostatic interactions with siRNA to form 

omplexes. Concomitantly, the internal cavity structure 
an be loaded with hydrophobic drugs. It is suggested 

hat CDs hold the potential for synergistic drug delivery.
ou et al. [119] constructed a CDNP for DTX and siRNA- 
F-kB delivery while modified with PEGylated folate to 
nd a solution to the problem of target specificity. The 
esign demonstrated decreased tumor growth and toxicity,
chieving a synergistic treatment for colorectal cancer (CRC).
hitosan is a class of natural cationic polymers acquiring 
 positive charge, which is beneficial for the loading of 
enetic material. However, chitosan’s free amine protonation 

an only successfully complex siRNA under acidic pH 

onditions. Owing to its poor solubility under physiological 
onditions, modified derivatives of chitosan are frequently 
tilized as gene delivery carriers and for the treatment of 
RC [120] , osteosarcoma [121] , glioblastoma (GBM) [122] ,
astric cancer [123] , breast cancer [124] , etc. Zhong et al.
125] synthesized a novel gene delivery carrier (MixNCH) by 
ybridizing chitosan with 2-chloroethylamine hydrochloride 
nd N, N-dimethyl-2-chloroethylamine hydrochloride. The 
ector delivered siRNA of midkine ( MK ) overexpressed in 

alignant tumors. All of the experimental observations 
epresented that MixNCH/siRNA- MK NPs had favorable 
ene delivery physicochemical properties and had the 
otential to drastically reduce MK’s mRNA and protein levels.
urthermore, they effectively inhibited the proliferation of 
epG2 cells (human hepatocarcinoma cells). 
.2.3.3. Hydrogels Three-dimensional networks made of 
atural or artificial polymers are called hydrogels [126] . Both 

he physical and chemical properties of hydrogels, particularly 
heir electrified properties, vary depending on the types of 
olymers used, which have been closely linked to the design 

f hydrogels for siRNA delivery. For instance, the hydrogels 
repared from dextran are neutral, while those derived from 

ationic polymers such as PEI and chitosan carry a positive 
harge. Neutral hydrogels are frequently employed to deliver 
iRNA-NP complexes or siRNA conjugates, facilitating cellular 
ptake as well as gene silencing. Conversely, positively 
harged hydrogels can be harnessed as transfection agents to 
romote the release of siRNA and the continuous induction of 
ene silencing. Liechty et al. [127] used 2-diethyl aminoethyl 
ethacrylate and tert-butyl methacrylate copolymers to 

abricate two nanogels, one of which was engineered with 

 disulfide crosslinker. The disulfide crosslinker made the 
anogels degradable in a reducing environment. The results 
emonstrated that functional siRNA could be delivered into 

aco-2 cells (human CRC cells) by biodegradable and non- 
egradable nanogels, achieving 47% and 83% gene silencing,
espectively. These findings emphasize the potential of 
anogels as efficient siRNA delivery vehicles. 

.2.3.4. EV-based delivery NPs Exosomes: Exosomes are 
xtracellular vesicles with a size of 30–150 nm that are 
ctively secreted by the majority of cells in the human 

ody [128] . Similar in structure to liposomes, exosomes also 
ave a lipid bilayer structure which protects their payload 

rom destruction during circulation inside the bloodstream.
dditionally, exosomes encapsulate a diverse array of cellular 
omponents, encompassing lipids, proteins and nucleic 
cid molecules that mediate information transfer between 

ells. Valad et al. [129] discovered that mRNA and miRNA 

ontained in exosomes secreted by mast cells could be 
ransported to other cells and subsequently translated. It 
roved that exosomes could mediate the horizontal transfer 
f genetic material. Notably, endogenous exosomes are 
ontoxic and nonimmunogenic compared to synthetic NPs,
aking them good candidates for siRNA delivery. Erviti et al.

130] initially proposed using exosomes for siRNA delivery and 

onfirmed the therapeutic potential of exosome-mediated 

iRNA delivery. In another study, Rehman et al. [131] isolated 

xosomes from bone marrow mesenchymal stem cells 
BMSCExo) as dual therapy containing temozolomide (TMZ) as 
ell as siRNA for treating TMZ-resistant GBM. Concurrently,
MSCExo decorated with a specific short peptide targeting 
eme oxygenase-1 (HSSP) exhibited the ability to target 
BM cells due to the overexpression of heme oxygenase- 
 in TMZ-resistant GBM cells. HSSP-decorated BMSCExo 
ould deliver the siRNA against STAT3 to the GBM, thereby 
einstating TMZ sensitivity and successfully restraining GBM 

rowth. 
Cell membrane: Exploiting the advantages inherent in 

atural materials, cell-derived biomimetic drug delivery 
ehicles have garnered substantial attention in the research 

ommunity. They have demonstrated utility in mitigating 
mmunogenic responses and improving biocompatibility. Cell 

embrane vesicles derived from tumor cells can target 
umor tissues for precise treatment due to the presence 
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of functional membrane proteins on their surfaces. Chen
et al. [132] prepared poly(lactic-co-glycolic acid) (PLGA) NPs
loaded with doxorubicin (DOX) and siRNA- PD-L1 , which were
then enveloped with the membrane of HeLa cells (CCMNPs).
The results demonstrated that, when compared to MDA-MB-
231 cells, CCMNPs induced higher levels of cytotoxicity in
HeLa cells and exhibited increased cellular uptake. CCMNPs
exhibited their source-targeting capability through specific
self-recognition within homologous cancer cells. 

The majority of NPs altered by vesicles produced from
cell membranes have a conventional core-shell configuration.
Nevertheless, if the liposome is modified with vesicles, the
core-shell structure may not be observed. On the contrary,
the cell membrane tends to fuse with the liposome to
form a mixed membrane lipid, which might be attributed
to the structural similarities between liposomes and cell
membranes [133] . 

3.2.3.5. Microneedles Microneedles(MNs)are microarrays
with a height of 150–1,500 μm and a width of 50–250 μm
[134] . MNs may offer a novel transdermal medication delivery
pathway, allowing for non-invasive and painless drug release
into the dermis by overcoming the skin’s primary barrier,
the cuticle. According to the mechanism of drug release,
MNs can be divided into five types: solid MNs, hollow MNs,
coated MNs, dissolving MNs, and hydrogel-forming MNs [135] .
The materials and methods employed in MNs’ fabrication
to determine their physical properties and geometry. Solid,
hollow and coated MNs are mainly made of inorganic
materials such as silicon, ceramics, glass and stainless steel.
However, there have been numerous drawbacks to MNs
made of inorganic materials, such as limited drug loading
capacity, intricate manufacturing processes, and especially
the potential safety hazard of the needle body remaining in
the skin after breakage [135] . Organic components used to
make MNs, such as polymers and polysaccharides, are often
soluble. After insertion into the skin, soluble MNs could be
dissolved in contact with the skin interstitial fluid, avoiding
the residue of sharp objects. 

There is a burgeoning body of research on the delivery
of macromolecules (nucleic acids, proteins and vaccines)
via MNs for the treatment of cancer since the delivery
method utilizing MNs) imposes no limitations on the
molecular weight and hydrophilicity of medications. MNs are
commonly employed to administer siRNA for the treatment
of melanoma. Ruan et al. [136] fabricated a stainless steel-
based microneedle as an octaarginine/siRNA- BRAF (V-raf
murine sarcoma viral oncogene homolog B) nano-complexes
carrier for cutaneous melanoma therapy. Octaarginine is an
arginine-rich cell-penetrating peptide and has been reported
as a vector to improve cellular absorption of siRNA [137] .
In vivo , experiments demonstrated that MNs could deliver
octaarginine/siRNA- BRAF nanocomposites through the skin
to the melanoma site. Then octaarginine delivered siRNA to
melanoma cells to successfully silence the BRAF gene and
arrest tumor development. 

3.2.3.6. Inorganic NPs As a result of the easily modifiable
surface, higher stability, and controllable size, shape,
structure, and composition of inorganic NPs, they become
potential siRNA delivery systems for cancer therapy. Gold
NPs, magnetic NPs, carbon NPs, silicon NPs, quantum dots,
and other inorganic NPs are often employed in this context
[138] . 

Gold NPs: The unique physical and chemical properties
of Gold NPs (AuNPs) endow them with tunable size and
elastic surface characteristics. AuNPs have both covalent and
non-covalent bonding properties [139] . On the one hand,
their surface can be rendered positively charged by selecting
a suitable stabilizer and then electrostatically bound to
siRNA. On the other hand, AuNPs can also bind siRNA
through chemical interactions involving functional groups
like gold-thiol, amine, and carboxylate [140] . Leveraging the
photothermal effect of AuNPs, siRNA-AuNP complexes can
release siRNA upon exposure to near-infrared (NIR) laser light
[141] . These characteristics endow AuNPs with significant
potential for applications in gene delivery. AuNPs have
anti-angiogenic products, which provide great potential for
cancer therapy. Furthermore, AuNPs can serve as fluorescence
quenchers based on the principle of fluorescence resonance
energy transfer and can also be used as a contrast agent for
computed tomography (CT) due to their high X-ray absorption
ability. Sun et al. [142] coupled Cy5-modified survivin siRNA to
AuNPs and then coated with lipid NPs (Au-DR-siRNA@LNPs).
Au-DR-siRNA@LNPs not only successfully inhibited tumor cell
survival protein expression, but also enabled fluorescence
imaging and CT imaging to monitor the behavior of siRNA in
vivo . 

Carbon NPs: Different types of reagents, such as Carbon
nanofibers, carbon nanotubes, nanodiamonds, graphene,
fullerenes and carbon dots, have been created based on
the fact that carbon exists in a range of allotropes [143] .
Graphene, a two-dimensional nanomaterial with excellent
optical and chemical properties, has been considered an ideal
gene delivery system. Yin et al. [144] prepared functionalized
graphene oxide (GO) for siRNA delivery by conjugating
FA, NH 2 -mPEG-NH 2 and poly-allylamine hydrochloride (PAH)
onto GO nanosheets . The conjugation of FA and GO was
designed to target cancer cells expressing the folate receptors,
allowing for specific attachment to these cells. This approach
led to apoptosis, proliferation inhibition, and cell cycle
arrest in pancreatic cancer cells MIA PaCa-2 by silencing
the expression of HDAC1 and K-Ras . Moreover, photothermal
therapy exhibited by the following GO nanosheets under NIR
light synergistically suppresses tumor growth by more than
80% in vivo . Furthermore, it also had no adverse effects on the
mice’s body weight, learning ability, memory management or
voluntary movement. 

Magnetic NPs: Because of their superparamagnetic
properties and biocompatibility, magnetic NPs have attracted
a lot of attention in biomedical applications. They are often
used as MRI contrast agents, so magnetic NPs as siRNA
delivery systems offer the potential not only for gene therapy
but also for imaging and real-TME monitoring in solid tumors
[145] . To enhance the siRNA loading efficiency and the
cellular uptake efficacy of NPs, their surfaces are often coated
with cationic polymers. Wang et al. [146] used PEI-modified
magnetic NPs (PEI-MNPs) for in vitro treatment of GBM
multiforme U251 through the combination of bioimaging
and siRNA delivery. Intracellular imaging displayed that the
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fficient uptake of PEI-MNPs by tumor cells, and the siRNA- 
EI-MNPs complex effectively inhibited cell proliferation and 

nduced apoptosis and autophagy. 
Mesoporous silica NPs: Mesoporous silica NPs (MSNPs) 

ave a large surface area, a high pore volume, homogeneous 
orous channels, good biocompatibility, and biodegradability,
aking them a viable siRNA delivery vehicle. Generally, there 

ave been two strategies for preparing nucleic acid-MSN 

omplexes: (1) Coating MSN with cationic polymers to create 
 positively charged surface suitable for complexing with 

iRNA [147] ; (2) Loading siRNA in the unique pore structure 
f MSN. Therefore, it is essential to fabricate MSNs with 

arger pore sizes to accommodate bigger siRNA molecules,
s smaller pores may restrict their passage. Meka et al.
148] prepared MSNPs with a large pore size (9 nm) and 

mall particle size (200–400 nm) which could be loaded with 

iRNA. After modification with an octadecyl (C 18 ), siRNA- 
urvivin was successfully introduced into HCT-116 (human 

olon cancer cells) and the survivin protein expression was 
nhibited. Moreover, multiple nucleic acid-MSN complexes 
ith different functionalities could also be generated through 

oading or modification strategies. 
Quantum dots (QDs): Due to the distinctive electrical and 

ptical characteristics of QDs, the use of QDs as drug delivery 
arriers can monitor the distribution of drugs in tissues 
hrough diagnostic imaging. In addition, QDs have a tunable 
ize and shape. Hence, many studies have investigated the 
se of QDs as effective therapeutic diagnostic agents to 
eliver siRNA [149] . Lin et al. [150] developed cadmium 

ulphoselenide/Zinc sulfide quantum dots (CdSSe/ZnS QDs)- 
ased nanocarriers. These CdSSe/ZnS QDs were conjugated 

ith PEI (QD-PEI) to enhance the siRNA loading efficiency.
he delivery of siRNA -TERT by QD-PEI was adequate, and 

he gene expression of TERT was successfully suppressed in 

87 (human malignant GBM cells,) and U251 cells (human 

strocytoma cells) without significant cytotoxicity. This study 
emonstrates the QD nanocarriers’ enormous potential as 
ersatile delivery platforms. 

Delivery vectors could enhance the immune response in 

ddition to helping siRNA drugs penetrate the targeted organs 
r tissues. In actuality, the immune system may be impacted 

y the majority of materials. For example, since iron, calcium,
nd zinc can promote the secretion of pro-inflammatory 
ytokines, inorganic NPs prepared with them have a beneficial 
ffect on the M1 polarization of tumor macrophages [151] . In 

articular, the US FDA-approved iron oxide NPs can polarize 
2-type TAMs to M1-type TAMs in vitro and in vivo and activate 

nti-tumor immune responses in TME [152] . As a commonly 
sed material for photothermal therapy, the thermal effect 
f AuNPs can promote local infiltration of immune cells 
nd maturation of DCs to remodel TME [153] . In addition,
eray et al. found that synthetic amorphous silica NPs also 
ould induce the maturation of human monocyte-derived DCs 
154] . Some cell membranes, aside from inorganic substances,
an also act as distinct factors influencing macrophage 
olarization. Deng et al. reported that various proteins ( e.g.,
ANKL or CB1) expressed on NK cell membranes can induce 
roinflammatory M1-macrophage polarization to produce 
nti-tumor immunity via an interaction with macrophage 
urface receptors [155] . 
. Combination therapy improves the role of 
iRNA in remodeling TME 

.1. siRNA combined with immunotherapy 

mmunotherapy, which eliminates tumors by activating 
he body’s immune system to restore the normal anti- 
umor immune response, has recently been the principal 
ocus of cancer treatment. Nowadays, representative cancer 
mmunotherapy involves adoptive immune cell therapy (ACT),
himeric antigen receptor (CAR)-T cells, targeted immune 
heckpoint therapy, tumor vaccines, oncolytic virotherapy,
tc. [156] . It has been demonstrated that adoptive immune 
ells may be primed for cancer treatment using NPs carrying 
iRNA. For instance, Cheng et al. [157] prepared adoptive 
acrophages with DNA nanomedicine containing siRNA- CSF- 

R (Colony stimulating factor-1)and immune adjuvant CpG.
he synergistic effect of CpG and CSF-1R reprograms M2-type 
AMs to M1-type TAMs to secrete anti-tumor cytokines. The 
ata showed that these adoptive macrophages demonstrated 

ffectiveness against tumors both in vitro and in vivo . 
Blocking tumor immune checkpoints is among the most 

ffective immunotherapy strategies, such as PD-1, PD-L1 
nd CTLA-4. Although immune checkpoint inhibitors (ICIs) 
ave shown therapeutic benefits in cancer patients, the fact 

hat they have a highly effective therapeutic effect in a 
mall population of patients [158] . This was interconnected 

o the immunosuppressive microenvironment. siRNA has 
reat potential to regulate genes that can inhibit various 
mmunosuppressive pathways. Therefore, improving TME 
hrough siRNA-based approaches could alleviate the problem 

f low response rates to ICI treatments. For example,
gamcherdtrakul et al. [159] developed an MSNP to co- 
eliver CpG and siRNA- STAT3 (AIRIST-02). CpG was a toll-like 
eceptor 9 (TLR9) agonist that triggered the TLR9 pathway 
o activate antigen-presenting cells (APCs). STAT3 played 

n immunosuppressive role in APCs through a variety of 
echanisms, limiting the immunological stimulatory effects 

f CpG. Hence, AIRIST-02 showed a robust anti-tumor immune 
esponse, characterized by an increase in systemic CD8 + anti- 
umor T cells. This enabled the treatment of distant tumors 
n addition to the original tumor’s shrinkage. Significantly,
IRISE-02 improved the efficacy of ICIs. Compared with ICIs 
lone, the combination of the three (CpG, siRNA- STAT3 and 

CIs) exerted a more pronounced influence on the inhibition 

f tumor growth. Another study [160] reported a light- 
esponsive conjugate of αPD-L1 with siRNA- PD-L1 (PARC).
ARC exhibited a specific targeting capability towards cancer 
ells and caused reactivation of immune cell activity through 

he interaction of αPD-L1 and membrane PD-L1. Following 
nternalization through endocytosis, siRNA- PD-L1 could be 
eleased from PARC to inhibit intracellular PD-L1 expression.
his dual-action approach synergistically contributed to the 
ugmentation of anti-cancer immunity. 

.2. siRNA combined with chemotherapy 

hemotherapy is widely regarded as a successful kind of 
reatment since it uses cytotoxic medicines to eliminate 
ancer cells. The traditional perspective is that chemotherapy 
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drugs can suppress the body’s immune function while killing
tumor cells. This immunosuppression might be linked to the
irreversible exposure of phosphatidylserine (PS) located in the
inner phospholipid bilayer of the cell membrane to the cell
surface when drugs induce apoptosis in tumor cells [161] . PS
that faces outward binds to immune cell receptors, severely
suppressing the immune system [162] . Hence, blocking PS
overturn has become a new strategy to ameliorate the TME.
The creation of a novel nanocarrier was accomplished by
Chen et al. [163] , where they used amphiphilic PMBOP polymer
to prepare the nanocarrier-loaded siRNA -Xkr8 and FuOXP, a
prodrug conjugate of 5-fluorouracil and oxaliplatin. Xkr8 was
an important scramblase that promoted exposure of PS on
the surface of apoptotic cells. Therefore, the downregulation
of Xkr8 expression could reduce the PS version. Importantly,
it abolished the rise in the level of surface PS caused by
the FuOXP treatment in CT26 tumor cells. Compared to the
treatment with FuOXP NPs alone, the combined utilization
of these two drugs resulted in a notable increase in the
infiltration of anti-tumor immune cells, thereby significantly
improving the anti-tumor activity. 

In recent years, some studies have found that low-dose
chemotherapy drugs, such as anthracyclines, oxaliplatin
and taxanes, can induce immunogenic cell death (ICD) in
tumor cells as well as stimulate tumor-specific immune
response [164–166] . Nevertheless, chemotherapy drugs also
can trigger the up-regulation of various immunosuppressive
genes (such as PD-L1 , CD47 ) to offset the ICD effect [167] .
Many scientists believe that reducing the expression of these
associated immunosuppressive genes with siRNA will help to
resolve this dispute. Chen et al. [168] developed a carrier-free
nano-assembly of acid-activatable DOX prodrug and siRNA
(PEG@D:siRNA). siRNA- PD-L1 suppressed the upregulation
of PD-L1 of tumor cells induced by DOX-mediated ICD
which achieved the combinational ICD induction and
reversion of immunosuppression for cancer treatment
( Fig. 6A ). In a separate study, Tan et al. [169] created a new
camptothecin (CPT) prodrug NP that was biodegradable,
glutathione (GSH) sensitive, and capable of delivering siRNA-
PD-L1 . This approach of knocking down PD-L1 enhanced
cancer cell sensitivity to CPT and alleviated the intensive
immunosuppression caused by up-regulation of PD-L1
following CPT therapy ( Fig. 6B ). 

4.3. siRNA combined with photodynamic therapy 

Photodynamic therapy (PDT) is a non-invasive treatment
based on photosensitizer (PS). When exposed to the proper
wavelength of light, the cytotoxic ROS produced by PS can
cause the death of cancer cells [170] . Additionally, PDT
has the ability to damage blood vessels as well as has
immunomodulatory effects in tumor tissues [171] . Numerous
researches have demonstrated that PDT can elicit ICD and
promote the maturation of DCs, which then activate effector
T cells and induce anti-tumor immunity [172] . Therefore,
the combination of PDT and gene immunotherapy can
synergistically augment the immune-mediated anti-tumor
effect. Guo et al. [173] designed a nucleic acid nanogel
(siRNA/PPA-NG) for the simultaneous delivery of siRNA- PD-L1
and pheophytin A (PPA) for melanoma treatment. Upon laser
irradiation, siRNA/PPA-NG could greatly stimulate cancer cell
death. Moreover, in contrast to the negative group treated with
PBS, nanogel co-packaged with PPA and siRNA- PD-L1 without
irradiation treatments could promote the frequencies of
mature DCs and infiltration of cytotoxic T cells to 18.3% ±1.6%
and 44.9% ±5.0%, respectively. Notably, these values were
lower than those obtained with nanogel co-packaged with
PPA and siRNA- PD-L1 along with irradiation treatments, which
resulted in maturation of DCs at 62.3% ±10.4% and infiltration
of cytotoxic T cells at 49.0% ±3.5%. 

Although PDT has a high potential for cancer treatment,
hypoxia remains a significant hurdle in PDT therapy [ 174 ,175 ].
To address this issue, Zhou et al. [176] designed a novel
ruthenium-based photosensitizer (Ru) modified-TiO 2 NPs
loaded with siRNA- HIF-1 α. The inclusion of HIF-1 α siRNA
is aimed at ameliorating the localized hypoxic conditions.
Under visible light irradiation, the NPs exhibited a remarkable
capability to elevate intracellular l levels of ROS and
induce pyroptosis. Concurrently, the NPs down-regulated the
expression of PD-L1 in tumor cells through the HMGB1 (high-
mobility group protein B1)-NF- k B-PD-L1 axis, promoted the
secretion of anti-tumor cytokine IL-24 and activated CD4 + and
CD8 + T cells ( Fig. 6C ). 

4.4. siRNA combined with photothermal therapy 

Photothermal therapy (PTT) is a promising method for cancer
treatment. In contrast to PDT, PTT employs localized heat
produced by photothermal nanomaterials excited by near-
infrared light (in the range of 650–900 nm) to eliminate tumor
cells. Commonly used photothermal conversion materials
such as precious metal nanomaterials, carbon nanomaterials,
polymers (polyaniline NPs, Dopamine), and near-infrared
fluorescent dyes, etc. [177] . Aside from direct heat ablation of
tumors, the thermal effects generated during PTT treatment
can also induce ICD, release tumor-associated antigens
(TAAs), and damage-associated molecular patterns (DAMPs)
[178] . DAMPs, as a "danger" signal of immune stimulation, can
increase the infiltration and activation of antigen-presenting
cells and intensify their phagocytosis as well as the processing
of TAAs. These actions can activate T cells and start
anti-tumor immune responses. Nevertheless, studies have
demonstrated that PTT treatment increases the expression
of indoleamine 2,3-dioxygenase 1 (IDO). IDO restrains the
proliferation of T cells and induces the expression of
regulatory T cells by converting tryptophan to kynurenine,
inhibiting tumor cell apoptosis and impairing anti-tumor
immunity [179] . Thus, Zhang et al. [180] developed a folate-
targeting gold nanorod system for combining siRNA- IDO
delivery and PTT. Their results revealed that IDO suppression
by siRNA- IDO boosted T cell infiltration and the production
of anti-tumor inflammatory cytokines (TNF and IFN) in TME,
decreased T cell death, and improved treatment outcomes. 

5. Clinical applications of siRNA-based 

anti-tumor drugs 

5.1. Marketed siRNA-based anti-tumor drugs 

As a novel anticancer drug, siRNA has been used in the
treatment of several malignancies. In order to improve
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Fig. 6 – Combination therapy remodels TME. (A) Schematic diagram mechanism of the combinational ICD induction and 

reversion of immunosuppression by PEG@D:siRNA promoted the activation and infiltration of CTLs (Reprinted with 

permission from [168] . Copyright 2020 Elsevier); (B)Schematic diagram of the combinational antitumor 
chemo-immunotherapy mechanism of siPD-L1@HM-CPT (Reprinted with permission from [169] . Copyright 2023 
SpringerLink); (C) Schematic diagram of action mechanism of TiO 2 @Ru@siRNA (Reprinted with permission from 

[176] .Copyright 2022 Elsevier.). 
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he therapeutic effect, researchers have developed siRNA 

herapeutic drugs from the perspectives of synergistic effect 
o remodel TME, overcoming tumor multi-drug resistance 
r minimizing chemotherapy drug side effects, hoping to 

ncrease the efficacy and reduce side effects. We have 
ummarized all of the siRNA-based drugs in clinical trials due 
n 2022 as shown in Table 2.

According to the study, PKN3 has a significant role in 

egulating how quickly lung cancer cells spread. Furthermore,
he siRNA drug Atu027, which is the target, has completed 

 phase I clinical study. The findings indicate potential anti- 
etastatic lung cancer activities as well as lymph node 
etastasis development [181] . The most prominent family 

f receptor-type tyrosine kinases is the Eph [182] , of which 

phA2 is highly expressed in solid tumors while being closely 
nterconnected to tumor cell proliferation, survival and drug 
esistance. EphA2-targeting DOPC-encapsulated siRNA is a 
rug in phase I clinical trials for the treatment of advanced 

r recurrent solid tumors. The main goal of the study is 
o determine the safety, tolerability and maximum tolerated 

osage, or delivered dose. The medication was well tolerated 
t all test doses, according to safety tests in primate and 

ouse animal models [183] , and might be employed in phase 
 trials. 

SiG12D LODER [184] , a siRNA drug targeting the KRAS 
ene, has entered phase 1 clinical trials in combination with 

hemotherapy. The RAS gene is involved in regulating cell 
ife activities. KRAS [185] is a member of the RAS family 
nd is linked to cell growth, proliferation, differentiation and 

ther life activities. Mutation of KRAS will lead to abnormal 
ownstream signaling pathways to promote malignant cell 
roliferation and carcinogenesis. Because of its high mutation 

ate, KRAS has been chosen as a therapeutic target for the 
evelopment of anti-tumor drugs. SiG12D LODER is a micro 
iodegradable implant with KRAS-targeting siRNA injected 

nto patients with advanced pancreatic cancer (LAPC) along 
ith chemotherapy. Negative incidents occurred in 5 of the 

5 patients treated, and the remainder had a 70 % reduction 

n tumor marker CA19–9, with a median overall survival of 
5.12 months and 18-month survival of 38.5 %. This hints 
t the possible efficacy of SiG12D LODER combined with 

hemotherapy in patients with LAPC. 



A
sia

n
 Jo

u
rn

a
l
 o

f
 Ph

a
rm

a
ceu

tica
l
 Scien

ces
 18

 (2023)
 100852

 
17

 

Table 2 – siRNA-based drugs in clinical trials (As of 1st May 2023, surveys are available at clinicaltrials.gov.). 

Drugs First posted Target Delivery system Cancer type Status Company ClinicalTrials.gov 
identifier 

SY 2018–08–01 KRAS G12D Exosomes Metastatic Pancreatic; 
Adenocarcinoma 
Pancreatic Ductal 
Adenocarcinoma Stage 
IV; Pancreatic Cancer 
AJCC v8 

Phase 1 Recruiting M.D. Anderson 
Cancer Center 

NCT03608631 

siRNA-EphA2- 
DOPC 

2012–05–04 EphA2 LNP Advanced cancers Phase 1 Recruiting M.D. Anderson 
Cancer Center 

NCT01591356 

Atu027 2009–07–14 PKN3 LNP Solid tumours Phase 1 Completed Silence Therapeutics NCT00938574 
CALAA-01 2008–06–03 RRM2 Cyclodextrin NP Solid tumours Phase 1 Terminated Calando 

Pharmaceuticals 
NCT00689065 

Unknown 2008–05–06 Proteasome Naked siRNA Metastatic Melanoma Phase 1 Completed Scott Pruitt NCT00672542 
APN401 2014–06–18 siRNA- 

transfected 
Naked siRNA Solid Tumors Phase 1 Completed Wake Forest 

University Health 
Sciences 

NCT0216625 

APN401 2017–03–22 siRNA- 
transfected 

Naked siRNA Solid Tumors Phase 1 Completed Wake Forest 
University Health 
Sciences 

NCT03087591 

PSCT19 2015–08–19 PD-L1/PD-L2 Naked siRNA Hematological 
Malignancies 

Phase 2 Completed Radboud University 
Medical Center 

NCT02528682 

siG12D LODER 2012–08–30 KRAS LODER polymer Pancreatic Ductal 
Adenocarcinoma 
Pancreatic Cancer 

Phase 2 Recruiting Silenseed NCT01676259 

SXL01 2016–08–15 androgen receptor Naked siRNA Prostatic Cancer Phase 1 Withdrawn Institut Claudius 
Regaud 

NCT02866916 

Unknown 2005–11–23 Unknown SV40 vectors Chronic Myeloid 
Leukemia 

Completed Hadassah Medical 
Organization 

NCT00257647 

CAS3/SS3 2021–08–09 TLR9 receptor ; 
STAT3 

CpG conjugated Relapsed/Refractory 
B-Cell NHL 

Phase 1 Recruiting City of Hope Medical 
Center 

NCT04995536 

Unknown 2011–01–05 BCL-B Unknown Multiple Myeloma unknown Center hospitalier 
universitaire de nice 

NCT01270009 

( continued on next page ) 
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Table 2 ( continued ) 

Drugs First posted Target Delivery system Cancer type Status Company ClinicalTrials.gov 
identifier 

STP705 2021–04–14 TGF- β1 ; COX-2 Unknown Squamous Cell 
Carcinoma in Situ 

Phase 2 Recruiting Sirnaomics NCT04844983 

Atu027 2013–03–11 PKN3 Cationic lipoplex Carcinoma, Pancreatic 
Ductal 

Phase 1/2 Completed Silence Therapeutics NCT01808638 

Unknown 2010–02–25 E2F1; MYCN Unknown Neuroblastoma Completed National Taiwan 
University Hospital 

NCT01075360 

Unknown 2010–01–29 B4GALNT3 Unknown Neuroblastoma Completed National Taiwan 
University Hospital 

NCT01058798 

SLN124 2019–11–25 TMPRSS6 GalNAc 
conjugated 

Beta-thalassaemia; 
Myelodysplastic 
Syndrome 

Phase 1 Withdrawn Silence Therapeutics NCT04176653 

SLN124 2022–08–12 TMPRSS6 GalNAc 
conjugated 

Polycythemia Vera Phase 1/2 Not yet 
recruiting 

Silence Therapeutics NCT05499013 

NU-0129 2017–01–13 BCL-2 L12 AuNPs Gliosarcoma Phase 1 Completed Northwestern 
University 

NCT03020017 

NBF-006 2019–01–28 GSTP LNP NSCLC; Pancreatic 
Cancer; CRC 

Phase 1 Recruiting Nitto BioPharma NCT03819387 

STP705 2021–04–14 TGF- β1 ; COX-2 Copolymer PNPs Keloid Phase 2 Recruiting Sirnaomics NCT04844840 
ALN-VSP02 2010–07–08 KSP ; VEGF SNALP Solid Tumors Phase 1 Completed Alnylam 

Pharmaceuticals 
NCT01158079 

TKM-080301 2011–09–20 PLK1 LNP Liver Cancer Phase 1 Completed National Cancer 
Institute 

NCT01437007 

CALAA-01 2008–06–03 R2 Cationic lipoplex Solid Tumors Phase 1 Terminated Calando 
Pharmaceuticals 

NCT00689065 

DCR-MYC 2014–04–10 MYC LNP Solid Tumors, Multiple 
Myeloma, Lymphoma 

Phase 1 Terminated Dicerna 
Pharmaceuticals 

NCT02110563 

NBF-006 2019–01–28 KRAS LNP NSCLC, Pancreatic, CRC Phase 1 Recruiting Nitto BioPharma NCT03819387 
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Atu027 is a siRNA coated liposome drug that can target
the expression of PKN3 , a protein kinase N3, that is expressed
in vascular and lymphatic endothelial cells [186] , is the
effector protein of RAS homologous in order to enhance
the proliferation and migration of tumor cells, among other
things. As a result, PKN3 may be employed as a therapeutic
target for solid tumors. In the phase 1 clinical trial [187] , 34
patients with advanced solid tumors received ten incremental
doses of Atu027 without prior medication, and 41 % of patients
remained stable without further disease progression within
eight weeks. 

5.2. Adverse reactions 

As previously mentioned, many barriers still exist to the
delivery of platforms of siRNA drugs in cancer therapy. When
siRNA is provided to patients, double-stranded RNA may
cause innate immune responses and have negative side
effects. Some patients have severe hypersensitivity reactions
to oligonucleotides or lipid and phospholipid products. In
addition to that, it must be said that among the delivery
vectors for siRNA drugs, Viruses have emerged as the
most thoroughly researched and effective delivery vehicle.
Nowadays, there are various AAV viruses developed for the
specificity of different tissue structures, which can greatly
enhance tissue targeting and specificity. When using viral
vectors to deliver siRNA, the viral vectors have problems
such as immunotoxicity and cytotoxicity, which may cause
adverse reactions in clinical applications. In SiG12D LODER’s
phase I clinical study, three subjects reported neutropenia
and two subjects reported cholangitis, a grade 3–4 serious
adverse event [184] . During the phase 1 study of Atu027, four
patients reported serious adverse events whereas 13 cases
of elevated lipase were reported [187] . Hence, perhaps more
research can focus on exploring safer and more biocompatible
nanomaterials, in order to discover safer medications that
are better suited for human clinical application. Additionally,
there are many problems of drug resistance induced by
pathogenic gene mutations in treating lung cancer. Therefore,
while utilizing treatment techniques like siRNA internal gene
interference, it is recommended that patients screen for some
common pathogenic mutations in advance. 

6. Future outlook and summary 

Recently, the incidence rate of tumors has increased. Finding
an effective approach for treating tumors is a typical difficulty
for global scientific research and clinical treatment specialists.
In the 21st century, the rapid development of biology has
gradually clarified the molecular mechanism of tumors.
Different tumor therapeutic targets have also been discovered,
laying the foundation for the research of tumor-targeted
drugs. 

Multiple simple nano-delivery traditional therapeutic
medications have been approved for cancer patients, however,
their efficacy is typically inferior to that of other recognized
treatment techniques. Therefore, people were searching for
new treatments [188] . It is worth noting that the recent
clinical advancements in immunotherapy have resulted in
a substantial shift in the treatment of advanced malignant
tumors. Nevertheless, this treatment is not perfect either, as
there are still many patients who have not benefited from the
currently available immunotherapy, and many people have
had immune-related side effects [189] . Patient-specific genetic
mutations frequently contribute to these adverse events. This
also proposes that tumor immunotherapy could be coupled
with gene therapy as another more precise and efficient
treatment. Meanwhile, TME is the main cause of failure in
nanomedicine and immunotherapy, which limits the delivery
while also affecting efficacy, even if the drug accumulates
in TME. Coincidentally, disrupting the TME characteristics of
nanomedicine delivery can also lead to immune suppression.
siRNA drugs have significant advantages in addressing the
aforementioned issues [190] . Compared it to other therapeutic
approaches, siRNA provides substantial therapeutic benefits.
It can accurately inhibit the expression of target genes,
promote tumor cell apoptosis, and have fewer side effects
than traditional treatment methods. The ability of siRNA
medicines to remodel TME has also proven to be extremely
effective and could interfere with the core proteins in all
components of TME. However, the development of drug
delivery is relatively slow now. Virus is the most frequently
utilized carrier, while NP drug delivery is the most famous and
promising direction. With more and more rare disease siRNA
delivery platforms gaining recognition, such as “Patisiran” and
“ASO inotersen”. As a result, increasing amounts of funding
are being directed in this manner [ 66 ,191 ,192 ]. 

Many novel delivery solutions have been continuously
explored, among which the following three main strategies
to optimize delivery technology are the most influential
trendiest: chemical modification [ 193 ,194 ], biological coupling
[ 195 ,196 ], and carrier-mediated vesicles [ 193 ,197 ]. The
following strategies have been used to optimize the safety,
efficacy and stability of siRNA therapy. The development
of siRNA therapeutics is ongoing, and selecting alternative
drug carriers and target genes for siRNA will alter its dosing
system [198] . Therefore, how to establish an efficient and
standard delivery dose for this drug is worth further
research and discussion. It should be stated that the
mechanism of target gene selection and delivery vectors
for siRNA drugs often requires different researchers with
different backgrounds, which always creates an undeniable
knowledge gap or missing link. We believe that we are able to
benefit from the study methodologies of uncommon genetic
illnesses ( http://www.orpha.net ) and establish a mechanisms
database for pharmaceutical researchers to choose target
genes. Concurrently, it can also set up a complete delivery
vectors database of nucleic acid drugs for molecular genetics
researchers to learn. Generally speaking, customizing siRNA
to control tumor microenvironment to acquire precise cancer
treatment is a promising new strategy for tumor prevention
and treatment. 
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