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Revolutionizing cancer therapy: nanoformulation
of miRNA-34 — enhancing delivery and efficacy for
various cancer immunotherapies: a review
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Despite recent advancements in cancer therapies, challenges such as severe toxic effects, non-selective
targeting, resistance to chemotherapy and radiotherapy, and recurrence of metastatic tumors persist.
Consequently, there has been considerable effort to explore innovative anticancer compounds,
particularly in immunotherapy, which offer the potential for enhanced biosafety and efficacy in cancer
prevention and treatment. One such avenue of exploration involves the miRNA-34 (miR-34) family,
known for its ability to inhibit tumorigenesis across various cancers. Dysregulation of miR-34 has been
observed in several human cancers, and it is recognized as a tumor suppressor microRNA due to its
synergistic interaction with the well-established tumor suppressor p53. However, challenges have arisen
with the therapeutic application of miR-34a. These include its susceptibility to degradation by RNase in
serum, limiting its ability to penetrate capillary endothelium and reach target cells, as well as reports of
immunoreactive adverse reactions. Furthermore, unexpected side effects may occur, such as the
accumulation of therapeutic miRNAs in healthy tissues due to interactions with serum proteins on nano-
vector surfaces, nanoparticle breakdown in the bloodstream due to shearing stress, and unsuccessful
extravasation of nanocarriers to target cells owing to interstitial fluid pressure. Despite these challenges,
miR-34a remains a promising candidate for cancer therapy, and other members of the miR-34 family
have also shown potential in inhibiting tumor cell proliferation. While the in vivo applications of miR-34b/
c are limited, they warrant further exploration for oncotherapy. Recently, procedures utilizing
nanoparticles have been developed to address the challenges associated with the clinical use of miR-34,
demonstrating efficacy both in vitro and in vivo. This review highlights emerging trends in nanodelivery
systems for miR-34 targeting cancer cells, offering insights into novel nanoformulations designed to
enhance the anticancer therapeutic activity and targeting precision of miR-34. As far as current
knowledge extends, no similar recent review comprehensively addresses the diverse nanoformulations
aimed at optimizing the therapeutic potential of miR-34 in anticancer strategies.

altering the immune response to create an environment
conducive to immune cell activation and subsequent recogni-

Immunotherapy represents a groundbreaking approach to
cancer treatment, diverging from conventional modalities such
as radiation and chemotherapy. Its fundamental aim is to
bolster the body's immune system, enabling it to combat cancer
cells across multiple fronts. This strategy involves dynamically
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tion and elimination of tumor cells. The primary objective of
immunotherapy is to enhance the immune system's capabilities
by regulating the immunological microenvironment.® This
entails manipulating factors that influence immune cell func-
tion and tumor cell interaction, ultimately leading to tumor
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eradication. Key to this approach are the genetic abnormalities
present in tumor cells and the dynamic nature of the tumor
microenvironment (TME), which collectively drive cancer initi-
ation and progression. Genetic alterations in tumor suppressor
genes and proto-oncogenes directly contribute to cancer devel-
opment. Consequently, therapeutic interventions aimed at tar-
geting these aberrations have become pivotal in cancer
management. By addressing these genetic abnormalities,
immunotherapy aims to exploit the body's natural defenses to
combat cancer effectively.”

1.1. MicroRNAs in cancer therapy

MicroRNAs (miRNAs) have emerged as a promising focal point
in immunotherapy, serving as significant predictive and prog-
nostic markers due to their distinctive regulatory functions.?
These molecules, categorized as non-coding RNAs (ncRNAs),
consist of short, single-stranded RNA molecules, typically
comprising 22 nucleotides, although lengths ranging from 19 to
25 nucleotides have been documented. Their pivotal role lies in
modulating gene expression across various cellular processes.*
In the context of cancer, miRNAs exert influence over critical
oncogenes and tumor suppressor (TS) genes, thereby orches-
trating fundamental processes, including tumor progression,
cell proliferation, angiogenesis, invasion, and metastasis.’®
Notably, miRNAs exhibit diverse roles in cancer development,
functioning as either tumor suppressors or oncogenes
depending on their target genes. Predominantly, the dysregu-
lation of miRNAs, leading to their downregulation, instigates
various cellular abnormalities such as enhanced cell growth,
invasion, metastasis, reduced treatment sensitivity, and
increased apoptosis.®

In addition, miRNAs have diverse functions in cancer devel-
opment, acting as TS or oncogenes depending on their targets.
Luckily, the majority of miRNAs have tumor-suppressive func-
tions in various types of cancer, and their aberrant down-
regulation causes a variety of cellular abnormalities, including
increased cell growth, invasion, metastasis, decreased sensitivity
to treatment, and increased apoptosis.® Some of the reported
oncomiRNAs are miR-224 promoting lung cancer,” miR-21
stimulating the expression of breast cancer, pancreatic adeno-
carcinoma, and colorectal cancer (CRC);® and miR-10 was re-
ported to be overexpressed in gastric cancer.’ On the other hand,
some of the most well-known TS miRNAs families are miR-34, let-
7, miR-29, miR-383, and miR-3174, which are found to be
downregulated in various cancer types, such as glioblastoma,*®
breast cancer, pancreatic cancer, hepatocellular carcinoma
(HCC), lung cancer, head and neck cancer, prostate cancer,
colorectal cancer, and esophageal cancer (EC)."*™*

2. MicroRNA-34

The miR-34 family has been grabbing a lot of attention in cancer
research recently due to its noteworthy tumor-suppressive
functions. The family of miR-34 includes three members miR-
34a, miR-34b, and miR-34c. While miR-34b and miR-34c are
primarily expressed in lung tissue, miR-34a is expressed
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ubiquitously throughout different tissues, hence, miR-34a is the
most recognized in the family.'*"” An increase in miR-34s
inhibits apoptosis and senescence, leading to carcinogenesis
and cancer progression, henceforth they are essential for
controlling the immune microenvironment of several cancers,
such as those of the lung, breast, liver, prostate, colorectal,
ovarian, and head and neck.'®

2.1. Biosynthesis of miR-34s

The cytoplasm and nucleus are the sites of a multistep process
called miR-34 biosynthesis. In the nucleus, miR-34 genes are
transcribed by RNA polymerase II or III, producing pri-miRNA,
a lengthy molecule structured like a hairpin. Within the
nucleus, the pri-miRNA is cleaved by the DROSHA endonuclease,
producing pre-miRNAs that are 80-100 nucleotides long. Pre-
miR-34s are transported to the cytoplasm by exportin-5, which
are further processed by DICER endonuclease to become double-
stranded mature miR-34s, around 20-23 nucleotides long.’ The
mature miRNAs in question form the RNA-induced silencing
complex (RISC) through their association with Argonaute
proteins. Whereas the other strand is broken down, one becomes
the mature miRNA. The degree of complementarity between the
target mRNA binding sites and the miR-34 seed sequence
determines whether or not miRNA-mediated gene silencing
occurs. Partial complementarity prevents mRNA translation, but
full complementarity may cause mRNA destruction. It is impor-
tant to note that their varying expression levels indicate the
diverse and particular roles that miR-34s play in controlling gene
expression. We are constantly learning more about the specific
processes by which miRNAs influence gene expression, and
current studies are helping us understand the complex and
dynamic functions that miRNAs play in cellular physiology and
the development of illnesses.*

2.2. miR-34s cancer targets

MiR-34s have an influential role in preventing the progression
of several types of cancers, such as breast, prostate, HCC,
pancreatic, esophageal and NSCLC, on the other hand, miR-34s
might promote the development of other types of cancer, such
as bladder cancer. Thus, in this review, we aim to shed more
light on the therapeutic role of miR-34 in treating cancer. MiR-
34 was reported to target more than 700 oncogenic genes,
including the PI3K/AKT, Ras, MAPK, Wnt, Notch, and p53
pathways, which are responsible for the advancement of cancer.
Furthermore, miR-34s possess suppressive mechanisms essen-
tial to cancer progression, including invasion, migration, and
endothelial mesenchymal transition (EMT).** Research has
indicated that the administration of miR-34a systemically, in
conjunction with chemotherapy or radiation, might effectively
impede the development of tumors.*"** Thus, in order to create
successful cancer treatments, it is crucial to comprehend the
regulatory mechanisms of miR-34s and their targets.”® Further
investigation into the precise roles and regulatory networks of
miR-34s in various cancer types will yield important informa-
tion for the development of targeted therapies and personalized
medicine strategies® and enhance patient outcomes by using

Nanoscale Adv., 2024, 6, 5220-5257 | 5221


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00488d

Open Access Article. Published on 20 September 2024. Downloaded on 11/9/2025 7:14:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

the potential of miR-34s."® In the following paragraphs, we will
highlight the impact of miR-34 downregulation in cancer
progression.

2.2.1. Role of miR-34s in lung cancer. Noticeably, in lung
cancer cells, miR-34a, miR-34b, and miR-34c seem to have
different roles.* It was revealed that,” miR-34b/c promotes cell
attachment while inhibiting cell growth and invasion, while
miR-34a and miR-34b/c can prevent lung metastases. When
miR-34b/c is expressed, mesenchymal markers like Cdh2 and
Fn1 are significantly reduced than when miR-34a is expressed,
while epithelial markers like Cldn3, and Dsp are more strongly
expressed. Furthermore, it has been demonstrated that miR-34c
inhibits TBL1XR1/Wnt/beta-catenin signaling, hence reducing
the malignant features of lung cancer cells.'***

Moreover, it has been found that non-small-cell lung cancer
(NSCLC) expresses miR-34b-3p at a downregulated level. It has
been reported that,** miR-34b targets CDK4 to inhibit NSCLC
cell growth and cell cycle progression as well as to cause
apoptosis. Likewise, it has been shown that patients with
NSCLC who have lower levels of circulating miR-34 family
members have worse prognoses, indicating that the miR-34s
family may represent a new class of prognostic biomarkers.
Metastatic lung cancer samples have been shown to express
miR-34s at much lower levels than nonmetastatic samples. The
majority of lung adenocarcinomas have been shown to have
hypermethylation of the miR-34 promoters, indicating that
miR-34 methylation may be used as a prognostic indicator for
patients with NSCLC.**%%”

2.2.2. Role of miR-34s in breast cancer. When compared to
normal tissues, the expression of the miR-34 family is down-
regulated in breast cancer. Although it has not been linked to
patient survival, increased expression of miR-34a has been
associated with less aggressive cancer behavior.”® In order to
preserve the homeostasis of the mammary epithelium, miR-34a
is essential. The expression of miR-34a is shown during luminal
commitment and differentiation. Suppressing the signaling of
Wnt/beta-catenin prevents the proliferation of mammary gland
stem cells and early progenitor cells. Notably, human breast
cancer shares the same role for miR-34a in stem/progenitor
cells. The expression of miR-34a induces a luminal-like differ-
entiation, restricts the pool of cancer stem cells, and inhibits
carcinogenesis in triple-negative mesenchymal-like cells that
are enriched in cancer stem cells (CSCs).”* Furthermore, miR-
34a has been demonstrated to target HDAC1 and HDAC7 in
breast cancer, hence regulating cell survival and resistance to
treatments, including doxorubicin, platinum-based drugs and
paclitaxel. These results demonstrate miR-34a's potential for
treating breast cancer.?”*%*

2.2.3. Role of miR-34s in hepatocellular carcinoma (HCC).
One of the most common types of liver cancer and one of the
main causes of mortality globally is hepatocellular carcinoma
(HCC). The onset and advancement of HCC have been linked to
miR-34 dysregulation. Therefore, investigating the complex
landscape of miR-34s in HCC reveals that this family of
microRNAs are key regulators of key biochemical pathways
linked to the onset and spread of HCC. In order to tackle this
aggressive form of liver cancer, researchers are actively
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investigating the therapeutic potential of using miR-34s, which
is creating new opportunities for treatment
approaches.’?* One significant regulatory route in HCC has
been identified as the miR-34a-c-MYC-CHK1/CHK2 axis.
According to a publication, this axis improves radiosensitivity in
HCC patients and suppresses the actions of cancer stem cells.**

Furthermore,* tumor tissues had lower levels of miR-34 than
corresponding noncancerous tissues. In HCC, miR-34 down-
regulation is linked to a poor prognosis. This implies that the
decreased expression of miR-34s might play a role in the
aggressiveness of HCC and function as an important prognostic
indicator for the illness.*® Additionally, research has examined
the relationship between polymorphisms in the pri-miR-34b/c
promoter area and the risk of HCC. The findings demon-
strated the possible involvement of miR-34s in the genetic
predisposition to HCC by showing that specific genetic variants
in this area are linked to higher susceptibility to HCC.*

2.2.4. Role of miR-34s in esophageal cancer. Globally, EC
ranks eighth in frequency and sixth in fatality. Nearly 95% of EC
patients had esophageal squamous cell carcinoma (ESCC) or
esophageal adenocarcinoma (EAC). The risk of ESCC has been
substantially linked to alcohol intake and smoking. The
proliferation and migration of ESCC cells were decreased by
miR-34a overexpression, indicating that miR-34a has a tumor
suppressor function in ESCC."

Proteolytic enzymes belonging to the MMP family play
a crucial role in the remodeling of the extracellular matrix, as its
breakdown is necessary for cancer invasion and metastasis, and
miRNAs that target MMPs can alter the invasiveness of ESCC
cells. Hence, treatment with miR-34a resulted in lower MMP2
and MMP9 protein expression levels. MiR-34a, a p53-
downstream miRNA, specifically targeted and inhibited MMP2
and MMP9, which in turn inhibited ESCC cell migration and
invasion. It's interesting to note that miR-34a was also discov-
ered to suppress the expression of Yin Yang 1 (YY1), an
upstream transcription factor of MMP2 and MMP9, in ESCC
cells, resulting in a downregulation of MMP2 and MMP9 levels
in ESCC.*®

Additionally, one transcription factor belonging to the fork-
head box family, FOXM1, is involved in controlling cell division.
Angiogenesis, cell cycle acceleration, and metastasis are all
significantly impacted by irregular FOXM1. By increasing the
expression of MMP-2 and MMP-9, FOXM1 aided in the
advancement of cancer. Thus, reduced expression of miR-34a in
ESCC tumor tissues as a result of strict regulation of FOXM1
and the expression of its target gene suggest that miR-34a
prevents the advancement of ESCC by reducing cancer cells’
ability to proliferate and migrate.*”

2.2.5. Role of miR-34s in nasopharyngeal cancer. For this
Epstein-Barr (EBV)-associated cancer, intensity-
modulated radiation treatment is used, however, 20-30% of
nasopharyngeal cancer (NPC) patients will still die from distant
metastasis (DM). There are few therapeutic alternatives avail-
able for these patients with NPC, and resistance to chemo-
radiation represents a major clinical issue. Radiotherapy (RT)
combined with concurrent chemotherapy (cisplatin/5-
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fluorouracil) can result in considerable toxicity and even
mortality, but it also significantly improves overall survival.**

TGFp1 is a secreted protein that controls a variety of bio-
logical processes, including the production of miRNAs, devel-
opment of EMT, metastases, and chemoresistance. TGFB1 is
responsible for mediating the overexpression of SOX4, a tran-
scription factor that belongs to the SOX (SRY-related HMG-box)
family and is known to be implicated in cancer and develop-
mental disorders. Numerous biological processes, including
metastasis formation, EMT, apoptosis, and reaction to chemo-
therapy and radiation, are impacted by SOX4 dysregulation.*

Recent data demonstrated miR-34c's function in NPC che-
moresistance and EMT, concluding the downregulation of miR-
34c was largely due to overexpression of miR-449b and the
ensuing TGFPB1 activity, which led to overexpression of SOX4
and SOX2, which in turn induced EMT and cisplatin resistance.
Like other cancer types, miR-34c overexpression made NPC cells
more susceptible to cisplatin *°.

2.2.6. Role of miR-34s in colorectal cancer. Colorectal
cancer (CRC), a type of malignancy affecting the rectum or colon
(large intestine), stands as one of the most widespread cancer
types worldwide, posing significant risks of mortality and
morbidity. Epidemiologically, it ranks second among cancer-
related fatalities globally. In 2020, the global incidence of CRC
was projected to exceed 1.9 million new cases, with over 930 000
associated deaths.* Numerous investigations have revealed that
the expression level of the miR-34 family was lower in the tissues
of CRC patients than in the nearby non-tumor tissues. The
downregulation of miR-34a and miR-34c¢ in human colon cancer
tissue was related to promoter hypermethylation. Despite the fact
that hypermethylation is the reason for the decreased expression
of miR-34, it has also been established that SUMOylation controls
the amount of miR-34b/c in colon cancer. MiR-34's dysregulation
points to a possible biomarker function for it."* In addition, mir-
34a has been identified as a prognostic factor for the recurrence
of CRC in stages I-III, as well as for overall survival rates. More-
over, its regulatory actions involve upregulating early growth
response protein 1 (EGR1) and inhibiting vimentin, resulting in
decreased invasion and migration capabilities. Additionally,
modulation of the E2F pathway leads to growth arrest akin to
senescence. Recent research findings have elucidated that mir-
34a augments EGR1 expression while concurrently impeding
vimentin function, thus mitigating invasion and migration
tendencies in SW620 cells.”

2.2.7. Role of miR-34s in ovarian cancer. The typical course
of treatment for ovarian cancer consists of surgery and
platinum-based chemotherapy. Ovarian cancer has a 47% five-
year survival rate, mostly as a result of chemoresistance and
recurrence. In recent years, poly-ADP-ribose polymerase inhib-
itors (PARPi) have emerged as a potentially effective treatment
for BRCA wild-type EOC tumors and BRCA mutations. Never-
theless, the therapeutic effects of PARPi are limited since
therapy only increases survival by a few months and offers little
long-term benefit despite a surge in clinical studies and an
increasing number of licensed medications. Resistance to
PARPi in tumors with BRCA1/2 mutations implies that the
efficacy of this treatment may be lower than previously
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believed.” Hence, immunotherapy of miR-34 has emerged as an
effective treatment option.

One of the main inducers of EMT is the transcription factor
SNAIL, which is controlled by the miR-34 family. E2F3a is
another essential transcription factor that induces cell prolifer-
ation. It is a critical activator of the cell cycle, promoting and
expediting the G1/S transition. It has been demonstrated that
miR-34a also has a negative influence over E2F3a. This was
shown in ovarian cancer cells, which resulted in a significant
increase in E2F3a expression. Furthermore, it was discovered
that miR-34a adversely regulates L1CAM which is a functional
membrane glycoprotein that gives tumor cells the ability to
migrate and invade and is also essential for EMT. L1CAM over-
expression has been linked to a much worse prognosis and worse
tumor resectability during initial surgery has been associated
with L1CAM expression in ovarian cancer. Moreover, it was
shown that the expression of BRCA1/2 mRNA and miR-34b/c,
correlated negatively in BRCA wild-type tumors. Given the
significant role that the proteins encoded by the tumor
suppressor genes BRCA1/2 play in homologous recombination
DNA repair, the inverse associations that have been found may
be indicative of the more malignant phenotype that is associated
with cancers that express fewer members of the miR-34 family
and have higher rates of proliferation and DNA replication.*

2.2.8. Role of miR-34s in prostate cancer. Prostate cancer
(PCa) is reported as the most diagnosed solid-organ malignancy
in males in the United States and the second most prevalent
cancer in men globally.*® PC treatment depends mainly on the
physiological parameters, however, there has been a high
recurrence rate. Patients with advanced prostate cancer initially
respond promisingly to androgen deprivation therapy (ADT).
Nevertheless, most tumors that have been treated eventually
come back and develop resistance to ADT. Enza is then
administered to these individuals in combination with
chemotherapy.*®

Primary PCa samples have higher levels of mature miR-34a-
5p expression. Several oncogenic signaling pathways, including
c-Myc and AR, are activated during PCa development. Upregu-
lated miR-34a, together with increased LRIG1 expression, serve
as a feedback inhibitory mechanism to counteract MYC and AR-
driven oncogenic signals. Thus, the increased levels of miR-34a
found in initial prostate tumors would continue to function as
a tumor suppressor. Supporting this finding is the finding that,
in PCa samples, miR-34a expression negatively correlates with
the tumor (T) stage. Accordingly, the goal of miR-34a replace-
ment treatment is to reintroduce the tumor suppressor miR-34a
into tumor cells, restoring its lost function and preventing
cancer progression. A therapeutic miR-34a is a fully developed
double-stranded duplex that may directly induce gene silencing
by penetrating the RNA-induced silencing complex (RISC).*®

3. Drawbacks of miRNAs in cancer
therapy

Although TS miRNAs have proven to be a beneficial, promising
treatment in different cancer types since they promote cell

Nanoscale Adv., 2024, 6, 5220-5257 | 5223
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apoptosis, inhibit the endothelial to mesenchymal transition,
inhibit cell proliferation, and inhibit oncogene expression, yet
they have several drawbacks when it comes to their delivery.*”
MiRNA delivery mechanisms are limited due to their poor
binding affinity for complementary sequences, their quick
clearance from blood,*® their off-target toxicity, the unwanted
immune responses,* inadequate delivery to intended target
tissues, insufficient entrapment in the endosome, and lack of
penetration of the cell membrane, and their susceptibility to
nucleases upon addition into biological systems.** However, the
primary obstacles to the clinical development of packaged miR-
34a therapies include vehicle-associated toxicity, decreased
stability, and lack of selectivity.*® Thus, in order to overcome
these drawbacks, nanoformulation of microRNAs has been
arising.

4. Nanotherapies of miRNAs

In the last several decades, there has been an inclination toward
using nanotechnology in medicine, including safer and more
efficient methods of tumor targeting, diagnostics, and therapy.
Drug delivery systems based on nanoparticles (NPs) have
demonstrated several benefits in cancer treatment, such as
improved pharmacokinetics, accurate targeting of tumor cells,
decreased side effects, and decreased susceptibility to drug
resistance Fig. 1. The size and features of NPs utilized in
medication delivery systems are often selected or created in
accordance with the tumor's pathophysiology. Nano-carriers in
cancer therapy mechanically target tumor cells via the NPs'
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carrier effect and the target's location upon absorption. The
medications are then released onto the tumor cells to initiate
apoptosis.

Traditional chemotherapeutic drugs and nucleic acids are
among the drugs found inside the nano-carriers, suggesting they
may be used in gene therapy and cytotoxic treatments. Moreover,
NPs provide a platform that can assist in encapsulating and
distributing some poorly soluble medications throughout the
body. Nano-carriers can lengthen the half-life of medications and
cause their accumulation inside tumor tissues because of the
size, surface properties, permeability, and retention-enhancing
properties of NPs. Meanwhile, the targeting system lessens the
harmful effects of cancer therapy by shielding healthy cells from
the cytotoxicity of medications. In addition, the new generation
of intelligent NPs may also carry various sorts of medications,
such as small molecules, peptides and proteins, nucleic acids,
and living cells, in contrast to conventional NPs that are
employed to deliver chemotherapeutic agents.>*~°

Throughout the past decade, significant progress has been
achieved in the creation of nanotechnology-based approaches
for the administration of cancer drugs, namely in the cases of
glioblastoma,* lung cancer,*® and breast cancer.* The delivery
of ncRNA, such as miRNAs and small interfering RNAs (siR-
NAs), into cancer stem cells and metastatic tumors through NP-
mediated delivery has produced many positive experimental
results that have improved and optimized cancer treatment
options.* Furthermore, the approval of the distribution of
nanotechnology platforms for the delivery of anti-cancer drugs,
including Mepact (mifamurtide), NanoTherm (Fe,O;), Dau-
noXome (daunorubicin), and Caelyx and Myocet (doxoru-
bicin),** suggests a promising future for the NP-driven delivery
of miRNA-based medications.®®

Liposomes,* exosomes, dendrimers, mesoporous silica NPs
(MSN), quantum dots, gold NPs (AuNPs), iron oxide NPs
(IONPs), and core-shell nanomaterials are a few of the main
nanocarriers used in miRNA-based cancer treatments.* When
used as delivery methods for miRNA mimics and antagomirs,
these nanotechnological tools provide a variety of benefits.
Because cationic NPs, in particular, can easily interact with the
negatively charged surface of the cell membrane, ncRNAs
encapsulated in them have been shown to exhibit increased
uptake from target cells.®>*® In contrast, the negative charge and
molecular weight of miRNAs would impede their ability to move
across the cell membrane.?® Tumor-specific targeting ligands
can also be coated on the nanocarrier to promote cell uptake.
This can lessen the unintended off-target effects caused by
miRNA mimics or antagomirs on normal cells.®”*®

The ability to release drugs under controlled conditions
under various stimuli, including pH, redox potential, tempera-
ture, reactive oxygen species (ROS), hypoxia, ultrasound,
magnetic fields, electrical fields, light at various wavelengths
(UV, visible, and near-infrared), or the presence of particular
enzymes, is another benefit of cancer nanomedicine.*”* Addi-
tionally, artificial miRNAs are protected by nanocarriers from
breakdown by nucleases and are more stable, the right
concentrations of these molecules can be delivered to cancer
cells to have the desired therapeutic impact.”"”*

51-54
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Conversely, miRNA mimics and inhibitors administered cells (e.g. macrophages and monocytes) because artificial miR-
through nanotechnological platforms are less likely to cause the NAs can induce immune responses characterized by the secre-
unfavorable immunogenic activity of tumor-associated immune  tion of inflammatory cytokines and type I interferons (IFNs).”*"*
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In fact, it has been demonstrated that immune cell activation is
inhibited when NPs' surfaces are coated with a stealth coating,
such as polyethylene glycol [PEG].”> Consequently, these bene-
fits (shown in Fig. 2) raise the prospect of a notable interest in
developing, enhancing, pre-clinical, and clinical testing proto-
cols for administering miRNA drugs via nanotechnology.®* In
the following paragraphs, we will discuss the nanoformulation
of miR-34 in an attempt to upregulate its levels intercellularly to
achieve the goal of cancer treatment.

5. miR-34 nano-delivery using
nanoparticles

Using nanocarrier systems has the advantage of extending the
drug’s half-life in blood and increasing its stability. Addition-
ally, nanodelivery devices can be customized with particular
tumor-targeted ligands for cell surface receptors to enable active
targeting. Particle sizes of 1 to 1000 nm are frequently observed
in nanocarriers, which are composed of a variety of materials,
including polymers, metals, hybrids, etc. Certain characteris-
tics, including enhanced cellular uptake, biodegradability,
biocompatibility, affordability, low immunogenicity, endo-
somal escape, selective accumulation at the tumor site, and
simplicity of manufacture, are characteristics of seamless
NPs.”*”” In this review, there is a special focus on the latest
advancements and uses nanocarriers in order to deliver miR-34-
based cancer treatments.

5.1. Polymeric nanoparticles

Biopolymers, also known as natural polymers, encompass
various polysaccharides and proteins. Their inherent biocom-
patibility and biodegradability render them particularly suitable
for diverse medical applications, including gene therapy, tissue
engineering, and cell-based transplantation. Natural polymers
can be combined with synthetic molecules through chemical
modifications of their functional groups, giving rise to semi-
synthetic polymers that mimic human tissue components
Fig. 2. However, synthetic polymers hold greater prominence in
the development of controlled drug delivery systems (DDSs) due
to their versatility in structural design and physicochemical
property manipulation. Synthetic polymeric micelles, formed by
tailoring the core-forming segments of block copolymers, offer
a platform for incorporating a wide array of bioactive
compounds such as messenger RNAs (mRNAs), plasmid DNA,
proteins, antisense oligonucleotides, small interfering ribonu-
cleic acids (siRNAs), and photosensitizers.”

The significant potential of synthetic polymers as carriers for
pharmaceutical agents has garnered considerable attention
recently, particularly due to their capacity to facilitate the
development of DDSs capable of targeted and sustained/
controlled release of medications. Enhanced drug delivery effi-
cacy is achieved by encapsulating anticancer drugs within
polymeric micelles tailored for cancer targeting and triggered
release mechanisms. Synthetic polymers employed in DDSs
must exhibit not only biocompatibility and biodegradability but
also site-specific activity, stability in systemic circulation, low
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toxicity and immunogenicity, and the ability to protect drugs
from degradation prior to reaching the target tissue. Addition-
ally, it is imperative that polymer nanocarriers for DDSs are
facile to assemble and devoid of contaminants.® Some of the
most often used synthetic polymers are poly(ethylene glycol)
(PEG), polyglutamic acid (PGA), poly(lactic-co-glycolic acid),
(PLGA), polyethyleneimine (PEI) and polylactic acid (PLA),
however, natural polymers such as collagen, gelatin, dextran,
and chitosan are also used.”®*

Polymers are macromolecules that are produced when one
or more monomers combine covalently to form a linear or
branching chain. As long as these monomers have two func-
tional groups or more, they may react with another monomer
and form a variety of structures. Ideally, a polymer may be
produced to achieve specific characteristics by choosing the
appropriate type of monomers. In addition, polymers show
a high degree of synthetic adaptability that enables their
tailoring. Polymeric design might be applied directly to
biopolymers through chemical derivatization to achieve specific
features. Making synthetic polymers from their corresponding
monomers is an additional choice that can result in various
forms and uses.**

PEG emerges as a synthetic polymer highly esteemed for its
remarkable tolerance, biocompatibility, and pronounced solu-
bility in aqueous environments, rendering it an attractive
candidate for biomedical endeavors. The endorsement of PEG-
conjugated medications by the FDA for human use underscores
its safety and utility in therapeutic applications. Consequently,
PEG has garnered widespread adoption in various biological
realms, encompassing tissue engineering, drug delivery, bio-
conjugation, biosensing, and imaging modalities. In the
domain of bioconjugation and drug administration, PEG plays
a pivotal role in enhancing the in vivo stability and solubility of
pharmaceutical agents while mitigating their rapid clearance
from circulation, thereby optimizing therapeutic efficacy.
PEGylation, the process of conjugating PEG directly with phar-
maceuticals or attaching it to the surface of drug-encapsulating
nanomaterials, has emerged as a transformative strategy.
Notably, PEGylation confers augmented in vivo stability upon
various nanocarrier systems, including micelles, liposomes,
dendrimers, gold nanoshells, quantum dots, and polymeric
nanoparticles, consequently enhancing their therapeutic
potency.?*%*

PEGylated NPs acquire hydrophilicity and near-zero zeta
potential, attributes that impede the attachment of opsonins,
thereby evading recognition by the mononuclear phagocyte
system and subsequent phagocytosis. Furthermore, the
substantial hydration levels of PEG chains contribute to the
increased hydrodynamic size of PEGylated NPs, affording
protection against renal clearance and hindering access to
proteolytic enzymes and antibodies. Consequently, PEGylation
confers significantly prolonged circulation lifetimes upon NPs,
thereby extending these benefits to encapsulated drugs within
PEG-based delivery systems. The flexible hydrophilic nature of
PEG chains facilitates the rapid diffusion of PEG-modified NPs
through mucin fibers, facilitating effective local drug release.
The impact of PEG content, molecular weight, NP core

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characteristics, and timing of administration on achieving
optimal therapeutic concentrations while evading immune
surveillance and prolonging circulation times has been previ-
ously reported. Furthermore, various methods for quantifying
PEG density, encompassing both direct and indirect tech-
niques, were delineated. Considering NP PEGylation within the
contemporary biomedical landscape underscores its potential
to enhance systemic NP delivery, aligning with existing research
findings.*

PGA has garnered scientific interest owing to its environ-
mentally friendly characteristics and biodegradability. Illus-
trated in Fig. 1, PGA represents the fundamental linear aliphatic
polyester distinguished by a predominantly crystalline structure
with approximately 55% amorphous composition. Notably, PGA
exhibits a melting temperature (7,,) within the range of 224 to
227 °C, coupled with a glass transition temperature (7) typically
ranging from 35 to 40 °C. These thermal properties underscore
its suitability for various applications. Given its degradable
nature, PGA has captured the attention of clinicians for poten-
tial utilization in medical contexts. As elucidated earlier, the
primary focus of biodegradable materials lies in their viability
as implant materials for surgical interventions.®

PLGA is a copolymer that has garnered significant attention
due to its approval by regulatory bodies such as the FDA (U.S.
Food and Drug Administration) and EMA (European Medicines
Agency), making it suitable for biomedical applications. PLGA
possesses desirable characteristics, including biodegradability,
biocompatibility,®® and extensive research exploration. Its
versatile nature allows for customization through adjustments
in copolymer ratios and molecular weights, and it is commer-
cially available for various applications. Also, PLGA exhibits
exceptional water solubility, facilitating its utilization in phar-
maceutical formulations, in addition to its controlled release
capabilities, which can be tailored to suit specific medication
requirements and offer flexibility in therapeutic delivery. Addi-
tionally, PLGA can be fabricated into diverse shapes and sizes,
enhancing its adaptability for different biomedical purposes.
Understanding its pharmacokinetic and biodistribution
profiles is crucial, as they exhibit dose-dependent and nonlinear
behavior, influencing the efficacy and safety of PLGA-based
formulations.?”®*

PEI stands as a cationic polymer characterized by ethylene
(CH,CH,) segments interspersed with recurring primary amino
groups. Widely employed in drug delivery systems, PEI serves as
both a nanocarrier and transfection reagent, augmenting the
efficacy of targeted medications and gene therapy interventions.
Notably, a Phase I clinical investigation has explored the use of
PEI in delivering a DNA vaccine, highlighting its potential in
clinical settings. However, despite its promising applications,
research into PEI's clinical utility in cancer management
remains scarce, necessitating meticulous safety evaluations
prior to its clinical deployment. PEI emerges as a pertinent
polymer for encapsulation in the realm of combined gene
therapy and anticancer medication delivery. Variations in PEI's
properties can significantly influence drug transport capabil-
ities, thus underscoring the importance of understanding its
characteristics for optimized therapeutic outcomes. While
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studies have reported on the use of polymer-based nanocarriers
for co-delivering anticancer drugs and gene-targeted therapy,
there exists a paucity of research specifically investigating PEI's
potential for co-delivery in cancer treatment, particularly in
addressing specific subtypes such as breast cancer. This gap
underscores the need for further exploration to elucidate PEI's
role in advancing cancer therapeutics.*

5.1.1. PEG conjugate nanodelivery. Trivedi et al.*® have re-
ported the usage of self-assembling nanoparticles of hyaluronic
acid-poly(ethylene imine) (HA-PEI) and HA-poly(ethylene glycol)
(HA-PEG) to deliver miR-34a for redox-epigenetic changes in the
human non-small cell lung carcinoma (NSCLC) epithelial cell
line (A549). These NPs exhibited a surface charge of —35 mVv
and an average size of 260-360 nm, displaying a spherical
shape. Furthermore, they achieved 94-96% entrapment effi-
ciency (EE%) for miR34a across several formulation batches.
This study concluded that in NSCLC cell lines of both cisplatin-
sensitive A549 and cisplatin-resistant A549 DDP lines, the
introduction of miR34a via HA-NPs can trigger apoptosis. This
process involves a reduction in glutathione (GSH) levels due to
miR34a's interference with the Nrf-2 pathway. Consequently,
alterations in the redox state may impact the levels of Ten
Eleven Translocase (TET) and DNA methyltransferase 1
(DNMT1), influencing the epigenetic regulation of mitochon-
drial DNA (mtDNA). Such epigenetic changes can affect mito-
chondrial transcription and bioenergetics. The resultant
increase in cytochrome C oxidase and mitochondrial ATP levels
can enhance caspase activation, promoting apoptosis. PGC1-
alpha's role in mitochondrial transcription and biogenesis
further supports this process. Moreover, miR34a can suppress
anti-apoptotic factors, leading to heightened caspase-3 activa-
tion and apoptotic induction, as presented in Fig. 3.

Another study prepared transferrin-decorated
thymoquinone-loaded PEG-PLGA nanoparticles (TF-PEG-
PLGA-TQ-NPs) for improved TQ administration to NSCLC cells
(A549). TF-PEG-PLGA-TQ-NPs results concluded drug loading
(% DL) and EE% of 3.5% and 93%, respectively. Dynamic light
scattering (DLS) analysis of PEG-PLGA-TQ-NPs indicated
a hydrodynamic diameter of 77.50 nm =+ 6.35, with a poly-
dispersity index (PDI) of 0.327 + 0.02. Additionally, Tf-TQ-Np
exhibited a time-dependent cytotoxic effect, leading to approx-
imately 55% cell death after 24 hours at a concentration of 5 pug
mL ™. This apoptotic mechanism was done via the triggering of
p53/ROS feedback loop, activating miR-34a and miR-16 in turn,
lowering of Bcl2 and significantly inducing apoptosis in the
NSCLC cells. Concurrently, TF-TQ-Np's stimulation of p53-
mediated miR-34a inhibited the migration of NSCLC cells.”*

A more recent study aimed to develop a nanodelivery system
with the intention of attenuating tumor growth subsequent to
Microwave Ablation (MWA). This was to be achieved by co-
delivering Arsenic Trioxide (As,O3) and miR-34a, thereby elic-
iting synergistic effects. In this regard, the double emulsion
technique was used to blend amphiphilic triblock copolymer
(mPEG-PLA-PAE), miR-34a-DSPE, mPEG-DSPE, and arsenic
trioxide was utilized to fabricate the nanodelivery system. The
sustained release of the drugs and prolonged circulation time
within the organism was facilitated by creating protective shells
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Fig. 3 By blocking the Nrf-2 pathway and lowering glutathione (GSH) levels, the miR34a delivery utilizing hyaluronic acid-NPs can cause
apoptosis in non-small cell lung cancer cell lines that are susceptible and resistant to cisplatin. This figure is reproduced from ref. 90 with

permission from Nature, copyright 2017.

formed by the hydrophilic mPEG fragments encompassing the
nanoparticles. The nanoparticles exhibited notable dispersion
and assumed a diminutive, nearly spherical morphology. Under
physiological conditions (pH 7.4), their size measured approx-
imately 150 nm, which decreased to an average of 110 nm at pH
6.5. Notably, nanoparticles manifested a negative charge of ~—5
under normal physiological circumstances, transitioning to
a positive charge ~+15 at pH 6.5. These observations suggest
that the drug delivery system could augment drug absorption
within mildly acidic environments through charge reversal,
consequently bolstering drug accumulation at cancerous sites
due to extended circulation durations. Moreover, the resultant
nanocarrier possessed enhanced cell internalization and
absorption in acidic TME, and improved stability, in addition to
better biocompatibility down-expressing c-met and up-

expressing cyt-c with subsequent prevention of HCC
progression.®*
5.1.2. PGA-based nanodelivery. A study has devised an

enlarged globular supramolecular structure (polyplexes) rooted
in a PGA to facilitate the transportation of miR-34a mimics and
PLK1-siRNA to suppress oncogenes in orthotopic pancreatic
ductal adenocarcinoma (PDAC) mouse model (MiaPaCa2,
Pancl, BxPC3) and the murine pancreatic cancer cell line
(Panc02). This structure was constructed by conjugating alkyl-
amine and ethylenediamine groups in parallel, utilizing the free
y-carboxyl group present in each repeating unit of r-glutamic
acid within PGA. Resultantly, a positively charged amphiphilic
nanocarrier was formed. This nanocarrier readily binds with the
negatively charged oligonucleotide payload, generating poly-
plexes via electrostatic interactions. Leveraging the enhanced
permeability and retention (EPR) effect, these polyplexes accu-
mulate at tumor sites, thereby facilitating oligonucleotides’
transport and bolstering their circulation stability. The novel
biodegradable amphiphilic polyglutamate amine polymeric
nanocarrier (APA) revealed a near-neutral charge of 4.68 + 3 mV,
indicating the effective neutralization of the initially negatively

5228 | Nanoscale Adv., 2024, 6, 5220-5257

charged miRNA-siRNA pair upon complexation with the
cationic carrier APA. Furthermore, they had a spherical
morphology, with an average diameter of approximately 189.79
£ 11 nm and a low PDI of 0.05. In addition, biology testing
showed effective suppressed tumor development with no
systemic side effects or immunotoxicity. This was achieved by
facilitating accumulation at the tumor site and internalization
within the tumor cells. The delivery of the combination therapy
synergistically enhanced preclinical results, resulting in a note-
worthy decrease in the growth of the main tumor. This was
achieved through the inhibition of PLK1 and upregulation of
mir34a, which inhibited MYC, resulting in the inhibition of cell
migration and proliferation while inducing apoptosis, as pre-
sented in Fig. 4.

5.1.3. PLGA-based nanodelivery. Another study reported
that transfecting miR-34a mimics triple-negative breast cancer
(TNBC) cell lines (MDA-MB-231) with the aim of stopping the
progression of cancer. They created layer-by-layer assembled
nanoparticles (LbL NPs) composed of spherical PLGA cores
encircled by alternating layers of poly-i-lysine (PLL), miR-34a
and PLL. The characterization of PLGA, PLL, miR-34a and PLL
resulted in a size of 112 £+ 8 nm, a positive zeta potential of
32 mV and a loading efficiency of 99%. The formulation of LbL
NPs resulted in significantly higher cellular binding/uptake,
however, following cellular uptake, nanomaterials typically
undergo trafficking to endosomal and lysosomal compart-
ments. Within these intracellular environments, RNA cargo
carried by the nanomaterials is vulnerable to degradation. The
expression of recognized miR-34a target genes, such as Notch-1,
Bcl-2, Survivin, and MDR-1, was repressed by these particles
alongside the downregulation of CCND-1, and Bcl-2, which
significantly slowed down cellular growth and initiated cell
cycle arrest in S phase and G2/M phase.**

A more recent study reported the development of PLGA-poly-
t-histidine (PLGA-poly-L-His) NPs containing a moderate
cationic charge nanocarrier to deliver miR-34a-5p productively

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic representation of the mechanism of action of PGA polyplexes loaded miR34a mimics and PLK1-siRNA. (a) A miR-34a binding
site located in the MYC 3’-UTR. (b) Analysis of PLK1 and MYC protein levels in MiaPaCa2 cells treated with miRNA and siRNA monotherapies, as
well as their combination. (c) Immunostaining of MYC in tumors from various in vivo treatment conditions. (d) MYC immunostaining of short-
term and long-term formalin-fixed, paraffin-embedded (FFPE) pancreatic ductal adenocarcinoma (PDAC) specimens. (e) Quantification of MYC
immunostaining using histology scores, with a scale of 0 to 3 (0 — none, 1 — weak, 2 — moderate, 3 — high). (f) Cell viability assessment of cMYC-
overexpressing MiaPaCaz2 cells versus naive cells after 48 hours of combined treatment, with corresponding MYC immunoblotting shown below
the graph. (g) Proposed model of synergistic interaction through MYC as a shared target for miR-34a and PLK1. STS indicates short-term
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Fig. 5 Internalization of miR-34 via PLGA-poly-L-His NPs. This figure
was reproduced from ref. 95 with permission from Molecular Therapy,
copyright (2023).

mimics both in vitro and in vivo to NSCLC cancer cell lines
(A549). They were formulated as uniform spherical particles
with approximately 200 nm in size, a PDI of 0.10-0.20, a surface
negative zeta charge of —21 £ 5.60 mV, and EE of 80-100%. The
study concluded that PLGA-poly-L-His as a nanocarrier system
exhibited better cellular distribution, good stability, and
encapsulation of miR-34. The cellular delivery of miR-34
induced p53 upregulation whilst downregulating SIRT1
protein, which plays roles in tumor destruction and regulation
of apoptosis, respectively, consequently, inhibiting cancer
progression as presented in Fig. 5.%°

5.1.4. PEI-based nanodelivery. Li et al., have developed
a folate-targeted cationic copolymer nanocarrier for the delivery
of miR-34a-5p with the aim of preserving miR-34a-5p while
creating more fitted nanodrug delivery vehicles for the treat-
ment of Kaposi's sarcoma-associated herpesvirus (KSHV) (KMM
cells). This was done using a facile “one-pot method”, lauric
acid (LA) and small molecule targeting 4-carboxyphenylboronic
acid (PBA) grafted onto PEI, creating a cationic copolymer
noncapsular (LA-PEI-PBA). The amidation reaction between the
amino group on PEI and the carboxyl group on LA and PBA was
used throughout the entire procedure. This serves as the
vector's targeting function and lowers PEI's toxicity. To create
LA-PEI-PBA/miR-34a-5p, which can effectively transport and
protect miR-34a-5p, LA-PEI-PBA is electrostatically adsorbed
with miR-34a-5p as presented in Fig. 6. This nanocarrier served
its aim of successfully protecting miR-34a-5p from nuclease
degradation in addition to owning high stability, blood
compatibility, and cell compatibility. Moreover, LA-PEI-PBA/
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miR-34a-5p showed a particle size of 207.3 nm and zeta
potential of 26.74 &+ 2.36 mV. This resulted in the promotion of
cellular uptake and raised expression of miR-34a-5p, which
suppresses the expression of KSHV lytic and latent genes and
prevents the proliferation and migration of KSHV-infected cells.
This was achieved through the nuclear internalization of miR-
34a-5p, which resulted in the inhibition of Latency-associated
nuclear antigen (LANA), which is responsible for DNA damage
and inhibition of cell proliferation.®®

Avery recent study introduced a novel nonviral vector termed
PEI-SPDP-Man constructed from polymeric micelles (PSM),
engineered to target both intracellular responsive release of
miR-34a and cellular uptake pathways simultaneously in TNBC
cell lines (MDA-MB-231). PSM is synthesized by linking
mannitol (Man) and branching PEI using a glutathione (GSH)-
sensitive disulfide bond (succinimidyl 3-(2-pyridyldithio)propi-
onate) (SPDP) after which miR-34a was loaded in. The charac-
terization of PSM/miR-34a exhibited a spherical morphology
with a particle size of 148 nm, PDI of 0.096 and a positive zeta
potential of 41.2 mV. The resultant PSM/miR-34a gene delivery
system employs caveolae-mediated endocytosis to penetrate
tumor cells, thereby diminishing miR-34a degradation within
lysosomes. To this end, miR-34a is liberated upon detecting the
disulfide bond under high GSH concentrations within tumor
cells, leading to the downregulation of Bcl-2 and CD44 expres-
sion, thus impeding tumor cell growth and invasion, as pre-
sented in Fig. 7.”

5.1.5. Chitosan-based nanodelivery. A novel polyelectrolyte
nanocarrier was engineered through a layer-by-layer self-
assembly approach employing polycationic and polyanionic
chains. This nanocarrier comprises a core composed of PGA-
grafted chitosan, enveloped by a PEI shell adorned with folic
acid, and facilitated by dextran sulfate as a complexing agent.
Leveraging the distinct physicochemical attributes inherent to
this polyelectrolyte complex, the shell demonstrates proficient
encapsulation and delivery capabilities for miR-34a, whereas
the core is envisaged as a robust carrier for LTX-315, (a strong
inducer of anticancer immune responses) and melittin peptides
(possess anticancer properties). The controlled release of both
genes and peptides is achieved through spherical nanocarriers,
exhibiting an average size of 123 + 5 nm and a zeta potential of
36 £ 1 mV. Consequently, this synergistic delivery system
manifests a pronounced impact on chemoresistant human
breast cancer cell line MDA-MB-231, inducing multiple cell
death pathways. The resultant nanocarrier exhibited good
encapsulation efficiency and demonstrated acceptable stability.
Studies on cytotoxicity revealed low caspase-8 activity, Bcl-2
gene, and Cyclin D1 gene knockdown, which abundantly
demonstrated the complementary effects of Mel and miR-34a
on cell cycle arrest and death Fig. 8.%

In a more recent study, Chattopadhyay et al., reported the
creation of a chitosan-PLGA NPs, which is a chitosan-PLGA-
based gene delivery system to deliver capase8 (CASP8), tumor
suppressors miR29A-B1 and miR34a for the of treatment

survivors, LTS indicates long-term survivors, and cMYC OE denotes cMYC overexpression. Data are expressed as mean =+ SD. This figure is

reproduced from ref. 93 with permission from Nature, copyright (2018).
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Fig.6 An outline of the synthesis procedure of LA-PEI-PBA and a schematic diagram illustrating the anti-KSHV treatment involving LA-PEI-PBA/
miR-34a-5p. (A) Diagram illustrating the synthesis process of LA-PEI-PBA. (B) Schematic representation of the LA-PEI-PBA/miR-34a-5p anti-
KSHYV treatment protocol. This figure is reproduced from ref. 96 with permission from Front. Bioeng. Biotechnol, copyright (2024).

NSCLC cell lines (A549). This was done by employing a stabilizer
blend comprising chitosan and polyvinyl alcohol (PVA), via
emulsion diffusion and evaporation techniques. The inclusion
of this stabilizer effectively prevented self-aggregation of the
PLGA nanoparticles by serving as a barrier between the PLGA
moieties, thereby facilitating the formation of an oil-in-water
emulsion. The characterization of these NPs revealed a hydro-
dynamic diameter of 139 nm and PDI of 0.2, indicating
a uniform size distribution. In addition, the presence of amine
groups in the chitosan molecule imparts a net positive surface
charge to the PVA-chitosan mixture. At acidic pH values, these
amine groups undergo protonation, further enhancing the
positive charge density of the blend. Additionally, the negatively
charged carboxylic groups of PLGA can electrostatically interact
with the negatively charged head groups on the cell membrane
under acidic pH conditions. This interaction facilitates the
binding of the nanoparticles to the membrane and their
subsequent internalization within the cells. This nanocarrier
resulted in noteworthy biocompatibility, low toxicity, and
induced apoptosis, in addition to the suppression of BCL2 and
SIRT1 target genes by miRs.”

5.2. Exosomes

Extracellular vesicles (EVs) are a novel structure form that has
recently gained attention as a potential delivery system.'*® EVs,

© 2024 The Author(s). Published by the Royal Society of Chemistry

often referred to as micro- or nanovesicles, are derived from the
cell membrane. All prokaryotic and eukaryotic cells can produce
these structures in an evolutionarily conserved way.'** They
were initially believed to be waste products of cells or entities
created when cells were damaged. Nevertheless, additional
research on EVs has demonstrated that they are significant
cellular constituents and have essential biological roles. Based
on their size, origin, and location, EVs may be divided into
a number of categories.'”> Some of the most well-known EVs are
Exosomes, microparticles, shedding vesicles, apoptotic bodies,
tolerosomes, proteasomes, and prominosomes. The synthesis
of EVs occurs through two distinct processes whether origi-
nating directly from cell membrane budding in the first process
or as a byproduct of the endocytosis system, namely during the
exocytosis of multivesicular bodies. EVs have a significant
impact in pathological circumstances and are involved in bio-
logical processes in cells. They are a form of communication
and have the ability to transport different substances between
cells.*®®

Exosomes are double-membrane vesicles released by various
cell types, typically exhibiting a size ranging from 30 to 150 nm,
with an average diameter of approximately 100 nm. The func-
tional attributes of exosomes are intricately linked to their
cellular origin. Specifically, exosomes derived from tumor cells
play crucial roles in mediating intercellular communication,
particularly in processes such as invasion and migration.***

Nanoscale Adv., 2024, 6, 5220-5257 | 5231
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The phospholipid membrane of exosomes, reflective of their
parent cell's composition, harbors a diverse array of proteins
and lipids. Notable lipid constituents include sphingomyelin,
phosphatidylcholine, phosphatidylethanolamines, phosphati-
dylinositol, and phosphatidylserine. The composition and
abundance of these lipid molecules largely dictate the

5232 | Nanoscale Adv, 2024, 6, 5220-5257

distinctive characteristics of exosomes. Notably, the high levels
of phosphatidylinositol and sphingomyelin contribute to the
remarkable stability of exosomes in bodily fluids and across
various pH environments. As a result, exosomes benefit from
protection against degradation by lipolytic or proteolytic
enzymes, courtesy of these lipid molecules. Within the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phospholipid membrane of exosomes, lipid rafts harbor
proteins such as tyrosine kinase Src and
glycosylphosphatidylinositol-containing proteins.**

The protein composition within exosomes is notably intri-
cate. It is understood that exosomes encompass both generic
and specialized proteins. Among the generic or nonspecific
proteins present in all cell types are CD63, tetraspanins, CD81,
and CD9. Conversely, specific proteins are discernible in exo-
somes derived from distinct cell types, such as HER2 in breast
cancer-derived exosomes and EGFR in glioma-derived exo-
somes. Notably, nonspecific proteins play indispensable roles
in exosome functionality. Tetraspanins, as an example of
nonspecific proteins, have the capability to form complexes
with MHC or integrin molecules through interactions. More-
over, exosomes have the potential to contain ncRNAs, circRNAs,
IncRNAs, and miRNAs, %319

Exosomes hold promise as potential biomarkers for detect-
ing and diagnosing various disorders due to their presence in
diverse bodily fluids. For instance, exosomes generated from
breast cancer inhibit the growth of T cells and reduce the
cytotoxicity of natural killer cells to facilitate immune evasion.
On the other hand, exosomes produced from lung cancer cells
could activate EMT by upregulating vimentin. HCC cell exo-
somes can trigger ERK signaling, which in turn causes ZEB1/2
overexpression to facilitate EMT and ultimately cause cancer
spread. Additionally, exosomes produced from pancreatic
cancer direct macrophage M2 polarization to inhibit immuno-
logical response against cancer cells.'”® Exosomes generated
from ovarian cancer cells may contribute to the development of
malignant TME by encouraging fibroblast migration'*® and
stimulating migration and angiogenesis by upregulating VEGF
Fig. 9.1

Treatment of pancreatic cancer with tumor suppressor gene
miR-34a is restricted due to the absence of a reliable delivery
mechanism. Hence, a paper published by Zuo et al., synthesized
exosomes-coated miR-34a (exomiR-34a) isolated from the
conditioned medium of HEK293 cells via an ultrasound
approach. The cell lines utilized in the study include human
embryonic kidney (HEK293) cells, normal human pancreatic

© 2024 The Author(s). Published by the Royal Society of Chemistry

epithelial ductal cells (HPDE6-C7), as well as human pancreatic
cancer cell lines Miapaca-2 and Panc28. The characterization
results concluded that exomiR-34a had a diameter of approxi-
mately 85.42 nm. According to agarose gel electrophoresis
analysis, the most significant value of 64.8 £ 3.5% was attained
by the RNA loading rate in exosomes when the ratio of exosomes
to miR-34a was 5:1. The results of this study concluded that
exomiR-34a effectively crossed the cell membrane and sup-
pressed the expression of Bel-2. In addition, exomiR-34a treat-
ment dramatically slowed the advancement of pancreatic
cancer cells, and the nanoparticles also caused cancer cells to
undergo apoptosis by altering the expression of pro-apoptotic
proteins such as Bax and p53.'%®

Another study conducted by Huang et al., demonstrated the
role of exosomes in the transmission of low levels of tumor
suppressor microRNA-34c-5p (miR-34c) in the advancement of
NSCLC by upregulating integrin a2p1. The study characterized
exosomes isolated from A549 cells and examined their effects
on tumor invasion and metastasis. Exosomes, ranging from 30
to 120 nm, and NSCLC-derived exosomes were shown to
promote invasion and migration of NSCLC cells in a dose- and
time-dependent manner, while exosomes from normal bron-
chial epithelial cells inhibited these processes. Further experi-
ments demonstrated direct targeting of integrin «2f1 by miR-
34c-3p, inhibition of miR-34c-3p promoting cell migration,
and miR-34c-3p-depleted exosomes enhancing cell migration.
In vivo experiments in mice confirmed that A549-derived exo-
somes promoted lung metastases of NSCLC cells in a dose-
dependent manner, correlating with increased expression of
integrin «2B1. These findings suggest that miR-34c-3p deple-
tion in NSCLC exosomes contributes to tumor progression by
upregulating integrin «2p1, thereby promoting invasion and
metastasis.'*

In nasopharyngeal carcinoma (NPC), malignant behavior
and radioresistance pose significant challenges to radiation
therapy (RT) efficacy and patient prognosis. Thus, a study
published by Wan et al., investigates the tumor suppressor miR-
34c and its impact on NPC cell lines (CME-2, 5-8F, and 6-10B)
development and radioresistance. Screening methods

Nanoscale Adv., 2024, 6, 5220-5257 | 5233
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identified miR-34c as associated with NPC occurrence and
radiation resistance. In vitro and in vivo experiments revealed
that miR-34c overexpression inhibited NPC malignant behavior
by targeting B-Catenin, reducing invasion, migration, prolifer-
ation, and epithelial-mesenchymal transition (EMT). Moreover,
miR-34c overexpression or B-catenin knockdown alleviated
radioresistance in NPCs. Exosomes derived from miR-34c-
transfected mesenchymal stem cells (MSCs) attenuated NPC
progression and enhanced radiation-induced apoptosis. The
transfected MSCs transfer miR-34c via exosomes showed
a particle size of approximately 100 nm. Clinical data confirm
that overexpressing miR-34c inhibits NPC cell proliferation,
migration, and invasion by targeting B-catenin and enhances
radiosensitivity by inducing apoptosis and reducing resistance
to radiotherapy. MSC-derived exosomes carrying miR-34c
inhibit NPC development and radioresistance in vitro and in
vivo."*?

Another study conducted by Vakhshiteh et al., looked into
the possibility of inhibiting the growth of BC cells (MDA-MB-
231) using genetically modified dental pulp MSCs (DPSCs) to
produce modified exosomes that might be used as a vehicle for
miR-34a, whilst comparing exosomes to liposomes. The find-
ings indicated that exosomes had a cup-shaped morphology
with a slightly negative zeta potential and mean particle sizes of
77 £ 5 and 65 + 9 in naive exosomes and 34a-Exosomes,
respectively. On the other hand, the liposomes exhibited
a consistent particle size of 100 nm and a spherical shape.
When miRNA was added to the liposomes, the particle sizes did

5234 | Nanoscale Adv, 2024, 6, 5220-5257

not significantly increase (111.4 + 2.4 nm and 112.2 + 6.7 nm)
but achieved effective miRNA encapsulation and an ideal size
for the transportation of genes. The introduction of miR-34a
exosomes led to the downregulation of c-MET and Bcl2. Exo-
somes containing miR-34a exhibited a dose-dependent cyto-
toxic effect on BC cells. Moreover, compared to untreated
exosomes, those carrying miR-34a have significantly attenuated
the migratory capacity of MDA-MB-231 cells by 15%. Similarly,
therapy involving miR-34a-loaded exosomes markedly sup-
pressed cancer cell invasiveness by 8.5%.""

A recent study conducted by Hosseini et al., reported the
nanodelivery of miR-34a delivery to CRC cell line (CT-26) by
encapsulation within tumor-derived exosomes (TEXs). The
characterization outcomes revealed a predominantly spherical
morphology of the particles, characterized by an average TEX
size of less than 100 nm and a zeta potential of —19.7 £ 12.12,
both falling within the established range for exosome dimen-
sions. Furthermore, the study unveiled that TEX-miR-34a
administration exhibited a dose-dependent induction of
apoptosis in CRC cell lines, leading to a notable reduction in
tumor cell viability. Concurrently, downregulation was observed
in PD-L1 expression alongside an enhancement in immunoge-
nicity. Additionally, the investigation highlighted the respon-
siveness of CRC cells to interleukin-6 (IL-6), which prompted
increased expression of IL-6 receptor (IL-6R). This upregulation,
mediated through activating the oncogenic transcription factor
STAT3, facilitated epithelial-mesenchymal transition (EMT)
and subsequent invasion."*”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5.3. Metallic nanoparticles

Metal nanoparticles (MNPs) have garnered considerable atten-
tion for their multifunctional properties within the realm of
nanomedicine. Various types of MNPs, including gold, silver,
iron, iron oxide, zinc, titanium, cerium oxide, nickel, copper,
magnesium, barium, calcium, and bismuth, have been explored
for their potential in cancer therapy. Among these, gold
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nanoparticles (AuNPs) have exhibited auspicious characteris-
tics, followed by silver and magnetic nanoparticles (MNPs).'*?
Noble metals-based nanoparticles, such as gold and silver, have
been extensively investigated for their applications in cancer
treatment Fig. 10. For instance, surface functionalization or
coating of AuNPs can enhance their anti-tumor efficacy,
rendering them suitable for diagnostic, therapeutic, bioimag-
ing, and prognostic purposes. On the other hand, silver nano-
particles (AgNPs) exert their effects primarily through oxidative
stress, reactive oxygen species (ROS) generation, and induction
of DNA damage. While ROS plays crucial roles in cellular
signaling and homeostasis, an overabundance induced by
AgNPs can lead to toxicity by destroying DNA, lipids, and
proteins.”™* In contrast, zinc oxide nanoparticles (ZnO NPs)
belong to the category of non-noble MNPs. Various chemical
modifications, including metal doping, polymer coating, and
organic photosensitizer utilization, can enhance their photo-
catalytic activity and ROS production. This heightened ROS
generation contributes to their augmented antibacterial and
anticancer efficacy.'®

5.3.1 Gold nanoparticles. Green tea, containing epi-
gallocatechin gallate (EGCG) as its primary component, is
recognized for its antiviral, antioxidant, and anticancer prop-
erties. Meanwhile, AuNPs are valued in drug delivery due to
their distinctive optical characteristics, stability, and facile
surface functionalization. Consequently, a study investigated
the impact of celastrol and EGCG-capped AuNPs on targeted
cell death regulators and tumor suppressor miRNAs, specifi-
cally let-7a and miR-34a, in HCC cell lines (HepG2). The
synthesized EGCG-capped AuNPs had an average size of 35 nm,
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Fig. 11 The preparation and mechanism of action of OMV@ZIF-8@miR-34. (A) Preparation process of OMV-PD1@ZIF-8@miRNA. (B) Schematic
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a loading efficiency of 7.8% =+ 2.3% and enhanced cytotoxicity
against HepGz2 cells as compared to free EGCG. Following a 72
hours treatment with EGCG-AuNPs, HepG2 cells exhibited
significantly elevated levels of let-7a and miR-34a, while c-Myc
protein expression decreased and caspase-3 expression
increased. Overall, the conjugation of EGCG with AuNPs as
a nanocarrier facilitated EGCG's bioavailability and attenuated
its accumulation in cancer cells, thereby inducing cytotoxicity
and promoting apoptosis. The upregulation of tumor
suppressor miRNAs let-7a and miR-34a by EGCG-AuNPs led to
the consequent upregulation of their target gene, caspase-3, and
downregulation of c-Myc protein."*®

In another research published by Alden et al, a novel
delivery method was introduced utilizing functionalized core-
shell-shell (CSS) nanoparticle systems comprising gold-silver-
gold layers, modified with FDA Diels-Alder molecular linkers,
as a spatiotemporally controlled delivery strategy for synthetic
miR-34a mimics (CSS-FDA-miR34a) to be tested in vivo using
a xenograft mouse model of human esophageal squamous
carcinoma cells (TE10). This approach showed promise for
tumor-specific selectivity and effective delivery of miRNA
mimics by precisely controlling the spatiotemporal adminis-
tration of tiny nucleic acid therapies. Through regulated
chemical breakage and release of the miRNA mimic payload,
the light-inducible particles take advantage of the photothermal
heating of metal nanoparticles caused by local surface plas-
monic resonance. The characterization concluded that the CSS
particles had a spherical morphology with an average diameter
size of ~91.3 + 5.4 nm, a PDI of 0.187 and a zeta potential of
approximately —36 mV. The biology testing concluded that
TE10 cells subjected to CSS-FDA-miR34a mimic showed
a significant reduction in the expression of ROCK1, STAT3,
MYC, and TGIF2 as they are direct targets of miR-34a-5p and
a notable increase in the levels of active CASP-3, a key apoptotic
signaling protein.*®

5.3.2. Zinc nanoparticles. Cui et al., reported the develop-
ment of biomimetic nanoparticles by coating outer membrane
vesicles (OMVs) onto zeolitic imidazolate framework-8 (ZIF-8)
nanoparticles encapsulating miR-34a for breast cancer therapy
(Mouse 4 T1 cells line). As depicted in Fig. 11, the selection and
synthesis of pre-miR-34a followed by in vitro transcription were
employed to produce miRNA-loaded ZIF-8 nanoparticles deno-
ted as ZIF-8@miR-34. Subsequently, OMVs were integrated with
these nanoparticles to form OMV@ZIF-8@miR-34 nano-
particles. The OMV membrane surface was engineered to
present programmed death-1 (PD1), facilitating its binding to
programmed death ligand-1 (PD-L1) on the tumor cell
membrane surface to ensure precise tumor targeting of the
miRNA delivery vectors. It was determined that OMV@ZIF-
8@miR-34 had an average diameter of 186 nm with
a uniformly spherical shape, a zeta potential of —20 mV and EE
of ~75%. Cell targeting and miRNA uptake are notably
augmented through the specific binding of PD1 on OMV
surfaces to PD-L1 on tumor cell surfaces. In vitro and cellular
experiments have substantiated the efficacy of this approach in
efficiently obstructing specific proteins (RISC) and inhibiting
tumor cell proliferation. Importantly, the evaluation of major

5236 | Nanoscale Adv, 2024, 6, 5220-5257
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organs in mice demonstrated no evidence of tissue damage or
apoptosis, underscoring the delivery system's high safety profile
and biocompatibility.""”

5.4. Miscellaneous nanoparticles

5.4.1. Silica-based nanoparticles. Mesoporous silica nano-
particles (MSNs), alongside various other nanoparticle types,
have garnered significant attention for their potential in cancer-
related applications owing to several advantageous attributes.
These include low toxicity, biodegradability, a substantial
surface area, facile surface modification, high loading capacity,
and adjustable pore size and morphology.**® Over time, MSNs
have established themselves as effective carriers for a wide array
of anticancer agents, encompassing small molecules, macro-
molecules, genetic materials, proteins, and radionuclides.'*®
Moreover, MSNs can serve as platforms for cancer imaging by
incorporating contrast agents or fluorescent probes within their
pores or onto their surfaces (Cha and Kim, 2019). As per the
findings of Lee et al., mesoporous silica nanoparticles (MSNs)
possess the capability to augment the sensitivity and specificity
of various imaging modalities, including optical and photo-
acoustic imaging, computed tomography (CT), positron emis-
sion tomography (PET), and magnetic resonance imaging
(MRI). This facilitates the acquisition of comprehensive data on
tumor tissues and cells' location, dimensions, structure, and
metabolic activity."®

However, to achieve optimal outcomes for cancer patients, it
may be imperative to utilize MSNs for purposes beyond imaging
or treatment alone. Therapeutic benefits cannot be solely
attained through imaging, and monitoring of drug distribution,
release, and efficacy cannot be adequately accomplished solely

Fig. 12 A schematic overview highlighting diverse applications of
nanodiamonds (NDs). This figure is reproduced from ref. 123 with
permission from ScienceDirect, copyright (2023).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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through treatment interventions. Additionally, using separate
nanoparticles for therapeutic and imaging applications may
introduce complexity and heighten the potential for unfavor-
able outcomes. Therefore, there is a growing emphasis on
integrating the dual functionalities of therapy and imaging
within a single nanoparticle system. This integration is encap-
sulated by the term “theranostic,” which merges “therapeutics”
and “diagnostics”.***

Panecbianco et al., explore the capability of silicon dioxide
nanoparticles, denoted as SiO,NPs, to serve as carriers for bio-
logically active miRNAs. Through experimentation involving
both in vitro and in vivo model systems while investigating the
efficacy of SiO,NPs in transporting miR-34a into a Claudine-low
triple-negative breast cancer (SUM159 pt, human). SiO,NPs
were synthesized via a ternary method without microemulsion,
yielding uniformly spherical nanoparticles with a negative zeta
potential of —10.7 + 4.8 mV. These SiO,NPs demonstrated
effective intra-tumoral delivery and biocompatibility for bio-
logically active miR-34, along with enhanced organoid inter-
nalization, without eliciting significant adverse effects. The
molecular impact of miR-34a delivered by SiO,NPs revealed
a notable downregulation of the Notch1 signaling pathway and
upregulation of p53, consequently inducing apoptosis.***

5.4.2. Carbon-based nanoparticles. Due to their
outstanding physicochemical properties, low inherent toxicity,
cost-effectiveness in large-scale production, versatile surface
functionalization capabilities, and optical attributes, carbon-
based nanoparticles hold immense promise as the next gener-
ation of effective multifunctional diagnostic and therapeutic
agents. These attributes render carbon-based nanomaterials
highly appealing for applications in nanomedicine. However,
variations exist in the toxicity profiles among different
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nanocarbon materials. Nanodiamond (ND) stands out as
a particularly promising platform in nanomedicine, as it offers
advantages such as evasion of drug efflux mechanisms in tumor
cells and enhancement of intracellular drug retention (Fig. 12).
Moreover, ND is recognized as one of the least hazardous
carbon-based nanomaterials studied to date. The recent surge
in interest in drug delivery systems (DDSs)-based nano-
diamonds (NDs) stems from their enhanced chemical stability,
biocompatibility, and capacity to accommodate drugs. NDs
offer a particularly enticing feature: their amenability to surface
modification for a wide array of medical applications, including
drug delivery, cell tracking, and bioimaging. Numerous in vitro
and in vivo biocompatibility studies have underscored that
nanodiamond particles exhibit minimal harm compared to
other carbon-based nanomaterials investigated thus far,
particularly in the context of biological and medical applica-
tions. Consequently, NDs' notable biocompatibility and versa-
tility make them promising candidates for drug-delivery
vehicles, imaging probes, and agents across various therapeutic
and diagnostic realms."*

In a recent investigation, Abate et al. evaluated and opti-
mized nanodiamonds modified with PEI to deliver miR-34a,
designated as ND-PEI-miR-34, as presented in Fig. 13. Anal-
ysis of the physicochemical properties of the nanodiamonds
revealed consistent size (304.5 £+ 31.33 nm), a sub-globular
structure, a polydispersity index (PDI) of 0.43 + 0.014, and
a negative zeta potential of —26.4 + 2.50 mV. Moreover, the
cytotoxicity of the nanodiamonds was assessed on MCF7 and
MDA-MB-231 breast cancer cell lines, demonstrating excep-
tional biocompatibility, significant internalization, and mark-
edly reduced cell migration and proliferation. This effect was
attributed to ND-PEI-miR-34 inducing the accumulation of

ND-PEI-miRNA
functionalization

in vitro and in vivo
breast cancer models

Perspective miR-based
therapeutic approach

Fig. 13 Presenting the steps of formulating modified nanodiamonds. This figure is reproduced from ref. 124 with permission from Molecular

Therapy, copyright (2023).
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acetylated p53 and downregulation of sirtuin 1 (SIRT1) in MCF7
and MDA-MB-231 cells. Subsequently, ND-PEI-miR-34 impeded
tumor progression and mitigated the effects of caspase 3 and
beclin 1 deficiency, leading to the induction of apoptosis and
autophagy.'*

5.4.3. Hybrid nanoparticles. A hybrid nanoparticles’ (HNP)
system comprising two or more components/excipients is
devised to surpass the limitations inherent in individual
nanocarriers. These systems aim to mitigate the drawbacks
associated with individual nanocarriers while exploiting their
advantages. HNPs represent a distinct category of core-shell
nanoparticles, wherein the drug is enclosed within a shell that
can be formed through coating or functionalization of the core
with diverse materials to enable active targeting. Among the
most commonly employed biocompatible and biodegradable
polymers for HNP fabrication are chitosan, polycaprolactone
(PCL), polylactic acid (PLA), and PLGA. The composition of the
shell can be readily modified to adjust its properties, enabling
the covalent or non-covalent attachment of targeted ligands,
antibodies, aptamers, and genetic materials such as DNA or
RNA. Additionally, charged lipids are commonly utilized to
enhance the electrostatic interactions between the lipids and
the oppositely charged core material, thereby promoting the
self-assembly of the nanocarriers.*
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Hybrid systems offer several advantages over non-hybrid
counterparts. They have demonstrated superior loading effi-
ciency, release kinetics, cellular uptake, and cytotoxicity both in
vitro and in vivo. The morphology of core-shell HNPs provides
an optimal delivery platform for co-delivery of multiple drug
substances, drugs with biologics, and drugs alongside imaging
agents. In gene delivery to cancer cells, lipid-polymer hybrid
nanoparticles (LPHNPs) exhibit enhanced cellular delivery effi-
cacy compared to lipoplexes. Hybridizing metal nanocarriers
with endogenous substances or lipids reduces toxicity by
limiting metal-cell interactions, thus enhancing nanocarrier
stability. Additionally, combining inorganic nanocarriers with
polymers possessing antioxidant properties decreases reactive
oxygen species (ROS) generation by the inorganic nanocarriers.
However, hybrid nanocarriers face challenges in predicting and
precisely controlling their physical and biological characteris-
tics, as well as reproducibility issues. In addition, it was
observed that coating a shell layer over a core increases particle
size, affecting the biological fate of the hybrid nanocarrier.**>*

A published paper by Xia et al., was targeting the utilization
of ND-based layer-by-layer nanohybrids using a facile self-
assembly technique with protamine (PS), and folic acid (FA),
resulting in FA/PS/miR-34a/PS@NDs with the goal of delivering
miR-34a specifically to TNBC cell lines (MDA-MB-231). The
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Fig. 14 Schematic representation of the production of layer-by-layer gold nanoshells. (a) Schematic diagram of the synthesis process for layer-
by-layer assembled nanoshells (LbL-NS). (b) Peak extinction wavelength of the nanoparticles following each coating step. (c) Hydrodynamic
diameter and (d) zeta potential of the nanoparticles after the addition of each layer. Data are presented as the averages of three independent
experiments, each performed in triplicate. The legend in panel (c) also applies to panel (d). This figure is reproduced from ref. 129 with permission

from SPRINGER LINK, copyright (2018).
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characterization of the FA/PS/miR-34a/PS@NDs nanohybrids
presented with a shape of well-defined atomic lattice fringes,
which are covered with amorphous materials (PS, miRNA, and
FA). Moreover, the size of these nanohybrids was measured to
be 210 nm and a negative zeta potential of —25 mV. These
results suggest that miR-34a was effectively delivered into MDA-
MB-231 cells via FA/PS/miR-34a/PS@NDs nanohybrids, facili-
tated by a pathway associated with FA, and exhibited anti-tumor
effects by inducing apoptosis, inhibiting proliferation, and
impeding migration of MDA-MB-231 cells. The internalization
and effectiveness of the nanohybrids are due to the inhibition of
one of the Activator protein 1 (AP-1) transcription factor and
Fra-1 (Fos-related antigen1), a member of transcription factor
activator protein (AP-1), consequential in regression of cell
motility, growth, migration, and proliferation."**

Goyal et al., reported in a study the employment of layer-by-
layer assembled nanoshells (LbL-NS) as a delivery system for
miR-34a targeting MDA-MB-231 TNBC cells. The rationale
behind this approach was the anticipation that the structured
layers would facilitate efficient miR-34a loading, and the posi-
tively charged topmost layer composed of poly-L-lysine (PLL)
would facilitate cellular uptake through endocytosis. The
construction of LbL-NS involved alternating positive PLL and
negative miRNA deposition onto negatively charged nanoshells.
Particularly, PLL was strategically placed as the outer layer to
both shield the miRNA cargo and enhance cellular internali-
zation. LbL-NS was synthesized using nanoshells comprised of
120 nm diameter silica cores and 15 nm thick gold shells. The
created nanoshells were sequentially coated with (i) mercap-
toundecanoic acid (MUA), (ii) poly-L-lysine (PLL), (iii) miR-34a or
control miRNA (miR-co), and (iv) PLL as presented in Fig. 14.
The characterization of the formulated NPs showed a spherical
morphology with a size of 208 &+ 4 nm and a positive zeta
potential of + 53 £+ 5 mV, promoting their effective penetration
through the negatively charged lipid bilayer into cells. This
study demonstrated that these NPs presented a distinctive
approach for fabricating uniformly dispersed and precisely
defined miRNA nanocarriers. In addition, these NPs showed
internalization via endocytosis and exhibited intracellular
distribution similar to polyplexes. It was shown that these
particles may effectively deliver miRNA into MDA-MB-231 cells,
as evidenced by the downregulation of SIRT1 and Bcl-2.
Furthermore, the observation that miR-34a-LbL-NS-treated
cells demonstrate reduced metabolic activity and proliferation
compared to control-exposed cells provides additional support
for this assertion.'*

5.4.4. Niosomal nanoparticle. Niosomes, ranging in size
from 10 to 1000 nanometers, are characterized as non-ionic,
surfactant-based compounds with a bilayered architecture
comprising a hydrophilic head, hydrophobic tail, and an
aqueous core nestled within the vesicle. These vesicles are
colloidal particles formed through self-assembling non-ionic
surfactants (either with or without cholesterol and therapeutic
agents) in aqueous solutions, resulting in a microscopic
lamellar bilayer structure. These thermodynamically stable
bilayers formed only when the surfactants and cholesterol are
combined in precise proportions and the temperature exceeds

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the gel-liquid transition point. The central aspect of this
bilayered arrangement is an empty hollow space. Due to their
amphiphilic nature and distinctive shape, niosomes can
encapsulate both hydrophilic and hydrophobic drugs. Hydro-
philic drugs entrapped within niosomes may be absorbed on
the surface of the bilayer or enclosed within the aqueous core,
while hydrophobic drugs can be distributed within the bilayer
structure.>3°

Thus, researchers have incorporated miRNA-34a into PEGy-
lated niosomal formulation to enhance efficacy against MCF-7
and T47D human breast adenocarcinoma cells. These NPs'
formulation resulted in a spherical shape with a diameter of
~100 nm, outstanding positive zeta potential charge of
approximately + 24 mV, and a high EE of almost 100%. The in
vitro antitumor effects revealed no observable toxicity. This
suggests that any observed anti-proliferative effects are attrib-
uted solely to the encapsulated miRNA-34a. Notably, the
miRNA-34a/niosome formulation exhibited a concentration-
dependent inhibition of cancer cell growth. In addition to
showing improved cellular cytotoxicity, enhanced stability, and
increased cellular uptake, hence safer delivery of miR-34."**

5.4.4. Cyclodextrin-based nanodelivery. Cyclodextrins
(CDs) and their derivatives stand out as auspicious and versatile
substances in developing innovative drug delivery systems.
When combined with other nanomaterials, they exhibit syner-
gistic effects, resulting in intelligent nanosystems endowed
with distinctive physicochemical properties. These systems are
optimized to ensure controlled release and enhance the
bioavailability of encapsulated drugs, thus offering potential
solutions for addressing a wide range of medical conditions.
Even within complex molecular structures such as polymers,
nanosponges, or nanoparticles, the host-guest complexation
involving CDs and drugs remains relatively straightforward
despite numerous variables and various non-covalent forces.***

CDs are naturally occurring cyclic oligosaccharides
composed of p-glucopyranose units linked by a1-4 glycosidic
bonds. They possess a characteristic truncated cone shape. The
three main types of CDs, namely a-, -, and y-CDs, each consist
of 6, 7, and 8 glucose units, respectively, and exhibit differences
in diameter, melting temperatures, and solubility. Structurally,
the hydroxyl groups are oriented towards the exterior of the
cone, while the hydrogen and glycosidic oxygen linkages are
positioned inward, rendering the exterior hydrophilic and the
interior hydrophobic. CDs serve as hosts for molecules with
appropriate hydrophobic regions and dimensions, allowing
them to form inclusion complexes while remaining soluble in
aqueous solutions. This process is known as inclusion complex
formation.**

CDs play a crucial role in enhancing the perceived aqueous
solubility and dissolution rate of medications with low water
solubility, potentially reducing side effects and adverse reac-
tions such as gastrointestinal or ocular discomfort. They
contribute to improved palatability, handling, and chemical
stability in formulations while also facilitating permeability
across biological membranes and reducing evaporation while
stabilizing flavors. CDs have been extensively utilized to
enhance the solubility of class II and IV drugs, which exhibit
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limited aqueous solubility, for treating various conditions,
including cancer and parasitic diseases. However, it's worth
noting that while CDs have been employed to enhance stability
and mask flavors and odors, there have been reports of complex
formation with class I and III medications as well."***%*
However, the utilization of CDs as drug carriers has been
impeded by several factors. These include the limited solubility
of native CDs, constraints on the range of molecules that can be
encapsulated, the relatively short half-life in the bloodstream
following in vivo administration, and the challenge of control-
ling drug release during transport. The release kinetics are
dependent on various factors such as host-guest interactions,
pH, and the specific biological species present in the
surrounding environment.'***%*

A recent study introduced folic acid (FA)-modified B-cyclo-
dextrin (CD)-grafted PEI (B-CD-PEI-FA) copolymer nanocarriers
as a strategy to combat BCBL-1 cells (KSHV-infected lymphoma
cells), and SK-RG cells (KSHV-infected neuroblastoma cells).
The B-CD-PEI-FA copolymer was engineered to enhance the
stability of nucleic acid medication, specifically miR-34a-5p, for
targeted delivery to KSHV-infected cells while diminishing the
cytotoxicity associated with PEI. Gel electrophoresis retardation
experiments revealed that 8-CD-PEI-FA could form an electro-
static adsorption complex with miR-34a-5p at a mass ratio
below 1.5, resulting in the formation of a drug-loaded nano-
complex termed [B-CD-PEI-FFA/miR-34a-5p as presented in
Fig. 15. This complex effectively shielded miR-34a-5p from
degradation by serum and nucleases. Additionally, as the mass
ratio increased progressively from 1:1 to 5: 1, the particle size
of the drug-loaded nanocomplex decreased to 203.13 =+
0.41 nm, while its surface potential decreased to 27.02 =+
0.72 mV. These changes in particle size and surface potential,
particularly the size reduction, enhanced the suitability of the
nanocomplex for cellular uptake via endocytosis. In vitro
biosafety assessments revealed excellent biocompatibility of the
vector and subsequent cell studies demonstrated that f-CD-PEI-
FA/miR-34a-5p not only efficiently transported miR-34a-5p but
also accelerated the G2-phase process of BCBL-1 and SK-RG

Fig. 15
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Fig. 16 Schematic summary of synergistic cancer treatment gener-
ated from nanomedicine and its application in chemotherapy. This
figure is reproduced from ref. 139 with permission from BMC, copy-
right (2022).

cells following KSHV infection, thereby suppressing cell
growth."®

5.5. Adjuvant nano-chemotherapy

Nanomedicine has revolutionized chemotherapy, offering
potent anti-tumor efficacy. However, conventional chemo-
therapy often falls short of completely eradicating cancer cells,
leaving patients vulnerable to recurrence.”” Consequently, the
research focus has shifted towards multimodal synergistic
cancer treatments, leveraging advancements in nanomedicine
and an enhanced understanding of tumor biology and the

Y FA Receptor
ORF26 K8.1A LANA

Synthesis of B-CD-PEI-FA. This figure is reproduced from ref. 136 with permission from ACS Publications, copyright (2023).
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TME."*® Intelligent nano-platforms not only serve as efficient
drug carriers but also enable the integration of additional
treatments, such as photothermal therapy (PTT), chemo-
dynamic therapy (CDT), and photodynamic therapy (PDT)
alongside chemotherapy (Fig. 16). These platforms can precisely
adapt to physiological factors within the tumor and respond to
external stimuli such as light, magnetism, ultrasound, and X-
rays to achieve enhanced anti-cancer effects."**'

Therefore, combinatorial therapies emerged as a promising
strategy in cancer research due to their numerous advantages,
including heightened efficacy, reduced cytotoxicity, and the
ability to utilize NPs and chemotherapeutic drugs at lower
concentrations. Combined chemotherapy often yields superior
treatment responses and enhanced survival rates compared to
single-agent therapy. Nanoformulations (NFs) play a pivotal role
in combination therapy by encapsulating multiple therapeutic
agents with distinct physicochemical properties into a single
carrier. This enables the circumvention of challenges associated
with different drug pharmacokinetics and biodistribution
within the body, ensuring sustained delivery of an optimal
synergistic drug ratio to target cancer cells. Consequently,
combination therapy holds great promise as a novel and effec-
tive approach to cancer treatment.***

One derivative of paclitaxel is docetaxel (DXT), which is one
member of the taxane family's second generation of chemo-
therapy agents. DXT is indicated for breast cancer, NSCLC,
prostatic cancer, advanced gastric cancer, and locally advanced
squamous cell head/neck cancer. Also, it works by binding to
beta-tubulin, promoting its growth and maintaining its struc-
ture; by doing this, cell cycling during G2/M is stopped as it
prevents microtubules from correctly assembling into the
mitotic spindle as well as lowering the expression of the anti-
apoptotic Bcl-2 gene.'*> However, DTX's weak water solubility,
quick clearance rate, unfavorable side effects, poor tumor
penetration, and likelihood of drug resistance severely restrict
its clinical use.

Co-delivery of microRNAs and chemotherapeutic agents
presents an attractive strategy for synergistic breast cancer
treatment, exploiting their complementary mechanisms of
action. Thus, Zhang et al., designed a core-shell nanocarrier
coated with cationic albumin to concurrently deliver docetaxel
(DTX) and miRNA-34a to metastatic BC cells (4T1), aiming for
improved treatment outcomes. The co-delivery nanocarriers
exhibited EE and DL to be 83.46 + 2.36% and 13.91 + 0.39%,
respectively. The average particle size of DTX and miRNA-34a
co-loaded nanocarriers (CNCs) was approximately 183.9 +
2.8 nm, with a PDI value of less than 0.2 and a spherical
morphology. Moreover, the surface positive charge decreased
upon loading miRNA-34a, reaching approximately 23 mV for
neutralization. These findings indicate successful loading of
DTX and miRNA-34a into the nanocarriers, which exhibited
stability against aggregation. Importantly, these nanocarriers
facilitated enhanced intracellular delivery by traversing the
cytosol through a caveolae-mediated pathway, thereby evading
entrapment within endosomes or lysosomes. In vitro studies
demonstrated that the co-delivery nanocarriers induced signif-
icant cell apoptosis and cytotoxicity, attenuated tumor cell
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Fig. 17 Graphical representation of core-shell nanocarriers for DTX
and miRNA-34a co-delivery through a caveolae-mediated pathway.
(a) Preparation of the CNCs. (b) Proposed mechanism of cancer cell
killing: CNCs are administered systemically and enter the bloodstream.
They accumulate in tumor tissue via the enhanced permeability and
retention (EPR) effect, are internalized by cancer cells, achieve cyto-
solic delivery, and subsequently induce apoptosis through the
combined anticancer effects of DTX and miRNA-34a. This figure is
reproduced from ref. 143 with permission from Nature, copyright
(2017).

migration, and downregulated the transcriptional and protein
expression of Bcl-2, CD44, SIRT1, CDK6, and Notch1 (Fig. 17). In
4T1-tumor-bearing mouse models, the co-delivery nanocarriers
exhibited significant suppression of tumor growth and metas-
tasis while also prolonging the blood circulation of DTX in vivo.
Additionally, they resulted in increased accumulation of the
cargo within tumors.**

Irinotecan (IRI), derived from the Chinese tree Camptotheca
acuminate, served as a chemotherapeutic drug targeting DNA
topoisomerase I, primarily impacting the S and G2 phases of the
cell cycle. This medication finds application in treating various
solid tumors, including lung, pancreatic, ovarian, and colo-
rectal malignancies, often used as a first- or second-line therapy
for colorectal cancer in combination with other agents. DNA
topoisomerase 1 plays a crucial role in DNA replication and
transcription by relaxing the DNA double helix by creating
single-strand breaks, thereby relieving supercoiling. IRI acts as
a prodrug inhibiting DNA topoisomerase I, primarily during the
S and G2 phases of the cell cycle. Upon activation, typically by
hydrolysis mediated by a carboxylesterase, it forms its biologi-
cally active metabolite, SN-38. However, the activity of UDP-
glucuronyltransferases subsequently inactivates SN-38 into its
SN-38G form. The adverse effects of irinotecan primarily stem
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from its active metabolite, SN-38. These commonly include
neutropenia, diarrhea, nausea, vomiting, alopecia, and fatigue.
Neutropenia associated with irinotecan is typically transient but
can become severe, especially when diarrhea occurs concur-
rently. Patients carrying the UGT1A1*28 allele of the UDP-
glucuronosyltransferase enzyme, responsible for converting
SN-38 to its inactive form SN-38G, may experience reduced
glucuronidation, leading to increased incidence of diarrhea and
neutropenia. This allele's presence compromises the effective
inactivation of the active SN-38 form."**

Hence, a study by Li et al., synthesized amphiphilic copoly-
mers, polyethyleneimine-poly (b, v, lactide) (PEI-PLA) and 1,2-
distearoyl-sn-glycero-3 phosphoethanolamine-N-[methoxy (pol-
yethyleneglycol) (DSPE-PEG)] and investigated the potential of
utilizing PEI-PLA/DSPE-PEG hybrid micelles as a co-delivery
system. Specifically, aimed to co-load IRI and miR-34a into
these micelles (MINPs) to achieve a chemo-miRNA combination
therapy against CRC cells (CT-26). MINPs were meticulously
constructed using two-step film dispersion and electronic
interaction methods. The generated NPs exhibited a spherical
morphology and uniform dispersity, with a negative zeta
potential of —11.65 mV. Additionally, the NPs displayed a rela-
tively high EE ranging from 81% to 91%, with mean diameters
measured between 170 and 200 nm. In vitro experiments
demonstrated successful encapsulation of IRI and miR-34a into
MINPs, which were efficiently delivered to CT-26. The intact
encapsulation of MINPs resulted in the upregulation of miR-34a

5242 | Nanoscale Adv, 2024, 6, 5220-5257

expression and modulation of upstream and downstream genes
associated with miR-34a, including Bcl-2 and m-TOR (Fig. 18).
Consequently, migration and proliferation of CT-26 cells were
inhibited, while apoptosis of cancer cells was intensified.
Furthermore, in vivo experiments confirmed the preferential
accumulation of MINPs at the tumor site following intravenous
administration and demonstrated remarkable antitumor effi-
cacy in a xenograft tumor model, attributed to the synergistic
effect of IRI and miR-34a combined therapy, along with their
good biocompatibility.***

Doxorubicin (DOX), an antibiotic derived from Streptomyces
peucetius bacteria, has been a cornerstone of chemotherapy
since the 1960s. Belonging to the anthracycline class alongside
idarubicin and epirubicin, DOX is extensively helpful in treating
various solid tumors across both adult and pediatric pop-
ulations. Its approved indications span a wide range of cancers,
including non-small cell lung cancer (NSCLC), breast cancer,
acute myeloblastic leukemia, ovarian cancer, Hodgkin
lymphoma, bladder cancer, acute lymphoblastic leukemia,
thyroid cancer, and soft tissue and bone sarcomas. The lipo-
somal formulation of doxorubicin, sanctioned by the FDA, is
specifically approved for the treatment of multiple myeloma,
AIDS-related Kaposi sarcoma, and ovarian cancer in patients
unresponsive to platinum-based chemotherapy. DOX exerts its
primary mechanism of action by intercalating between DNA
base pairs, causing DNA strand breaks and impeding both DNA
and RNA synthesis. Furthermore, DOX inhibits topoisomerase

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Morning: construction of TCP1-CD-QD nanocarriers
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functionalized QDs (CD-QDs) and the ADA-functionalized targeting peptide (TCP1 peptide-PEG-ADA) loaded with nucleotide drugs (miRNA-
34a mimics) and chemotherapeutic drugs (5-FU). This figure is reproduced from ref. 152 with permission from THERANOSTICS, copyright (2021).

11, further damaging DNA and prompting apoptosis, thereby
contributing to its potent anti-tumor effects.'#**®

Cisplatin (CDDP) stands as one of the most potent chemo-
therapy drugs employed in treating esophageal cancer (EC). Its
mechanism of action involves binding to DNA and forming
CDDP-DNA adducts, thereby inhibiting DNA transcription and
replication and leading to tumor cell death. However, the effi-
cacy of CDDP is often hindered by inherent or acquired resis-
tance in EC cells, which poses a significant challenge in its
clinical use. Both internal and external factors contribute to
resistance and variable response rates observed during EC
treatment. Internally, mutations in the p53 gene have attracted
considerable attention as a major contributor to drug resis-
tance. Externally, the uneven distribution of drugs within the
tumor and its subcellular fractions poses a significant concern.
This distribution irregularity is primarily attributed to tumor
artery malformation and the low rate of transfer of anti-tumor
therapies to affected areas. These factors collectively
contribute to the complexity of managing EC and underscore
the need for novel therapeutic strategies to overcome resistance
and improve treatment outcomes."****°

Therefore, in a study, Fang et al. developed a novel drug
formulation comprising miR-34a mimics and DOX-loaded
nanomicelles composed of PEG, intending to evaluate its effi-
cacy against CDDP-resistant strains, specifically KYSE-410-CisR
(an esophageal squamous cell carcinoma cell line). The nano-
micelles exhibited a spherical morphology ranging from 100 to
200 nm, with minimal variation. Introducing miR-34a into the

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanomicelles led to a significant enhancement in the inhibition
of cell proliferation and apoptosis percentage in KYSE-410-CisR
cells. Moreover, results revealed that the anti-tumor effect of
miR-34a was primarily attributed to the suppression of SIRT1,
rather than the modulation of the p53/p21 anti-tumor pathway,
resulting in notable upregulation of the apoptosis-related
protein caspase3. Furthermore, the nanomicelles exhibited
prolonged retention intervals and facilitated DOX transfer in
vivo, potentially due to the inclusion of the TAT-PEG1k-PE
complex, consisting of PEG1k, PE, and a TAT protein modi-
fied with cysteine, which may enhance cellular uptake via
endocytosis. Overall, the nanomicelle formulation significantly
increased the apoptosis rate and inhibition of cell growth in
KYSE-410-CisR cells, possibly by augmenting DOX concentra-
tion within tumor cells and modulating the SIRT1 signaling
pathway."**

Fluorouracil (5-FU) is a widely used chemotherapeutic agent
effective against various cancers, including gastric, pancreatic,
breast, and colorectal adenocarcinomas (CRC), as approved by
the FDA. After systemic administration, 5-FU undergoes
enhanced transport into cells, which metabolizes into fluo-
rodeoxyuridine monophosphate (FAUMP). FAUMP then forms
a complex with thymidylate synthase, inhibiting the synthesis
of deoxythymidine monophosphate (dTMP). This disruption in
dTMP production leads to an imbalance in intracellular
nucleotides, resulting in double-strand breaks in DNA mediated
by endonuclease enzymes. In addition to blocking thymidylate
synthase, 5-FU acts as a pyrimidine analog, incorporating itself
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into RNA and DNA instead of uracil or thymine. This interfer-
ence with nucleic acid synthesis contributes to the extensive
damage inflicted on DNA repair mechanisms, ultimately
leading to the demise of rapidly proliferating cells. Further-
more, 5-FU demonstrates other mechanisms of action,
including upregulation of p53 expression and interference with
RNA processing. These multifaceted actions collectively
enhance the efficacy of 5-FU in combating cancer growth and
progression.*>*

A recent study introduced a novel approach involving the
development of a host-guest-self-assembling nanocarrier
comprising adamantane (ADA)-modified TCP1 peptide-
targeting ligand (TCP1) as the guest molecule and B-cyclodex-
trin (CD) attached to quantum dot (QD) as the host molecule
(TCP1-CD-QD) (Fig. 19). This resulted in the formation of TCP1-
CD-QD, which served as the platform for loading both 5-FU and
miR-34a to create TCP1-CD-QDs/5-FU-miR-34a for targeting
CRC cell lines, particularly DLD1. This combination treatment
strategy aimed to leverage the synergistic effects of nucleotide
and chemotherapeutic drugs. The resultant NPs exhibited
a compact size range of 7-9 nm and a zeta potential of 10.5 £
0.9 mV. Moreover, TCP1-CD-QD demonstrated notable loading
capacity and entrapment efficiency, measured at 6.4% and
25.8%, respectively, enhancing CRC cell internalization.
Consequently, TCP1-CD-QDs/5-FU-miR-34a exhibited a signifi-
cant increase in miR-34a expression, apoptosis activation,
metastasis suppression, and reduced drug resistance and
tumor cell migration. These effects were attributed to the
silencing of SIRT1, downregulation of CD44, and upregulation
of p53. Notably, this study observed a substantial decrease in 5-
FU-resistant cells following SIRT1 silencing, suggesting that
TCP1-CD-QDs/5-FU-miR-34a may partially overcome CRC cells’
resistance to 5-FU, thus presenting a promising therapeutic
strategy for combating CRC.***

The latest research findings regarding the nanodelivery of
miRNA-34 have been compiled and presented in Table 1.

Conclusion

Despite its potential as an immunotherapeutic agent for cancer,
miR-34 faces significant obstacles that hinder its translation
into clinical practice. These include susceptibility to degrada-
tion by RNase and unfavorable pharmacokinetic and bio-
distribution profiles. This review presents recent advancements
in the field, focusing on the formulation of miR-34 into various
nano-delivery systems. Several studies have explored the use of
nano-delivery systems in cancer-targeted therapies, leveraging
their unique properties to improve the efficacy and safety of
cancer treatments. These systems can extend the circulation
time of therapeutic payloads, enhance their bioavailability and
water solubility, and minimize toxic side effects. Additionally,
delivering therapeutic agents via nano-particulates can enhance
their accumulation in tumor tissues. Despite efforts to develop
safe and effective nano-systems for miR-34 delivery, challenges
remain in clinical application. These include difficulties in
scaling up production methods, complex pharmacokinetics and
pharmacodynamics, potential drug leakage leading to low

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

loading and encapsulation efficiencies, and limited under-
standing of in vivo behavior and immunological responses to
different nanoparticles. Future research should prioritize
investigating the safety and efficacy of nano-systems in cancer
therapy, rather than focusing solely on fabrication techniques
and in vitro testing. This holistic approach will provide valuable
insights into identifying the safest and most effective nano-
carriers, ultimately leading to the development of more
advanced cancer treatments.
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