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

’ y ROYAL SOCIETY
. . OF CHEMISTRY
Sensors & Diagnhostics -

View Article Online
View Journal | View Issue

CRITICAL REVIEW

Biological properties and DNA nanomaterial
biosensors of exosomal miRNAs in disease
diagnosis

i '.) Check for updates ‘

Cite this: Sens. Diagn., 2025, 4, 273

Zhikun Zhang,® Md. Ahasan Ahamed® and Dayong Yang @

MicroRNAs (miRNAs) regulate gene expression and are important biomarkers in molecular diagnostics,
prognosis, and personalized medicine. The miRNAs that are found within exosomes, also known as exo-
miRs, have been shown to demonstrate increased levels of both abundance and stability. Thus, exo-miRs
show potential as a reliable biomarker for further investigation. Due to the programmable nanostructures,
biocompatibility, and excellent molecular recognition ability, biosensing platforms based on DNA
nanomaterial are considered promising for detecting exo-miRs in clinical analysis, including cancer,
neurodegenerative disorders, and infectious diseases. Although considerable advancements have been
achieved in exo-miR-based testing, there are ongoing challenges in accurately detecting and analyzing
multiple targets concurrently at low concentrations in complex biological samples. The primary focus of
our research is to thoroughly analyze the biogenesis of exo-miRs, carefully assess their levels of expression
in various clinical diseases, and comprehensively investigate their correlations with a wide range of
diseases, including cancer, infection, and neurodegenerative disorders. We also examined recent progress
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in DNA nanomaterial-based detection methods for exo-miRs. This study explores the challenges and
intricacies faced during the creation and execution of exo-miR tests within a clinical setting to diagnose
DOI: 10.1039/d4sd00373] diseases. The successful development and implementation of DNA nanomaterials for exo-miR detection

can significantly revolutionize the early detection, monitoring, and management of various medical
rsc.li/sensors conditions, leading to enhanced healthcare outcomes.

ribonucleoproteins, and miRNAs enclosed within various
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1 Introduction

MicroRNAs (miRNAs or miRs) are a group of endogenous,
small-molecule (typically 22 nucleotides long), non-coding, and
structurally functional RNAs."* miRs have become increasingly
recognized as essential biomarkers in the fields of molecular
diagnostics,  disease = progression = monitoring, and
individualized medical treatment because of their notable
impact on the regulation of gene expression.® Dysregulated
miRNAs are strongly associated with the development of
various diseases,”” such as tumor,>® cardiovascular diseases,””®
central nervous system diseases,” kidney injury,'® and other
conditions. Different miRNAs may be present in bodily fluids,
including freely circulating miRNAs, miRNAs bound to
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exosomes. Exosomes are extracellular vesicles released by all
types of cells, serving a crucial function in transporting
biomolecules, including proteins, metabolites, and assorted
nucleic acids in biological processes.>'"'* miRs contained
within exosomes (so-called exo-miRs) exhibit higher levels of
abundance and stability under the protection of a lipid bilayer
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membrane when contrasted with freely circulating miRs in the
bloodstream."® They exhibit greater value in liquid biopsy due
to enhanced preservation when exposed to enzymes commonly
found in bodily fluids. Therefore, exo-miRs have been the
subject of thorough investigation in the past few years as they
emerge as a promising biomarker for liquid biopsy, attracting
considerable attention in disease diagnostics.

The conventional methods for analyzing exo-miRs are
reverse transcription-polymerase chain reaction (RT-
PCR),"" digital PCR,"® and next-generation sequencing
(NGS) technology.'”” Despite their excellent analytical
performance, these methods still exhibit limitations for
clinical applications. RT-PCR as the gold standard technique
can be utilized to detect exo-miRs; however, it exhibits a
comparatively restricted need for costly equipment, involving
multiple manual steps that prolong the assay time.'® Digital
PCR can detect very low levels of miRNAs. However, it
requires a significant financial investment and involves a
complex operational process.'® Next-generation sequencing
typically extensive pretreatment and multiple
procedural steps.'® Therefore, the direct and accurate
detection of exo-miRs derived from tumors presents a
significant challenge, requiring the precise identification and
quantitative assessment of exo-miRs amidst complex
background interference, diverse subtypes of extracellular
vesicles (EVs), and varying expression levels of various exo-
miRs. Therefore, developing a sensitive, accurate, and
simplified bioassay and platform to quantify disease-derived
exo-miRs in complicated biofluid samples is highly desirable
to promote the development of clinically viable miRNA
biomarkers of disease diagnostics.

Currently, there has been a significant focus on the
advancement of multiplexed, sensitive, and straightforward
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techniques for exo-miR detection, including surface-
enhanced Raman scattering (SERS),*® surface plasmon
resonance (SPR),>" microfluidics,* fluorescence,”*** and
electrochemistry.>> DNA nanotechnology generates a wide
array of nanostructures due to its precise design, unique
ability for programming, and natural compatibility with
biological systems.”*>® DNA nanomaterial-based biosensors
have garnered significant interest as potential diagnostic
tools within this field. The attributes of DNA nanostructures,
such as their diminutive scale, precise molecular recognition
abilities, and inherent self-assembly stability, render them a
feasible biosensing platform fabrication for facilitating the
integration of nanotechnology and diagnostics. This allows
DNA nanoassemblies to fulfill a crucial function in advancing
the development of highly specific and sensitive biosensors
with improved performance for exo-miR detection. This
review offers an in-depth analysis of the biogenesis of exo-
miRs, emphasizing the linkages between miRs and various
diseases. We examined the latest developments in DNA
nanomaterials, focusing on their design and mechanisms in
exo-miR detection (Fig. 1). This review article also explores
the challenges faced and offers suggestions for future
progress. The goal is to bridge the gap between research on
exo-miRs and their application in disease diagnostics to
facilitate the development of novel, clinically useful
diagnostic tools.

2 Biosynthesis of exo-miRs

Exo-miR biosynthesis starts with the traditional miRNA
biogenesis pathway inside the cell.*® Their size ranges from
40 to 120 nm, which provides valuable information for cancer
diagnosis, brain diseases, infectious diseases, and
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Fig. 1 Various DNA nanomaterials for detecting exo-miRs associated with diseases by fluorescence, electrochemical, SERS, and UV-vis sensing

platforms.

therapeutic treatment. Their origins can be traced back to
the intraluminal budding of multivesicular bodies (MVBs), a
fusion of MVBs with cell membranes, and endolysosomal
pathways. Generally, it contains a variety of membranes,
cytosolic metabolites, DNA, proteins, circular RNA (circRNA),
messenger RNAs (mRNAs), and microRNAs (miRNAs), as
shown in Fig. 2a. Among these, miRNAs are non-coding RNAs
that regulate genetic expression, which is transcribed from
DNA and converted to primary miRNAs, processed into
precursor forms, and mature miRNAs.** Generally, miRNAs
bind with the 3’ untranslated region (UTR) of a gene target,
which causes miRNA degradation or translation inhibition.
They can also interact with the 5’ UTR and gene promoters.>’
Normally, miRNA activity depends on the subcellular target
site, quantity, and interaction strength.*® One way of
intraluminal vesicles (ILVs) with miRNAs is secretion in
extracellular fluids via vesicles like exosomes or bound to
proteins like argonaute 2 (AGO2).*>** In other studies, exo-
miRs can be found in biological fluids such as saliva and
serum, which are now widely used for nucleic acid
extraction.”>® Primarily, miRNAs are transcribed in the
nucleus as primary miRNAs (pri-miRNAs) by RNA polymerase
1I followed by cleavage activity by Drosha-DGCRS8 and create
precursor miRNAs (pre-miRNAs), which exportin-5 exports to
the cytoplasm.*™*> Then, the Dicer enzyme comes into play

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

to process pre-miRNAs to mature miRNA duplexes in the
cytoplasm.®® One strand of the duplex can regulate a gene's
expression by inhibiting or degrading the translation of
target mRNAs after being loaded into the RNA-induced
silencing complex (RISC).? On the other hand, various
miRNAs are specifically packed into exosomes, which
facilitate intercellular communication.*’ Following general
miRNA synthesis, the packaging of exo-miRs is a selective
process.”> miRNA sorting and packaging is a very complex
process where heterogeneous nuclear ribonucleoproteins
(hnRNPs), endosomal sorting complex required for transport
(ESCRT) and AGO2 proteins are responsible for sorting,
identifying and managing specific miRNAs for exosome
packaging.”” Finally, these exosomes and microvesicles are
released from the MVBs into extracellular space, and
lysosomes are formed inside the cell through the process of
Golgi apparatus, as shown in Fig. 2b.**

Exosomes travel toward the recipient cells by bodily fluids
such as blood and serum to interact with the cell and outside
exo-miRs. Recipient cells can take exosomes and reflect on their
unique miRNAs, which control gene expression and facilitate
intercellular communication.”® Then, miRNAs fuses inside the
cell membrane or receptor-ligand interaction called
endocytosis.*® After endocytosis, the exosomal cargo miRNA is
trapped. Once the extracellular microRNAs are located within

Sens. Diagn., 2025, 4, 273-292 | 275
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to recipient cells.*®

an early endosome that contains intraluminal vesicles, which
are small vesicles found in multivesicular bodies and contain
microRNA, DNA, RNA, proteins, and lipids. They are created
through the inward budding of the MVBs' membrane, and the
membrane fusion process facilitates the release of miRNA to the
cytosol.*>*” Moving forward, RISC interacts with miRNA, and
ESCRT facilitates the sorting process.”® On the other hand, the
ILVs are released into the extracellular environment as exosomes
when the MVBs and plasma membrane fuse. To create
diagnostic instruments and treatment plans, it is essential to
find out the miRNA type that is primarily responsible for early
disease detection and the amount of miRNA present at that
stage, where exo-miRs act as significant biomarkers.*

3 Correlation between exo-miRs and
various diseases

Exo-miRs have emerged as potential biomarkers for disease
detection and monitoring and can be found in various non-
invasive biological fluids such as blood, saliva, and urine.
Previously, we provided deep insight into miRNA biogenesis,
where they serve as a primary cargo content of exosomes in
early diagnosis of cancer, neurological diseases such as
Parkinson's disease (PD) and Alzheimer's disease (AD),
cardiovascular diseases such as heart diseases, pulmonary
arterial hypertension, and aortic aneurysms, infectious
diseases, and respiratory conditions. Modulating immune

276 | Sens. Diagn., 2025, 4, 273-292

responses and inflammation of infectious and respiratory
diseases, potential drug resistance for cancer and neurological
disease, and miRNA detection are valuable tools for early
diagnosis and setting up specific treatment plans. Their role in
disease pathogenesis makes them attractive targets for
developing diagnostic and therapeutic interventions.

3.1 Cancer

Exo-miRs are crucial in regulating cancer drug resistance
through gene expression modulation, drug efflux, metabolic
reprogramming, DNA damage repair, apoptosis, and
epithelial-to-mesenchymal transition (EMT).’* MicroRNAs are
integral to an intricate network that includes their target
genes (RhoA, FIH, ACOX1, etc.) and signalling cascades (the
EGF-AKT signalling axis, the ERK-MMP9 cascade, the Hippo
signalling pathway, etc.), which plays a crucial role in the
progression of cancer.”® These miRNAs are transferred
between cancer cells and the tumor microenvironment,
influencing tumor growth, metastasis, and therapeutic
resistance. For example, Guo et al. explained in their study
that exo-miRs like miR-1246, secreted by ovarian cancer (OC)
cells, regulate drug efflux transporters like ATP-binding
cassette subfamily B member 1 (ABCB1), contributing to
chemotherapy resistance by decreasing drug -efficacy.**°
Similarly, miR-365 induces resistance to gemcitabine by
increasing cytidine deaminase activity in pancreatic cancer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(PC) cells.”* Exo-miRs like miR-21 and miR-155 also play the
most significant roles in cancer progression by modulating
apoptosis, promoting tumor survival and drug resistance
when carried by exosomes.”> miR-21, often overexpressed in
breast cancers (BC), colorectal cancers, and OC, is transferred
by cancer-associated fibroblasts (CAFs) to nearby cancer cells.
It reduces the expression of pro-apoptotic factors like
phosphatase and tensin homolog (PTEN) and allows cells to
survive chemotherapy.’® The transfer of miR-21 via exosomes
has explicitly been noted to reduce the expression of pro-
apoptotic factors such as PTEN, leading to enhanced cell
survival and drug resistance.”® On the other hand, miR-155
reprograms tumor-associated macrophages (TAMs) into a
pro-tumorigenic phenotype, aiding in tumor proliferation
and immune evasion.>* These macrophages, in turn, secrete
factors that promote tumor cell proliferation and immune
evasion. In addition, exosomal miR-155 contributes to
chemotherapy resistance by downregulating genes involved
in DNA repair and apoptosis, allowing cancer cells to thrive
even in chemotherapeutic agents, as shown in Fig. 3A. This
dynamic interaction between exo-miRs and immune cells in
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the tumor microenvironment highlights the sophisticated
mechanisms by  which evade therapeutic
interventions."’

Exo-miRs also significantly impact cancer metastasis. In
BC, for instance, Zhang et al. showed that miR-9 induces
fibroblast cells to acquire cancer-associated fibroblast-like
properties, supporting tumor growth and metastasis. At the
same time, miR-200b promotes proliferation and invasion in
colorectal cancer by downregulating tumor suppressors.®’
Modani et al. note that miR-10b achieves this by targeting
genes that regulate cell adhesion and migration, thus
facilitating the spread of cancer to distant organs.*® miR-10b,
secreted by highly metastatic BC cells, enhances recipient
cells' migratory and invasive capabilities, facilitating cancer
spread to distant organs.*’
and create a supportive tumor microenvironment by
influencing gene expression and facilitating communication
between cancer and stromal cells. In addition to miRNAs,
these exosomes transfer proteins, lipids, and other molecules
that modify the behavior of both cancerous and non-
cancerous cells in the microenvironment. Additionally, exo-
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Fig. 3 Exo-miRs' role in diseases. (A) Cancer: miR-21 and miR-210 (upregulated) promote tumor growth and angiogenesis, while miR-27a and
miR-125b enhance treatment resistance. Downregulated miR-451 impairs DNA repair.>? (B) Brain disease: miR-153 and miR-409-3p (upregulated)
are associated with neuroinflammation and a-synuclein accumulation, while miR-124 and miR-133b (downregulated) impair neuronal repair. In
AD, miR-384 and miR-193b are upregulated, contributing to disease progression, while miR-29a/b and miR-137 (downregulated) affect synaptic
function.®® (C) Cardiovascular disease: miR-29a and miR-34a (upregulated) drive cell proliferation and fibrosis, while miR-155 promotes
inflammation. miR-21 contributes to cardiac fibrosis and hypertrophy.>¢~8 (D) Infectious disease (SARS-CoV-2): exosomes from infected cells carry
miRNAs like miR-21, triggering immune responses that lead to severe inflammation and potentially multi-organ failure.>®
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miRs are crucial for maintaining cancer stem cell (CSC)
populations, which are inherently resistant to conventional
therapies.®® For example, Santos et al. noted that miR-155,
secreted by CSCs, triggers the EMT process, making recipient
cells more resistant to chemotherapy.®> Meanwhile, miR-210,
transferred by exosomes in gemcitabine-resistant PC stem
cells, inhibits apoptosis and promotes survival.*

Furthermore, circulating exo-miRs offer a minimally
invasive method for early cancer detection and monitoring
treatment response. For example, miR-1290 and miR-375
elevated in prostate cancer patients potentially serve as
reliable biomarkers for early detection.®®> Another example
is that miR-122 reduces glucose uptake in liver cells,
providing metabolic advantages to cancer cells, while miR-
126-5p alters lipid metabolism, essential for cancer cell
proliferation. ~ This = metabolic  reprogramming  can
exacerbate conditions such as cachexia, diabetes, and
obesity, highlighting the intricate relationship between
cancer, exosomes, and systemic metabolic dysfunction.®*
Exo-miRs, such as miR-19, linked to brain cancer
metastasis, and miR-25-3p promoting liver metastasis in
colorectal cancer via the CXCL12/CXCR4 pathway, are key
diagnostic markers.”> Since exo-miRs are available in
saliva, Zhang et al. highlight the critical role of salivary
miRNAs in the early diagnosis and progression of various
cancers, including oral squamous cell carcinoma (OSCC),
esophageal cancer (EC), gastric cancer (GC), pancreatic
cancer (PC), and breast cancer (BC).®® The miRNAs, such
as miR-200 and miR-21, are significantly altered in OSCC,
making them  promising  biomarkers for  early
detection.®”® Similarly, elevated levels of miR-10, miR-144,
and miR-451 are associated with EC,**””" while miR-140-5p
and miR-301a are linked to GC. For PC, miR-1246, miR-
4644, miR-103, and miR-107 in salivary exosomes show
promise for differentiating patients from normal
controls.®®’> In BC, miR-21 is a significant marker,
showing reduced levels post-treatment.”* Understanding
the roles of exo-miRs in cancer drug resistance,
metastasis, and tumor-stroma interactions can help
develop new therapeutic strategies to improve cancer
diagnosis and treatment outcomes.

3.2 Concussion and Parkinson's disease

Exo-miRs are also implicated in the early stages of
concussion, neurodegenerative diseases, Parkinson's disease
(PD), and Alzheimer's disease (AD). Specific miRNAs, like
miR-124 and miR-132, are found to be dysregulated in
exosomes derived from neural cells, contributing to disease
pathogenesis.”* Concussions, especially prevalent in children
and adolescents, represent about two-thirds of mild
traumatic brain injury (TBI) cases and involve the regulation
of gene expression through miRNA. While most children
recover within two weeks, around one-third may experience
prolonged concussion symptoms (PCS). miR-27 has been
identified as a potential biomarker for concussions due to its
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accuracy in  distinguishing  concussed individuals.
Additionally, miRNAs such as miR-320, miR-133, and let-7a
have been linked to prolonged symptoms, while specific
miRNAs (miR-320, miR-629, let-7b-5p) correlate with
symptoms like memory issues, headaches, and fatigue.®® In
the central nervous system (CNS), exosomes facilitate
communication between neurons and glial cells, contributing
to the progression of various diseases. They carry miRNAs,
such as miR-150, that regulate neuroinflammatory responses
and contribute to disease progression.”” Exosomal release
from various CNS cells, including neurons, astrocytes, and
microglial cells, influences synaptic communication and
neuro-glial interactions.”® miR-150, miR-223, and miR-23a
have been identified in the serum and plasma of multiple
sclerosis (MS) patients. These biomarkers have shown high
diagnostic accuracy, with miR-150 demonstrating 85%
sensitivity and 90% specificity, making them valuable tools
for MS diagnosis.”” Other examples are miR-126, miR-223,
miR-9, and miR-124, which have shown potential in
diagnosing ischemic stroke with higher sensitivity and
specificity compared to free circulating miRNAs. For instance,
miR-223 demonstrated an AUC of 0.859 with 84.0%
sensitivity and 78.8% specificity for stroke diagnosis.”® miR-
21, miR-222, and miR-124-3p are significantly elevated in the
serum of GBM patients and have shown high diagnostic
accuracy in distinguishing GBM from healthy controls. ROC
curve analysis for miR-21 revealed an AUC of 0.927,
demonstrating its strong potential as a biomarker for GBM.””
Additionally, miR-301a levels were found to correlate with
tumor recurrence and surgical resection outcomes,
highlighting their role in monitoring disease progression.”’
Parkinson's  disease  (PD) is a  progressive
neurodegenerative disorder that primarily affects individuals
over the age of 65 and is the second most common
neurodegenerative disorder after Alzheimer's disease (AD).®®
Its diagnosis is typically based on clinical symptoms such
as tremors, rigidity, and non-motor issues like depression
and dementia. Vital pathological features of PD include the
loss of dopaminergic neurons and the accumulation of
a-synuclein.”® Recent studies have highlighted alterations in
miRNA levels in saliva, cerebrospinal fluid (CSF), and
serum of PD patients, which affect genes linked to the
disease.®® Research has indicated that miRNAs can regulate
genes linked to Parkinson's disease, such as the SNCA
gene, PRKN gene, PARK7 gene, etc.®"®> Notably, miR-153,
miR-409-3p, miR-375, miR-1468-5p, miR-19b, miR-195, and
miR-24, found in CSF and plasma, have emerged as
potential diagnostic biomarkers.*> Among these, miR-153
and miR-223 have been associated with a-synuclein
accumulation, showing moderate diagnostic accuracy.®
Other miRNAs, including miR-29, miR-28, miR-19b-3p, and
elevated levels of miR-409-3p and let-7g-3p, exhibit high
sensitivity and specificity as diagnostic biomarkers.”’
Additionally, miRNAs such as miR-7, miR-34b/c, miR-124, miR-
221/222, miR-137, and miR-433 play roles in PD pathology,
contributing to neuroinflammation, mitochondrial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dysfunction, and dopamine metabolism, as depicted in
Fig. 3B. Exo-miRs like miR-193b, miR-135a, and miR-384
have been identified as potential biomarkers for early AD
detection. miR-384 has been particularly effective in
distinguishing AD from other neurological diseases like PD
with dementia and vascular dementia.”” Furthermore, studies
report that while miR-1 and miR-19b-3p are reduced, miR-
153 and miR-409-3p are elevated in PD patients’ CSF
exosomes. Exo-miRs may also help detect mild cognitive
impairment (MCI), an early stage of AD, underscoring their
potential as noninvasive tools for early diagnosis and
treatment strategies in both PD and AD.>>%38°78

3.3 Infectious diseases

Exo-miRs serve as a potential biomarker for diagnosing
various infectious diseases, significantly influencing cell
signaling and directing the host immune response. Changes
in their expression profiles often appear early, even before
the pathogen is detectable. These small, non-coding RNAs
encapsulated within exosomes are protected from
degradation and can be transported to recipient cells, which
modulate gene expression and immune responses. Below, we
discuss the role of exo-miRs in various infectious diseases,
focusing on their functions and mechanisms of action in
SARS-CoV-2, HIV, HCV, enterovirus, Epstein-Barr virus (EBV),
HBV, and Ebola virus.®

Several exo-miRs play a role in inhibiting viral replication
and modulating immune responses in SARS-CoV-2 infection.
For example, Drury et al. noted their significance in diseases
caused by various pathogens, including Helicobacter pylori and
SARS-CoV-2.°" Zhou and Xu found that downregulation of miR-
204 in pulp tissue, serum, and saliva indicated H. pylori
infection, highlighting the role of miRNA in regulating
inflammatory pathways and their potential for early gastric
cancer detection.”® Hicks et al. observed altered salivary miRNA
levels, such as decreases in miR-4495, miR-296, miR-548, and
miR-1273, in children with severe SARS-CoV-2 infection.®®
Saulle et al. identified significant downregulation of let-7a, let-
7b, and let-7c, and upregulation of miR-23a, miR-23b, and
miR-29c¢, alongside three immunomodulatory miRNA in SARS-
Cov-2."* miR-223-3p, miR-24-3p, miR-145-5p, and miR-75p
have been shown to inhibit SARS-CoV-2 replication by targeting
viral proteins and mediating membrane fusion and viral entry
into host cells. Additionally, miR-148a and miR-590 modulate
the immune response during SARS-CoV-2 infection by targeting
IRF9. miR-148a inhibits USP33, reducing IRF9 protein
expression and impacting the immune response to viral
infection. Similarly, miR-590 directly targets IRF9, regulating
pro-inflammatory pathways. Both miRNAs are key in lowering
viral load and controlling immune reactions.””®” Fig. 3D
depicts the mechanism of exosomal miRNA involvement in
SARS-CoV-2 infection. Infected cells release
containing viral RNA, miRNAs, proteins, and other molecules,
facilitating immune system activation. These exosomes
contribute to inflammation and can lead to severe immune

exosomes
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responses, including sepsis and multi-organ failure, while also
serving as potential biomarkers for disease progression.
However, challenges remain, such as the lack of consensus on
specific miRNAs to be used as biomarkers, the influence of
factors like age, gender, and lifestyle on miRNA expression,
and variations in laboratory practices for detecting these
miRNAs. The specificity issue can be resolved by integrating a
clustered, regularly interspaced short palindromic repeats
(CRISPR) assay.'®?®° Despite these challenges, exosomal
miRNA offers excellent potential for improving early diagnosis
and therapeutic interventions in infectious diseases.””""
Influenza infection is characterized by the modulation of
miRNAs like miR-155 and miR-323, which influence the host's
antiviral response and inhibit viral replication."**

For HIV and HIV-1, vmiR-TAR reduces Cdk9 and Bcl-2,
delaying apoptosis and boosting viral production. vmiR88
and vmiR99 activate TLR8 in macrophages, increasing pro-
inflammatory cytokines. Exosomal miR-155-5p from HIV-
infected T cells activates NF-kB in cervical cancer cells,
promoting invasion.'”>'®® In HIV infection, miRNAs like
miR-223, miR-21, and miR-29b are involved in modulating
viral replication and immune responses, with specific
miRNAs downregulated during infection, affecting disease
progression and immune function. Hepatitis viruses,
including HBV and HCV, deregulate miRNAs like miR-122
and miR-29b, linked to liver fibrosis and viral replication.'
In hepatitis B virus (HBV) infections, exosomal miR-122
promotes viral replication, while miR-574-5p inhibits HBV
polymerase, reducing replication. These miRNAs serve as
potential targets for antiviral therapies and disease
monitoring.'**'*> miR-122 promotes anti-hepatitis C virus
(HCV) antibody production by stimulating B cell
proliferation. Exosomal let-7b and miR-206 activate
macrophages via TLR7, enhancing BAFF release. These
miRNAs help control viral replication and support the
immune response during HCV infection."°®'®” During
enterovirus 71 (EV71) infection, miR-146a suppresses type I
interferon responses, boosting viral replication. Similarly,
miR-30a from EV71-infected cells targets MyD88 in
macrophages, inhibiting immune responses and enhancing
replication.’”®'% In Epstein-Barr Virus (EBV) infection, miR-
BHRF1-1 plays a role in immune evasion. At the same time,
miR-BART3 is known for modulating gene expression linked
to apoptosis and inflammation.""® miR-BART3 targets IPO7
to increase IL-6 expression, while miR-BHRF1 down-regulates
p53, enhancing cell survival and viral replication."'>"'* In
Ebola virus (EBOV) infections, exosomal miR-21 and miR-
222-3p enhance cell survival and viral replication by
promoting anti-apoptotic and pro-inflammatory responses,
making them potential therapeutic targets for controlling
EBOV infections."”® miR-VP-3p and miR-155 are linked to
immune response modulation and interferon signaling, and
their presence in serum can be used for early diagnosis of
infection.’®" Chikungunya virus infection leads to differential
expression of miRNAs in mosquito saliva, such as miR-184
and miR-125, which regulate inflammation and immune
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responses, influencing the transmission and severity of the
disease in humans.'”" Bayer et al. found that infection with
varicella zoster virus could be attenuated in cells that had
been pre-exposed to exosome-packaged miRNA clusters from
chromosome 19; this mechanism offers broader antiviral
resistance, especially against rubella and togavirus and HIV-
1.M* Kaposi sarcoma-associated herpesvirus (KSHV), human
papillomavirus (HPV), and BK polyomavirus (BKV) use exo-
miRs to manipulate host cells. KSHV promotes the Warburg
effect via miR-K12-11,""> shifting metabolism to aerobic
glycolysis and enhancing angiogenesis and cell migration.
HPV infection leads to the upregulation of miR-20a-5p, miR-
423-3p, and let-7d-5p, which promote cancer progression by
influencing cell survival and proliferation. BKV-associated
bkv-miR-B1-3p and bkv-miR-B1-5p are detected in urine and
blood as biomarkers for diagnosing BK virus nephropathy
and monitoring viral replication in kidney transplant
patients."*® In tuberculosis, miRNAs such as miR-144 and
miR-361-5p are differentially expressed, mediating immune
response modulation and disease progression.'*® Filariasis
involves miRNAs like miR-223 and miR-71, which regulate
immune responses and are critical in the development and
persistence of the infection. These miRNAs offer insights into
the pathophysiological conditions associated with filariasis
and could be used as diagnostic markers to evaluate disease
severity and treatment efficacy.”!

3.4 Other diseases

In cardiovascular diseases, exo-miRs like miR-1 and miR-
133a are associated with early cardiac dysfunction, regulate
gene expression between cells and myocardial injury, and
facilitate communication between cells involved in heart
function."” Exo-miRs have been linked to the progression of
atherosclerosis, myocardial infarction, and heart failure,
influencing inflammation, cell death, and tissue repair.''®
Fig. 3C illustrates cell communication involving exo-miRs in
the context of heart disease and their interaction with
damaged heart muscle. The figure shows how different cell
types, including cardiomyocytes, mesenchymal stem cells
(MSCs), adipocytes, macrophages, and cardiac stromal cells,
release or respond to exo-miRs that regulate critical processes
like cell proliferation (e.g., miR-29a, miR-34a), fibrosis (e.g.,
miR-29a), and inflammation (e.g:, miR-155). These miRNAs
communicate between cells and influence damaged heart
tissue's repair and response mechanisms, contributing to
pathological processes like fibrosis, hypertrophy, and
inflammatory responses in heart disease. Atherosclerosis is a
leading cause of cardiovascular disease, characterized by the
thickening and hardening of arterial walls due to the
accumulation of lipids and fibrous tissues. Exo-miRs, such as
miR-143 and miR-145, regulate vascular smooth muscle cells
(VSMCs) and endothelial cells, mediating intercellular
communication to prevent or promote atherosclerotic plaque
formation.'” These miRNAs help reduce atherosclerosis by
modulating inflammatory responses and promoting the
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repair of damaged endothelial cells."””>'*" Acute coronary
syndrome (ACS), which includes myocardial infarction and
unstable angina, is marked by the rupture or erosion of
atherosclerotic plaques. ACS patients, miRNAs such as miR-
133a/b, the miR-30 family, miR-19, miR-20, miR-499, miR-1,
miR-146a-5p, miR-208a, miR-126, and miR-21 are elevated,
correlating with ACS and coronary artery disease (CAD)."**"*?
Ischemia-reperfusion injury (MIRI) occurs when blood flow
is restored to a previously ischemic myocardial tissue,
exacerbating oxidative stress and inflammation damage. miR-
126 and miR-423-3p have reduced MIRI by targeting specific
signaling pathways to inhibit cardiomyocyte apoptosis and
promote cardiac cell survival. These exo-miRs offer
therapeutic potential for reducing myocardial damage after
ischemic events.’® In heart failure (HF), exo-miRs contribute
to myocardial remodeling, leading to heart muscle thickening
and dysfunction. Elevated levels of miRNAs such as miR-425
and miR-744 are linked to cardiac fibroblast activation and
collagen synthesis, both critical in myocardial fibrosis and
the progression of HF.'**

Pulmonary arterial hypertension (PAH) is characterized by
increased pulmonary vascular resistance due to remodeling
of the pulmonary arteries. miR-143 and miR-145 establish
the communication between pulmonary artery smooth
muscle cells and endothelial cells, promoting vascular
remodeling.'®® Aortic aneurysm, an abnormal enlargement of
the aorta, is caused by miR-106a and miR-24, which have
been implicated in the pathogenesis of aortic aneurysm by
promoting the apoptosis of vascular smooth muscle cells and
inflammation."*®  Vascular calcification (VC) involves
abnormal calcium deposition in blood vessels linked to
atherosclerosis and increased cardiovascular risk. miR-324-3p
regulates  calcification  pathways, offering  potential
therapeutic targets to reverse calcification and stabilize
plaques.”®” In rheumatic valvular disease (RVD), miR-155-5p
modulates inflammation and fibrosis in heart valves via the
S1PR1/STAT3 pathway, providing potential treatment options
for valve dysfunction.®

4 DNA nanomaterial-based sensing
platform for exo-miR detection

Exo-miRs present in saliva, blood, plasma, and urine have
been identified at detectable levels, offering potential
benefits for disease diagnosis using liquid biopsy.****73°
The efficient and prompt monitoring of exo-miRs allows for
the diagnosis of diseases in patients.
Nevertheless, there are various challenges in detecting exo-
miRs in situ for molecule biosensors,"*' stemming from their
complex compositions, small size, membrane obstruction,
and low concentration.”*"*> The designed molecular
biosensors must be capable of entering a confined space to
identify the target and maintain a consistent and stable
signal output within a nanoscale environment in exosomes.
Biosensors incorporating nucleic acid nanomaterials possess
distinctive qualities that allow them to effectively address the

convenient
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limitations associated with detecting exo-miRs, owing to their
small  size, wunsurpassed programmability,  natural
biocompatibility, and superior molecular recognition
capacity.”**"** In current state of the art, various well-
established DNA nanomaterials are utilized as biosensors for
detecting exo-miRs, such as tetrahedral DNA nanostructures
(TDNs), branched DNA, spherical DNA, and hairpin
DNA."*>'3¢ This selection explores the recent advancements
in nucleic acid synthesis and their application in detecting
exo-miRs, providing valuable insights for precise biological
analysis and clinical diagnostics.

4.1 Tetrahedral DNA nanomaterials

Tetrahedral DNA nanostructures (TDNs) were initially
developed by Turberfield in 2004,"”"*® exhibiting structural
stability, easy internalization, biocompatibility, and versatile
functionality."*”**°7'** Briefly, TDNs could be prepared by
four specifically designed single DNA strands using the

complementary base pairing rules. In exosomes, TDN
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scaffold biosensors are utilized to prevent nucleases from
degrading them. Maintaining a consistent spatial distance
can help minimize the entanglement and local overcrowding
among neighboring probes.'* As a result of these benefits,
biosensors based on TDN can effectively penetrate exosomes
spatially oriented, which enhances the ability to detect miRs
by accurately adjusting the lateral distance between the
biosensors and miRs."*>'*® Furthermore, they have exhibited
potential as biosensors for accurately identifying extracellular
microRNAs.

To attain simple, quick detection abilities and highly
sensitive detection, methods utilizing TDN scaffold for
electrochemical and fluorescence detection of exo-miRs were
developed."*”'*® yang et al. utilized TDN nanomaterials to
form a sandwich structure with exo-miRs and the capture
DNA on an electronic chemosens