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Abstract: The potential of liquid biopsy for the prognosis and diagnosis of diseases is unquestion-
able. Within the evolving landscape of disease diagnostics and personalized medicine, circulating
microRNAs (c-miRNAs) stand out among the biomarkers found in blood circulation and other bio-
logical fluids due to their stability, specificity, and non-invasive detection in biofluids. However, the
complexity of human diseases and the limitations inherent in single-marker diagnostics highlight the
need for a more integrative approach. It has been recently suggested that a multi-analyte approach
offers advantages over the single-analyte approach in the prognosis and diagnosis of diseases. In
this review, we explore the potential of combining three well-studied classes of biomarkers found in
blood circulation and other biofluids—miRNAs, DNAs, and proteins—to enhance the accuracy and
efficacy of disease detection and monitoring. Initially, we provide an overview of each biomarker
class and discuss their main advantages and disadvantages highlighting the superiority of c-miRNAs
over the other classes of biomarkers. Additionally, we discuss the challenges and future directions in
integrating these biomarkers into clinical practice, emphasizing the need for standardized protocols
and further validation studies. This integrated approach has the potential to revolutionize precision
medicine by offering insights into disease mechanisms, facilitating early detection, and guiding
personalized therapeutic strategies. The collaborative power of c-miRNAs with other biomarkers
represents a promising frontier in the comprehensive understanding and management of complex
diseases. Nevertheless, several challenges must be addressed before this approach can be translated
into clinical practice.

Keywords: liquid biopsy; multi-analyte; circulating miRNAs; cell-free DNAs; proteins

1. Introduction

The early detection and prevention of diseases, alongside the effective monitoring
of their progression, are essential and vigorously discussed within the medical field [1].
Preventive healthcare strives to maintain and enhance health, mitigate risk factors leading to
injury and illness, and broaden the scope of care beyond single physician consultations [2].
Despite significant advancements in imaging, diagnostic technologies, and digital health
innovations [3], the need for minimally invasive methods to efficiently prevent, diagnose,
and monitor disease progression persists [4]. Furthermore, diagnosing and treating diseases,
especially cancer, can significantly strain patients physically and psychologically, often
requiring invasive procedures like biopsies and surgeries [5].

The introduction of ‘liquid biopsy’ in 2010 as a minimally invasive approach for
continuous blood sampling throughout disease progression marked a significant advance-
ment [5]. Over the past decade, molecular technology breakthroughs have underscored the
promise of identifying cellular changes at the molecular level for early disease detection [6].
The exploration of various biomolecules as indicators (molecular biomarkers) for disease
prevention, diagnosis, and monitoring has expanded, offering insights into pathogenic

Int. J. Mol. Sci. 2024, 25, 3403. https://doi.org/10.3390/ijms25063403 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25063403
https://doi.org/10.3390/ijms25063403
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4045-8839
https://doi.org/10.3390/ijms25063403
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25063403?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 3403 2 of 30

mechanisms and facilitating targeted therapy development and personalized treatment
strategies. The term ‘biomarker’ was initially coined by Rho et al. in 1973 [7], to identify
the presence or absence of specific biomolecules, although the concept has earlier roots,
with references to ’biochemical markers‘ by Mundkur in 1949 [8] and ‘biological markers’
by Porter in 1957 [9]. Therefore, the term ‘liquid biopsies’ pertains to biomarkers present
within biological fluids, usually blood [10].

Biomarkers, which are measurable substances, structures, or processes within the
body signaling disease presence or likelihood, include molecules like nucleic acids, pro-
teins, lipids, and metabolites, each shedding light on disease status or treatment efficacy
outcomes [11]. Biomarkers play essential roles at different stages of disease management,
including illness detection, differential diagnosis, assessing disease severity, monitoring,
screening, predicting therapy response, and designing customized medication regimens for
individual patients [12]. The National Cancer Institute defines them as biological molecules
in blood, bodily fluids, or tissues that indicate whether a condition, like cancer, is normal
or abnormal [13]. Despite the promise of liquid biopsies for early detection, challenges in
sensitivity impede the reliable identification of early-stage diseases [14].

Circulating nucleic acids (cfNAs), including free DNA and RNA found in the plasma,
serum, and urine of both cancer patients and healthy individuals, represent a minimally
invasive option for diagnosis, acting as biomarkers [15]. They allow for the detection
of specific mutations in cancer cell DNA, marking significant advancements in cancer
diagnostics. Present either freely or associated with proteins or exosomes, cfNAs are
released by cells undergoing necrosis or apoptosis, or actively secreted by various cell
types [16] showcasing their stability and utility as biomarkers [17]. Serving as a form of
‘liquid biopsy’, cfNAs eliminate the need for traditional biopsy methods and offer a rapid,
non-invasive approach for disease monitoring and evaluating treatment effectiveness [15].
Additionally, proteins and metabolites have been established as biomarkers in liquid
biopsies, with some commercial detection products developed. Yet, the detection of these
biomarkers in body fluids often faces obstacles from inadequate laboratory techniques or
clinical assays [18]. In several instances, tumor-derived genetic biomarkers may not always
be released into the blood circulation at early stages, or, when present, they are at very low
concentrations [19]. Moreover, cancer protein biomarkers such as prostate-specific antigen
(PSA) and cancer antigen (CA) 125 lack elevation in some cancer patients [20], and their
specificity is questionable as levels can rise in non-cancer conditions [21]. Addressing these
issues requires considering both tumor and non-tumor-derived information [22].

Revelations from the Human Genome Project unexpectedly highlighted the scarcity of
protein-coding genes [23]. The complexity of human biology is now attributed in part to
the intricate regulatory networks of non-coding RNAs (ncRNAs), underscoring the need
for discovering more sensitive and reliable molecular biomarkers in circulation for early
disease detection [24]. MicroRNAs (miRNAs), a predominant class of small, endogenous
ncRNAs, have emerged as significant players in gene regulatory networks, influencing
post-transcriptional gene silencing and acting as tumor suppressors or oncogenes [25].
Circulating miRNAs (c-miRNAs), in particular, are being investigated for their roles in cell-
to-cell communication and their impact on tumor initiation and progression processes [26].
C-miRNAs present a promising class of biomarkers due to their several distinct advan-
tages including their remarkable stability, maintaining integrity under extreme conditions
such as boiling, varying pH levels, and multiple freeze–thaw cycles, which underscores
their reliability for diagnostic purposes [27]. C-miRNAs maintain their stability due to
their encapsulation in lipid vacuoles or their binding to proteins. These protective mecha-
nisms prevent their denaturation and degradation [28]. Additionally, c-miRNAs display
tissue-specific expression patterns, allowing their altered levels in the bloodstream and
other biofluids to serve as indicators of specific diseases or pathological states [29]. This
specificity facilitates the early detection of diseases, enabling timely medical intervention
and potentially improving patient outcomes. Moreover, the minimally invasive nature of
blood-based c-miRNA testing offers a significant advantage over traditional tissue biopsies,
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enhancing patient comfort and compliance [30]. Furthermore, c-miRNAs respond quickly
to changes in disease progression or treatment, making them valuable tools for ongoing
monitoring and assessment of treatment efficacy [31]. Their potential as non-invasive
biomarkers for various cancers, including the globally most lethal lung cancer, is supported
by studies demonstrating their ability to differentiate between patients and healthy indi-
viduals, predict patient outcomes, and monitor treatment responses [32]. Despite their
main advantages as ‘liquid biopsies’ over cfDNA and proteins, the absence of standard-
ized procedures and recommendations for extraction, measurement, and normalization of
miRNA levels has substantially hindered their progression from basic research to clinical
practice [33].

As mentioned above, despite the significant potential of the three biomolecule classes,
i.e., cfDNAs, proteins, and miRNAs, for prognostic, diagnostic, and monitoring purposes,
their adoption into clinical practice faces considerable challenges. These challenges primar-
ily arise from the lack of standardized methods for their isolation, handling, and storage,
in addition to their naturally low concentrations in biofluids. Furthermore, the levels
of certain biomarkers, including cfDNAs, proteins, and miRNAs, can exhibit substantial
variability among individuals, influenced by factors such as age, gender, medication use,
and other variables (discussed further below). Challenges such as low sensitivity, inade-
quate specificity high costs, and lengthy processing times further complicate the situation.
Additionally, many current methodologies do not effectively detect early-stage diseases
or accurately reflect the heterogeneity of disease states. Consequently, depending solely
on a single class of these biomarkers is fraught with difficulties, underscoring the need for
more robust and integrative diagnostic approaches. Recently, the concept of multimodal
or multi-analyte liquid biopsy, which combines more than two circulating biomarkers,
has been introduced [34,35]. Importantly, blood components, which act as reservoirs for
liquid biopsies, are considered complementary rather than competitive, demonstrating
synergistic effects [34]. For instance, the combined power of circulating tumor cells (CTCs),
cfDNA, and extracellular vesicles (EVs) in oncology has been reviewed [36], underscoring
the advantages of this approach over single-analyte strategies. In this context, herein we
explore the potential of integrating c-miRNAs with other biomarker classes present in
biofluids, particularly cfDNA, and proteins, to enhance the diagnostic and prognostic
capabilities of all biomarker types. After defining the characteristics of an ideal biomarker,
we provide an overview of the three biomarker classes and delve into the distinct features
and benefits of each class, highlighting the unique advantages of miRNAs. Although other
biomarker classes in biofluids, such as circulating tumor cells (CTCs) [37], have emerged
as potential tools for cancer diagnosis and prognosis, they fall outside the scope of this
review and will not be discussed. To our knowledge, this review is the first to explore the
potential of combining c-miRNAs with other circulating biomarkers, including cfDNAs
and proteins, offering a comprehensive perspective on their collective utility in biofluids.

2. Circulating Biomarkers: Is There an Ideal One?

Biomarkers have the potential to significantly enhance diagnosis, prognosis, and
treatment strategies. Identifying optimal biomarkers is crucial for advancing personalized
medicine and improving clinical outcomes [38]. An ideal biomarker has specific characteris-
tics that render it effective for diagnosing a particular condition. The widespread adoption
and utilization of biomarkers can lead to more targeted therapeutic approaches, reducing
unnecessary treatments and their associated side effects. This approach not only optimizes
patient care but also contributes to reducing overall healthcare expenses [39]. A variety of
biomarker subtypes have been identified based on their presumed applications.

Although there are different classes of biomarkers, such as prognostic, diagnostic,
and monitoring biomarkers, for a biomarker to be considered ideal, it should fulfill the
following criteria [40]:
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i. Clinical Relevance: The biomarker must offer meaningful insights that have a solid
rationale for its application, reflecting significant measurements or variations in physi-
ological or pathological states within a short timeframe.

ii. High Sensitivity and Specificity: Essential for evaluating treatment effects, these
criteria ensure that the biomarker can accurately identify disease presence or absence
and monitor therapeutic responses.

iii. Reliability: This encompasses the biomarker’s analytical measurement capabilities,
highlighting the necessity for accurate detection with consistent accuracy, precision,
robustness, and reproducibility.

iv. Practicality: Favoring non-invasive or minimally invasive methods reduces discomfort
and inconvenience for individuals, making the biomarker patient-friendlier.

v. Simplicity: The ease of use, affordability, and accessibility of necessary equipment
are crucial for the biomarker’s adoption in drug development and clinical settings,
promoting its widespread acceptance and implementation.

Before a biomarker can be deemed suitable for clinical use, it must undergo a rigorous
evaluation process comprising several stages [41]:

i. Preclinical Testing: This initial stage involves assessing the biomarker using patient
samples, with subsequent verification at both in vitro and in vivo levels to ensure
preliminary efficacy and safety.

ii. Feasibility Analysis: This step aims to demonstrate the biomarker’s capability to
distinguish between diseased and healthy individuals, establishing its potential diag-
nostic value.

iii. Validation Process: This vital stage verifies the accurate assay of the biomarker, ensur-
ing that it meets all required standards for clinical application.

iv. Statistical Analysis: Performed to assess the biomarker’s discriminatory accuracy
within a large patient cohort, this analysis evaluates its effectiveness in a broader
clinical context.

In this work, we focus on the synergistic potential of combining c-miRNAs with two
well-studied classes of biomarkers: cfDNA and circulating proteins. While CTCs, mRNAs,
and metabolites are also promising biomarkers found in biological fluids, our emphasis
here is on c-miRNAs, cfDNAs, and proteins due to their established research background
while, in addition to cancer, they can be used as biomarkers for other diseases. The potential
correlations of these three classes of biomarkers are illustrated in Figure 1.

As shown in Figure 1, there is a possible correlation between c-miRNA levels and
circulating protein concentrations that have been implicated in the pathogenesis of diseases,
as the former are well-known gene expression regulations [42]. Dysregulation of miRNAs
and their target genes contributes to the pathophysiology of many diseases, including au-
toimmune and inflammatory disorders [43]. Additionally, research increasingly shows that
miRNA and DNA methylation collaboratively regulate gene expression [44]. This synergy
has sparked further investigation into their interactions, particularly since abnormal DNA
methylation distribution is a hallmark of many cancers, with changes occurring early in
carcinogenesis. Recent evidence has shown that miRNAs can affect DNA methylation by
influencing enzymes (i.e., DNA methyltransferases (DNMTs)) that add methyl groups to
DNA or their auxiliary proteins [45]. Significantly, the methylation profiles of cfDNA reflect
the characteristics of the originating cells or tissues, suggesting that identifying cancer-
specific DNA methylation patterns in a patient’s plasma could provide a practical basis
for creating a blood-based diagnostic test [46]. Additionally, methylation of the regions
where miRNA genes start can modify miRNA levels, a phenomenon especially relevant in
cancer, where unusual methylation patterns can impact miRNA expression [47]. Therefore,
analyzing changes in DNA methylation at these starting regions and the associated miRNA
levels in the bloodstream could offer new prognostic insights into cancer through liquid
biopsies [48]. C-miRNAs play crucial roles in regulating cancer-related processes, such
as cell growth, death, and differentiation, with their activity showing cell type-specific
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patterns. The methylation status of miRNA gene starting regions, often altered in cancer,
significantly affects miRNA function [49].
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Figure 1. Potential associations among the three classes of circulating biomarkers, i.e., cell-free DNAs,
miRNAs, and proteins. MiRNAs can affect protein expression (translation), thereby affecting protein
concentrations in biofluids. Additionally, miRNAs can be incorporated into extracellular vesicles and
lipoproteins, such as high-density lipoprotein (HDL) and low-density lipoprotein (LDL), as well as
RNA-binding proteins like Argonaute (AGO) proteins, facilitating their entry into the circulation.
The encapsulation of miRNAs within various carriers before their release into biofluids enhances
their stability under harsh conditions and safeguards them against degradation by RNases. The
expression of specific miRNAs has also been linked to DNA methylation through the regulation of
DNA methyltransferases (DNMTs). This methylation status can be detected in biofluids following
cell apoptosis. Further discussion of these interactions is provided within the text. (Created with
BioRender.com; accessed on 14 February 2024).

The key properties, applications, and limitations of each biomarker class are detailed
in Figure 2 and discussed in the following sections.
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2.1. Cell-Free DNAs

The genetic blueprint is stored within DNA, which is crucial for guiding the production
of proteins necessary for the structure and function of cells across a person’s lifetime. It has
also been suggested that the consistency of DNA throughout one’s life allows it to serve
as a foundation for biomarkers, often categorized as DNA biomarkers [50]. This family of
biomarkers includes single-nucleotide polymorphisms (SNPs), short tandem repeats (STRs),
as well as deletions, insertions, and other types of DNA sequence variations. The advent of
high-throughput molecular biology techniques has positioned SNPs as a dominant form
of genetic variation, chiefly due to their simple allelic variation, resulting in one of three
genotypes [50]. Moreover, the presence of DNA modifications is a hallmark of cancer at the
cellular level, allowing for quantifiable assessment. Several specific DNA-based biomarkers
for different tumors have thus been identified [50], while gene expression biomarkers have
been recognized for their role in predicting, diagnosing, and tracking diseases, notably in
oncology [51], with gene profiles shaping personalized treatment strategies in common
cancers [52].

Over the past few decades, genetic variations including DNA mutations, DNA single-
nucleotide polymorphisms, and karyotypic changes have been routinely used as biomarkers
for the diagnosis of disorders [53]. These DNA biomarkers, which are stable and measurable
at any time, are invaluable for both looking ahead and looking back in clinical studies. They
find particular use in biobanks for prospective validation, where they can be matched with
pre-collected clinical data. According to the MarkerDB database, (https://markerdb.ca;
accessed on 7 February 2024), there are 154 karyotype biomarkers and over 26,000 genetic
markers cataloged. Importantly, omics technologies hold vast potential for enhancing
patient care, spanning diagnostics, prognostics, and therapy selection [54]. The discovery
of gene expression biomarkers, particularly through machine learning (ML) techniques,
has improved the precision of cancer diagnoses. These ML models, however, typically
operate in isolation, focusing on singular datasets of limited size and presupposing static
biomarker and model relevance over time (reviewed in [55]). However, the majority of these
biomarkers are obtained through tissue biopsies, which are difficult to obtain. Moreover,
the molecular and genetic information derived from the biopsy provides limited insight for
early detection, screening, and monitoring of the disease [56].

BioRender.com
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Liquid biopsies are advantageous because they can be performed safely and repeat-
edly, and they are less invasive than tissue biopsies, while the analysis of cfDNA has
become increasingly prominent in diagnostic research [56]. The class of cfDNA consists of
highly fragmented double-stranded DNA that freely circulates in body fluids including
plasma/serum, urine, cerebrospinal fluid, etc., under normal physiological conditions; i.e.,
release of cfDNA from damaged or dead cells occurs in normal physiology [57]. Despite
cfDNA in circulation initially having been reported as described in 1948 [58], the patho-
logical significance of cfDNA, particularly in cancer, was acknowledged much later [59].
Over the last ten years, considerable research has focused on exploring the processes that
govern the release of cfDNA and its capacity to predict outcomes [60]. Mitochondrial
circulating DNA (m-cirDNA) was also elevated in patients with cancer and disorders
associated with massive cell damage, including acute ischemic stroke [61], myocardial
infarction [62], trauma [63], and severe sepsis [64]; however, this class of circulating DNA
will not be discussed here.

The cfDNA levels are known to rise due to factors such as exercise [65], aging [66], and
various pathological conditions. This increase in cfDNA has been observed in the blood
plasma/serum of patients with disorders like cancer and autoimmune diseases [67,68].
Metabolic DNA damage and ongoing immune system activation significantly contribute
to cellular aging, leading to the accumulation of DNA fragments in the bloodstream as
cfDNA [66,69]. Significantly, levels of DNA fragmentation in cfDNA rise due to inflamma-
tion, potentially triggering the immune system by stimulating toll-like receptor 9 (TLR9).
This, in turn, activates Nuclear Factor kappa B (NF-kB), ultimately resulting in the produc-
tion of TNF-α and IL-6 [70].

Additionally, circulating tumor DNA (ctDNA), a part of cfDNAs, originates from
DNA fragments produced by apoptosis, necrosis, or secretion of tumor cells [71]. CtDNAs
also have the potential to detect specific mutations in genomic DNA released from cancer
cells [10]. CtDNA mirrors the genetic abnormalities found in the tumor DNA from which
it derives, such as point mutations, rearrangements, and amplifications [72], capturing the
tumor’s evolving nature in real time due to its brief half-life in the bloodstream [73]. Fur-
thermore, ctDNA detection as a liquid biopsy technique can address the challenges posed
by tumor heterogeneity seen in tissue biopsies, enabling a more thorough detection [74].
Therefore, ctDNA analysis can facilitate early cancer diagnosis and staging, evaluate tumor
response to treatment, monitor for tumor recurrence, and assess prognosis [75].

The application of next-generation sequencing (NGS) together with advanced compu-
tational methods has recently allowed ctDNA-based tumor genotyping [76]. The primary
advantage of NGS lies in its capacity to conduct extensive analyses of genes associated
with diseases, yielding a wealth of DNA sequencing data. Recently, mutation tests based
on cfDNA for the epidermal growth factor receptor (EGFR) gene have received approval
for use as in vitro diagnostic tools in clinical environments [77]. However, a drawback of
employing cfDNA for mutation testing, as opposed to tumor tissues, is its lower sensitivity
in identifying mutations derived from tumors, with the factors affecting the detection of
such genetic changes in cfDNA remaining unclear. Conversely, mutation testing with
ctDNA offers an advantage over tumor tissue samples by potentially capturing a broad
spectrum of genetic variations in a patient, irrespective of tumor heterogeneity [77].

The main advantages and disadvantages of cfDNAs as circulating biomarkers are
summarized in Table 1.
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Table 1. The main advantages and disadvantages of cfDNAs as liquid biopsies 1.

Advantages Disadvantages

Non-invasive: cfDNAs can be obtained from
blood samples and other biological fluids.

Sensitivity: The sensitivity of cfDNA to detect
certain mutations or low-abundance genetic

alterations can be lower compared to
tissue biopsies.

Applicability: cfDNAs can be used as
prognostic, diagnostic biomarkers and for

monitoring disease progression.

Heterogeneity: The presence of cfDNA from
other sources can complicate the interpretation

of results.

Specificity: They can be used for various
diseases such as cancer, CVDs 2, and

autoimmune disorders.

Standardization: The lack of standardized
methods for cfDNA isolation, quantification,
and analysis can lead to variability in results.

Rapid turnover: cfDNAs have a short half-life
in biofluids, enabling timely reflection of the

current disease state [78].

Quantitative limitations: The absolute quantity
of cfDNA can be low, especially in the early

stages of the disease, which may hinder
detection and analysis.

Comprehensive detection: cfDNA analysis can
detect several genetic alterations, offering a

comprehensive view of the genetic landscape
of diseases.

Cost and accessibility: The costs associated
with cfDNA analysis and the need for
specialized equipment is a drawback.

1 Unless otherwise mentioned, data were obtained from refs. [75,79,80]; 2 CVDs: Cardiovascular diseases.

Despite recent advances to utilize cfDNAs as biomarkers, only a limited number have
received clinical approval [81]. This underscores the necessity for additional approaches in
identifying biomarkers in biofluids with higher specificity and sensitivity for the diagnosis
and prognosis of not only cancer but also other diseases.

2.2. Circulating Proteins

Protein analysis in blood has become a routine and widely accepted practice. Clini-
cal laboratories have long been involved in detecting quantitative changes in circulating
proteins, utilizing them for the prognosis, diagnosis, and therapeutic monitoring of dis-
eases [82,83]. These protein biomarkers are invaluable in identifying various biological
alterations and can serve as markers for the progression of diseases involving inflammation,
immunity, and stress, including cancer, diabetes, and cardiovascular and neurological dis-
orders, among other conditions [84]. It is well documented that many diseases, particularly
cancers, are characterized by significant protein deregulation (reviewed in [85]). These
alterations, whether an increase or decrease in protein levels, can form diagnostic panels
that offer improved accuracy over the use of individual biomarkers. Currently, the Mark-
erDB database (https://markerdb.ca; accessed on 7 February 2024) includes information
on 142 protein biomarkers associated with over 160 diseases [53].

In detail, proteins secreted by cancer cells, including enzymes, cytokines, and growth
factors, play roles in numerous biological and physiological functions, such as immune
responses and intercellular communication [86]. A significant portion of the cancer secre-
tome is detectable in the blood in measurable quantities, making these proteins accessible
biomarkers compared to those located within tumor tissue [87]. Various research groups
have analyzed the cancer cell secretome using mass spectrometry or antibody arrays, which
are key methods for proteome analysis [88]. Furthermore, protein markers found in blood
circulation are well established in clinical practice for quantifying tumor responses. For
instance, serum PSA is widely used for diagnosing prostate cancer (PC) [89] and has also
been employed to monitor treatment responses in bone metastases associated with PC [90].
Carcinoembryonic antigen (CEA) and carbohydrate antigens (CAs) such as CA 15-3, CA
15-5, CA 19-9, CA27, CA 29, and CA 125 have been evaluated for therapy monitoring in
breast cancer (BC) patients, as well as compared directly with the monitoring value of other
blood analytes [91]. Moreover, BC diagnosis has been shown to be achievable through the

https://markerdb.ca
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detection of afamin, apolipoprotein E, alpha-2-macroglobulin, and ceruloplasmin [92] or
through biomarkers like the integrin subunit alpha, Filamin A, Talin-1, and Ras-associated
protein-1A [93].

Despite protein biomarkers offering significant advantages in diagnosing and predict-
ing diseases, challenges remain in detecting low-abundance proteins [94]. For example,
cardiac troponin I (cTnI) serves as a highly reliable biomarker for cardiovascular diseases,
which are a major global cause of mortality [95]. In the context of cardiac injury, cTnI
constitutes the inhibitory component of the cTn complex [95,96]. Following such injury,
it is released into the bloodstream. However, its abundance remains low, typically below
50 ng/mL [97]. Additionally, cTnI exists in various forms (including phosphorylated,
acetylated, oxidized, and truncated forms), posing significant challenges to its detection
and analysis. Innovations in sample treatment and sensitivity enhancement hold the key to
unlocking the full potential of proteomics in disease diagnostics [12].

The main advantages and disadvantages of proteins as circulating biomarkers are
summarized in Table 2.

Table 2. The main advantages and disadvantages of circulating proteins as liquid biopsies 1.

Advantages Disadvantages

Improved Diagnosis: Multiple protein markers
can significantly enhance the prediction

accuracy of diagnoses.

Low Concentration: Often, disease-related
protein markers are present at concentrations

too low for detection by current
proteomics techniques.

Discovery of Disease Signatures: Specific
proteins associated with metabolic diseases,

offering insights into the molecular
underpinnings of these conditions.

Cost and Time: Discovering new protein
biomarkers is both time-consuming and

expensive, hindered by the complex structure
of proteins and the difficulty in finding

accurate detection methods.

Early Detection: Detection of disease-specific
proteins is essential for early-stage diagnosis,

where treatment can be more effective.

Methodological Limitations: Traditional
proteomics methodologies struggle to detect
low-abundance proteins due to the masking

effects of high-abundance species.
1 Data were obtained from ref. [82].

To address the challenges outlined in Table 2, various strategies have been developed.
These include modifying the sample to either reduce the concentration of high-abundance
proteins or to enrich those of low abundance. Importantly, recent advancements in pro-
tein analysis technologies, such as enzyme-linked immunosorbent assay (ELISA), mass
spectrometry (MS), and antibody arrays, have significantly increased the precision and
capacity of these assays. These improvements enable the identification and quantification
of hundreds to thousands of proteins, including low-abundance ones. For example, in the
field of gastric cancer (GC) circulating biomarkers, proteomics integrates protein identifi-
cation and quantification through both ‘targeted’ and ‘untargeted’ approaches. Targeted
methods typically use ELISA immunoassay panels focused on a limited set of analytes,
while untargeted methods preferentially employ MS techniques for broad-scale analy-
sis [98]. Together, targeted and untargeted blood proteomics approaches provide valuable
pathways for the discovery of new biomarkers, utilizing high-throughput technologies for
extensive examination.

Additionally, employing technical solutions like immunodepletion has been sug-
gested [99]. This method utilizes specific antibodies to target and remove high-abundance
proteins, although it is constrained by the processing of small sample volumes and the po-
tential for target marker dilution. Furthermore, techniques such as solid-phase adsorption
and the Combinatorial Peptide Ligand Library (CPLL) technology have been introduced to
process larger samples, thereby enhancing the detection of low-abundance proteins [100].
These methods offer greater effectiveness and versatility, making them suitable for a wide
range of biological materials and species. In particular, CPLL stands out for its capacity to
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identify proteins often overlooked by traditional proteomics methods. This innovation has
become a valuable asset for the early detection of diseases and the development of new
diagnostic tools.

In addition to recent advances in proteomics, Harti et al. [101] highlighted the ad-
vantages of using protein biomarker panels over single protein biomarkers, noting that
panels offer a more comprehensive understanding of human physiology. This approach
improves the precision of diagnosis, prognosis, and the identification of individuals who
will respond to treatment, aligning with the goals of precision medicine. An exemplar of
this approach is the multi-biomarker disease activity (MBDA) score, a quantitative tool for
assessing disease activity in rheumatoid arthritis (RA). The MBDA score is derived from
an algorithm that evaluates the serum levels of 12 biomarkers: IL-6, TNF receptor type 1
(TNFR1), vascular cell adhesion molecule 1 (VCAM-1), epidermal growth factor (EGF), vas-
cular endothelial growth factor A (VEGF-A), YKL-40, matrix metalloproteinase-1 (MMP-1),
MMP-3, C-reactive protein (CRP), serum amyloid A (SAA), leptin, and resistin, producing
a score ranging from 0 to 100 [102]. This scoring system offers an objective method for
monitoring RA disease activity, facilitating the creation of personalized treatment plans in
line with contemporary medical practices. Moreover, the MBDA score has been shown to
predict radiographic progression, further demonstrating its utility in disease management
and treatment optimization (for a review on the topic, see [103]. Despite the availability of
various proteomic methods for analyzing these panels, their adoption in clinical settings
has been slow.

Despite plasma and serum being recognized as valuable biological sources for identi-
fying new and non-invasive disease biomarkers, their practical clinical application remains
constrained due to their intricate proteomes, which require extensive and laborious sample
preparation. Currently, even with numerous proteomic techniques available for analyzing
biomarker panels, the incorporation of proteomics into everyday clinical settings is still
restricted. Specifically, the aforementioned drawbacks, especially those related to the com-
plexity of the proteome and the low-concentration protein biomarkers in biofluids, must
be overcome to identify and implement the most promising protein biomarkers in clinical
environments [101].

2.3. Circulating miRNAs

MicroRNAs (miRNAs or miRs) are endogenous, single-stranded, non-coding RNAs,
typically around 22 nucleotides long, that suppress gene expression by binding directly
to target mRNAs [104]. Acting as antisense RNA, they downregulate gene activity post-
transcriptionally [105]. While individual miRNAs often exert subtle effects on their target
genes’ translation, they are integral to complex regulatory networks involving their targets
and associated downstream effectors [106]. A single gene may be regulated by multiple
miRNAs, and conversely, one miRNA can target a multitude of genes through shared seed
sequences. Research has shown that miRNAs influence over 30% of the human genome,
playing critical roles in virtually all essential cellular functions [107]. As key components of
gene regulatory frameworks, miRNAs facilitate post-transcriptional gene silencing. Their
regulatory impact and the functions of the genes they target allow miRNAs to act either as
tumor suppressors or as oncogenes, depending on the context of their action [108]. MiRNAs
were first recognized as biomarkers for cancer in 2008, when Lawrie et al. employed them
to study diffuse large B-cell lymphoma in patient serum samples [109,110]. Since then, the
potential application of miRNAs as biomarkers has been frequently cited in the scientific
literature for a variety of diseases (reviewed in [31]).

MiRNAs initially undergo transcription into precursor forms, which are then precisely
cut by the endoribonucleases Drosha and Dicer. Once matured, miRNAs associate with
Argonaute (AGO) proteins, forming the RNA-induced silencing complex (RISC) in a
step known as RISC loading [111]. The transcription, processing by Drosha and Dicer,
and RISC loading constitute critical phases of miRNA maturation, with several other
elements either aiding, supporting, or impeding these stages [112]. Recent studies have
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shown that regulatory mechanisms not only orchestrate the processing of miRNAs but
also integrate miRNA generation with broader cellular functions [113]. For example,
protein phosphorylation connects miRNA production to multiple signaling pathways,
often playing a role in the onset of diseases. Additionally, miRNAs do not always adhere
to traditional processing pathways; numerous alternative miRNA generation routes have
been identified [114]. Given that miRNAs generally inhibit gene activity through partial
complementarity to their target mRNAs, it is possible for a single miRNA to target multiple
mRNAs, and vice versa, allowing for the coordinated regulation of gene expression across
different tissues and cell types [115]. Thus, miRNAs significantly contribute to the precise
adjustment of gene expression, marking a pivotal shift in our comprehension of gene
regulation since the advent of the genomic era [115]. As of now, more than 38 thousand
miRNA sequences from 271 species, including 1917 sequences from Homo sapiens, were
described and cataloged on the miRBase (http://www.mirbase.org; accessed on 7 February
2024). This repository serves as a crucial resource for deciphering complex cellular processes
and developing molecular diagnostics for various diseases [116].

The identification of cell-free microRNAs in serum, plasma, and various bodily fluids,
which are known as c-miRNAs, presents a promising avenue for non-invasive biomark-
ers in cancer and other diseases (reviewed in [117]). C-miRNAs, acting as mediators of
intercellular communication, play significant roles in the biological mechanisms under-
lying tumor development and progression [118]. These cell-free miRNAs, released by
tumor cells into the extracellular environment and assimilated by cells in the tumor mi-
croenvironment, regulate gene expression, contributing to cancer progression, metastasis,
epithelial–mesenchymal transition (EMT), angiogenesis, and immune evasion, thereby
facilitating a complex network of intercellular communication in cancer [119].

2.3.1. Advantages of C-miRNAs as Liquid Biopsies

C-miRNAs have been detected across all examined cancer types, suggesting their
involvement in carcinogenesis through cell-to-cell signaling [120]. The utility of c-miRNAs
in distinguishing cancer subtypes has garnered attention [121], with research focusing on
their application in diagnosing particularly lethal cancers such as lung cancer. Studies
consistently show that variations in c-miRNA levels can differentiate patients from healthy
controls, provide prognostic insights, and anticipate treatment outcomes [122]. C-miRNAs
are distinguished by their remarkable stability in biological specimens, withstanding
environmental stresses such as freeze–thaw cycles and enzymatic breakdown, making them
strong candidates for biomarkers [123]. This stability, particularly in plasma and serum,
coupled with their ease of sampling compared to tissue-derived miRNAs, significantly
boosts their utility. Their detectability in a range of bodily fluids, including saliva, urine,
pleural effusions, sputum, and bronchoalveolar lavage fluid, and the correlation of miRNA
level changes with cancer diagnoses, further highlight their potential in the development
of biomarkers for cancer and other diseases [124,125]. Another significant advantage of c-
miRNAs is their sensitivity [28]. They have the capability to signal the presence of a disease
even before clinical symptoms become apparent, during the latent period. Additionally,
the profile of c-miRNAs can vary based on the disease’s degree and severity, making them
particularly valuable for assessing the stage of oncological diseases [126] and tailoring
personalized therapy. For example, Tak Fan et al. [127] demonstrated the utility of miRNAs
in predicting the therapeutic effectiveness of hepatitis virus treatments. Solé et al. [128]
emphasize the utility of profiling urinary exosomal miRNAs as a non-invasive method for
the early identification of fibrosis in the management of lupus nephritis (LN), showcasing
the clinical applications of miRNA-based diagnostics.

Another significant advantage of miRNAs lies in their integration into multimarker
models, improving diagnostic precision, guiding therapeutic choices, and evaluating the
effectiveness of treatments [31]. This approach, utilizing multimarker panels composed of
various miRNAs, presents a less invasive and more cost-effective method than the tradi-

http://www.mirbase.org
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tional analysis of multiple protein markers for disease diagnosis and prognosis (discussed
further below). The key advantages of c-miRNAs as liquid biopsies are summarized below:

i. High Stability: C-miRNAs are stable in biofluids even under extreme conditions
including pH, temperature changes, and freeze–thaw cycles.

ii. Non-Invasive: Detection in blood, urine, and other bodily fluids allows for minimally
invasive testing compared to tissue biopsies.

iii. Early Detection: c-miRNAs can be indicative of disease before clinical symptoms
appear, allowing for potentially earlier intervention.

iv. Tissue and Disease Specificity: Specific c-miRNAs are associated with specific tissues
or diseases, aiding in targeted diagnosis and monitoring.

v. Dynamic Response: Levels of c-miRNAs can change in response to disease progression
or treatment, providing real-time monitoring capabilities.

Due to these key properties, specific c-miRNAs have been proposed for use in the
prognosis and diagnosis of various diseases, including cancer, cardiovascular diseases
(CVDs), Alzheimer’s disease, and rheumatoid arthritis, among others (reviewed in [117]).
Unlike cfDNA, which primarily provides information on genetic mutations and alterations,
and circulating proteins, which may fluctuate due to a myriad of non-disease-related
factors, c-miRNAs offer a more specific insight into the regulatory mechanisms underlying
pathologies, particularly in cancer and other non-malignant diseases [129]. Examples of
these applications are summarized in Table 3.

Table 3. Examples of c-miRNAs as potential biomarkers for various diseases.

Deregulated
c-miR

Blood
Fraction Disease Function Ref.

miR-429, miR-205, miR-200b,
miR-203, miR-125b, miR-34b Plasma Lung Cancer Diagnostic [130]

miR-451a,
miR-21 Plasma Lung cancer Prognostic [131]

[132]

miR-106b-3p, miR-101-3p,
miR-1246 Plasma Liver cancer Diagnostic [133]

miR-122, miR-21 Serum Liver cancer Prognostic [134]

miR-499, miR-21, miR-208a Serum Coronary artery
disease Diagnostic [135]

miR-186-5p Serum Coronary artery
disease Prognostic [136]

miR-19b-3p, miR-134-5p,
miR-186-5p Plasma Acute myocardial

infarction Diagnostic [137]

miR-21-5p, miR-26a-5p,
miR-29c-3p, miR-144-3p,

miR-151a-5p
Serum Myocardial

infarction Prognostic [138]

miR-31, miR-93, miR-143,
miR-146a Serum Alzheimer’s

disease Diagnostic [139]

miR-195, miR-185, miR-15b,
miR-221, miR-181a Serum Parkinson’s disease Diagnostic [140]

miR-23b Plasma Rheumatoid
arthritis

Monitoring
disease

progression
[141]

miR-371b-5p, miR-5100 Serum Systemic Lupus
Erythematosus Diagnostic [142]

miR-23a Serum Diabetes Diagnostic [143]
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Importantly, c-miRNAs offer several advantages over cfDNA, underlining their poten-
tial as superior biomarkers [144,145]. Firstly, c-miRNAs demonstrate remarkable stability
and robustness in various biological fluids, including blood, urine, and saliva. Unlike
cfDNA, which is prone to degradation, c-miRNAs maintain their integrity even in challeng-
ing conditions, enhancing their reliability for biomarker discovery. Another key advantage
of c-miRNAs is that they exhibit tissue-specific expression patterns, enabling the identi-
fication of miRNA signatures linked to particular diseases or conditions, such as specific
miRNAs associated with cardiac tissue, which could serve as markers for cardiovascular
disorders. This level of specificity is generally not achievable with cfDNA. Additionally,
c-miRNAs are not merely passive biomarkers; they play an active role in regulating gene
expression, impacting vital cellular functions like proliferation, differentiation, and apop-
tosis. This regulatory function, absent in cfDNA, not only aids in understanding disease
mechanisms but also offers potential therapeutic targets.

Another significant benefit of c-miRNAs over cfDNAs is their potential to detect
various diseases, including cancer, at early stages. Epigenetic changes, for instance, are
known to occur early in tumorigenesis [146], suggesting that tumor-specific methylation
patterns in cfDNA could be identified in early-stage cancers. However, early detection faces
challenges due to the low abundance of cancer-specific cfDNA amidst a high background
of non-cancerous DNA in circulation. So far, SEPT9 is the only methylation marker in
cfDNA that has been successfully applied to clinical screening, demonstrating a specificity
of 79% and a sensitivity of 68% in the detection of colorectal cancer [147]. On the contrary,
several panels of miRNAs have been proposed for the early detection of various cancer
types [148] including breast cancer (e.g., miR-21, miR-26a, miR-155, miR-221/miR-222,
and miR-495), cervical cancer (miR-10b, miR-32, miR-124, miR-138, miR-143, miR-146a,
miR-192, and others), prostate cancer (miR-17, miR-20a/miR-20b, miR-148, miR-650, and
miR-453). Chiam et al. [149] proposed a multi-biomarker panel (RNU6-1/miR-16-5p, miR-
25-3p/miR-320a, let-7e-5p/miR-15b-5p, miR-30a-5p/miR-324-5p, miR-17-5p/miR-194-5p)
for detecting Esophageal Adenocarcinoma. This panel showed improved specificity and
sensitivity compared to single miRNA ratios in distinguishing esophageal adenocarcinoma
from controls and Barrett’s esophagus. The study also highlighted the potential of exosomal
miRNAs in serum as biomarkers for esophageal adenocarcinoma detection. In another
study, Usuba et al. [150] explored the efficacy of a combination of 7 microRNAs (7-miRNA
panel: miR-6087, miR-6724-5p, miR-3960, miR-1343-5p, miR-1185-1-3p, miR-6831-5p, and
miR-4695-5p) in distinguishing bladder cancer from non-cancerous conditions and other
tumor types with remarkable accuracy (AUC: 0.97; sensitivity: 95%; specificity: 87%). This
high diagnostic precision was maintained across all stages and grades of bladder cancer,
indicating that the 7-miRNA panel could serve as a specific and early detection biomarker
for bladder cancer.

The superiority of c-miRNAs over cfDNA was underscored in a recent study by
Gahlawat et al. [144], which highlighted the advantages of c-miRNAs as biomarkers in
ovarian cancer (OC) research and identified miR-200c as a potential biomarker. Their study
compared miRNAs and DNA methylation across plasma, whole blood, and tissues to
evaluate their efficacy as surrogate markers for OC. Unlike cfDNA, which was hardly
detectable in healthy individuals and required at least 2 mL of blood for analysis, miRNAs
like miR-200c exhibited high stability in blood, detectable in both healthy and diseased
states with just 200 µL of plasma using straightforward amplification methods such as qPCR.
While both cfDNA and c-miRNAs were found to be elevated in OC patients compared
to those with benign lesions or healthy controls, only c-miRNAs, specifically members
of the miR-200 family (miR-200c and miR-141), independently prognosticated survival.
These miRNAs were upregulated in plasma and matched tissue samples of OC patients
and were associated with adverse clinical features. Notably, the upregulation of miR-200c
and miR-141 correlated with promoter DNA hypomethylation in tissues, a correlation
that did not extend to plasma or whole blood samples. The study also revealed that c-
miRNAs, unlike cfDNA methylation, more accurately reflected the molecular characteristics
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of corresponding tissues. This was evidenced by the significant hypomethylation of the
miR-200 promoter in a panel of tissues, which strongly correlated with miRNA expression.
Given their ease of detection, minimal blood volume requirements for analysis, and greater
stability in blood, c-miRNAs, particularly miR-200c, emerge as more suitable surrogate
markers for liquid biopsy in OC than cfDNA. This finding positions c-miRNAs as superior
biomarkers for OC, offering a more feasible and representative approach for diagnosis
and prognosis.

2.3.2. Circulating miRNAs as Biomarkers: Challenges, Limitations, and Perspectives

Integrating miRNAs into clinical practice presents several challenges [151]. Variability
in sample processing, and analysis methods, and the lack of standardized strategies impede
their broader application. Moreover, circulating miRNA expression levels do not always
mirror those in tissue. For example, while miR-122 is downregulated in hepatocellular
carcinoma (HCC) tumor tissues and cancer cell lines [152], it shows upregulation in the
serum of HCC patients infected with the hepatitis B virus. Given miR-122’s role as a liver-
specific tumor suppressor [152], its gene targets’ dysregulation in liver disease patients is
closely linked to tumorigenesis [153]. Despite the expanding knowledge on c-miRNAs),
standardized diagnostic lines for specific pathologies remain undeveloped; individual
miRNAs often exhibit a broad and non-specific range of action [148]. Moreover, c-miRNA
signatures vary across different biofluids. Recently, we suggested that the differences in
exosomal miRNA levels between patient samples and those from healthy individuals could
stem from how exosomes containing c-miRNAs interact with endothelial receptors. These
receptors tend to be more prevalent in states of disease, such as inflammation [154].

Currently, no standard protocol for c-miRNA detection, encompassing isolation, stor-
age, and detection methods, has been universally accepted [155]. Our recent reviews high-
lighted key preanalytical, analytical, and post-analytical factors influencing c-miRNAs as
potential biomarkers for cardiovascular diseases (CVDs) [151] and knee osteoarthritis [156]
as well as for other diseases, and they are also summarized here. Critical aspects include
blood fraction selection (whole blood, plasma, or serum), sample collection methods, antico-
agulants for plasma, centrifugation, and sample handling/storage, all significantly affecting
c-miRNA profiles [157,158]. Notably, whole blood as a miRNA source is discouraged due to
potential cellular contributions. Direct comparisons of studies utilizing different blood frac-
tions or collection tubes are problematic due to inherent variability. This issue, coupled with
the challenge of selecting appropriate reference genes for miRNA quantification, points to a
significant lack of standardization within the field. Despite the existence of various normal-
ization strategies, the urgent need for comprehensive, standardized guidelines to ensure
consistent miRNA expression data across studies is evident [157,158]. Such standardization
is crucial for the clinical adoption of c-miRNAs as biomarkers. Post-analytical challenges
include choosing and normalizing reference genes, given the current lack of a standardized
approach. The diversity in normalization strategies complicates the validation of miRNAs
as biomarkers, highlighting the necessity for detailed, universal guidelines and protocols.
Establishing these standards is essential for c-miRNAs to achieve clinical relevance. Nor-
malization is vital for accurately determining c-miRNA expression levels, with further
research needed to identify effective methods, potentially varying based on miRNA release
mechanisms. Determining optimal endogenous controls for each disease type is crucial
due to the variability in c-miRNA expression profiles and levels. Additionally, the intricate
web of gene regulation mediated by miRNAs, where a single miRNA can target multiple
mRNAs and vice versa, adds a layer of complexity in deciphering their exact role in disease
processes [27]. The main disadvantages of c-miRNAs as biomarkers are summarized below:

i. Complexity in Quantification: Precise quantification of c-miRNAs can be challenging
due to their small size and the need for sensitive detection methods.

ii. Standardization Issues: Lack of standardized protocols for extraction, detection, and
data analysis can lead to variability in results.
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iii. Biological Function Uncertainties: The comprehensive roles and mechanisms of many
c-miRNAs in various diseases are not fully understood.

iv. Interference by Endogenous Substances: Biological substances in samples may inter-
fere with c-miRNA detection and analysis.

v. Validation and Reproducibility: There is a need for large-scale studies to validate
c-miRNAs as reliable biomarkers across different populations and conditions.

To overcome the above limitations, some recommendations were proposed including
the use of multiple reference genes or a suitable combination, along with standard spike-in
miRNA concentrations for normalization. Processing all samples identically is fundamental
for generating reliable data. Implementing these standards will facilitate the transition of
c-miRNAs into clinically useful biomarkers, effectively bridging the gap between research
findings and their practical application in diagnosing and managing diseases [151,156].

Despite the challenges mentioned above, c-miRNAs not only emerge as potential
biomarkers but also as promising candidates for therapeutic interventions [159]. These non-
coding RNA molecules are key regulators of gene expression in humans and other species.
Although there are hurdles to using c-miRNAs as disease biomarkers, ongoing research is
paving the way to overcome these difficulties. A strategic approach involves developing
a precise algorithm for marker selection. Furthermore, the continuous expansion of the
miRNA database with new findings offers a viable solution to these challenges [148]. As
highlighted above, c-miRNAs are an exciting research field with dual roles in diagnostics
and therapeutics. Their distinctive features, including stability, the possibility of non-
invasive detection, specificity, and gene regulation capabilities, underscore their significance
in advancing precision medicine and personalized healthcare strategies.

3. Combinatorial Potential of C-miRNAs with cfDNAs and Proteins as a Multi-
Analyte Approach

While the quest for an ideal biomarker continues, it is acknowledged within the
scientific community that such a model does not truly exist due to the complex nature
of diseases and the multifaceted requirements of diagnostic, prognostic, and therapeutic
monitoring tools. However, panels consisting of only one class/type of biomarkers may
exhibit several limitations, as an individual blood analyte does not present a comprehensive
picture of the disease. For instance, cfDNA testing encounters obstacles such as the scarce
presence of tumor-originated cfDNA, the coexistence of normal DNA, and the technical
challenges in identifying uncommon mutations. Current research efforts are directed
towards enhancing the accuracy and reliability of cfDNA-based assays to bolster their
applicability in diagnosing and managing different forms of cancer. Nevertheless, the
bulk of research predominantly concentrates on analyzing the mutation patterns within
cfDNA [160].

It has recently been demonstrated that multimodal or multi-analyte liquid biopsy
testing can generate a high-resolution snapshot of the disease status as the various blood
components such as cfDNAs, c-miRNAs, proteins, and circulating tumor cells comple-
ment each other and have additive value for the detection and prognosis of diagnosis
of diseases [34,161]. The concept of multi-analyte liquid biopsy testing holds significant
potential [162]. This approach is designed to leverage the unique diagnostic and prog-
nostic strengths inherent in each biomarker class. Furthermore, given the vast diversity
of analytes available, it warrants investigation into whether a combination of more than
two analytes could provide an even more comprehensive molecular portrait of the dis-
ease. By integrating the genetic insights provided by cfDNA, the regulatory perspective
offered by miRNAs, and the functional data from circulating proteins, this approach could
significantly enhance the accuracy of disease detection, facilitate the early identification
of pathological conditions, and provide dynamic monitoring of disease progression and
response to treatment. Ultimately, the combined use of these biomarkers could pave the
way for personalized medicine, tailoring prevention, diagnosis, and treatment strategies to
individual patient profiles and improving clinical outcomes [36].
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By intelligently combining molecular markers in blood, their diagnostic sensitivity
and specificity could be markedly enhanced. For instance, a recent study demonstrated
that a plasma-based panel combining DNA mutations and proteins successfully detected
five cancer types (ovary, liver, stomach, pancreas, and esophagus) with sensitivities ranging
from 69 to 98% and a specificity of over 99% [163]. Given that miRNA expression can be
influenced by aberrant DNA methylation of miRNA promoter sequences in ovarian cancer
(OC) [164], analyzing both cfDNA promoter methylation and the corresponding c-miRNA
levels could offer complementary prognostic insights into liquid biopsies.

Significantly, a cutting-edge strategy in biomarker research entails assessing an intri-
cate array of markers or the combinations/ratios of molecules from diverse origins, instead
of depending solely on one biomarker. This approach has been successful in improving
the accuracy and/or precision of potential biomarkers, providing more detailed diagnostic
and prognostic information [34,36]. Various blood analytes, including CTCs, circulating
immune cells, tumor-educated platelets, extracellular vesicles (EVs), cfDNA, cell-free RNA,
and circulating proteins, provide complementary and additive value for clinical cancer man-
agement. Considering the advanced level of evidence, exploring a multi-omic approach
that integrates DNA, RNA, and protein information may offer benefits. The diversity of
blood analytes is vast, encompassing not only CTCs, cfDNA, and EVs but also circulat-
ing proteins, cell-free RNAs (including microRNAs, small RNAs, and long non-coding
RNAs), tumor-educated platelets, and immune cells, all of which can significantly impact
and be impacted by tumor diseases, thus representing important analytes in the clinical
management of oncologic patients [165].

Similarly, the combination of cfDNA and c-miRNA has the potential to serve as robust
biomarkers in cancer diagnosis, offering complementary prognostic insights into specificity
and sensitivity within liquid biopsies [166]. To this end, the combinations of circulating
aberrant methylated DNA and miRNAs for early detection of colorectal cancer [166] and
lung cancer [167]. In another study, Albitar et al. [168] demonstrated that combining
the analysis of cfRNA with cfDNA has the potential to predict genomic abnormalities,
diagnose neoplasms, and evaluate both tumor biology and host response. Some examples
of multi-analyte liquid biopsies involving c-miRNAs as one of the analytes are shown in
Table 4.

Table 4. Examples of multimodality approaches combining c-miRNAs with cfNAs 1 or proteins for
the diagnosis or prognosis of various diseases.

Biomarker Panel Disease Outcome Ref.

Serum miR-21 and miR-146a,
with plasma cfDNA

Systemic Lupus
Erythematosus (SLE) Activity

Significant correlations with SLE
activity indicators [169]

Serum miR-96 and miR-200,
with CA19-9 2 Pancreatic Cancer Diagnosis Enhanced diagnostic accuracy [170]

Serum miR-21 with serum PSA 3 Prostate Cancer Sensitivity: 71.05%,
Specificity: 77.35% [171]

Plasma miR-200b and miR-200c with
plasma mRNAs (SIM2 and OR51E2) Prostate Cancer Differential expression between

normal and tumor samples [172]

Serum miR-320b and miR-141-3p,
with serum CA-125 4 and HE4 5 Ovarian Cancer Diagnosis High specificity and sensitivity

in differentiation [173]

Plasma miR-211 and miR-25,
with plasma TGF-β1 6 Colorectal Cancer Diagnosis Correlation with lymph node

metastasis, diagnostic utility [174]

Serum or Plasma:
Muscle-enriched miR-1 and miR-133a with

cMyBP-C 8 and cardiac troponins
Acute Myocardial Infarction Enhanced diagnostic accuracy,

highest AUC 7 values [175]
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Table 4. Cont.

Biomarker Panel Disease Outcome Ref.

Serum AFP 9 with serum miR-125b Early Hepatocellular Carcinoma Low detection limit for both markers,
enhanced sensitivity and specificity [176]

Plasma:
cfDNA mutations:

COSM10758, COSM18561
cfDNA methylation markers:
MLH1, MDR1, GATA5, SFN

miR-17-5p, -20a-5p, -21-5p, -26a-5p, -27a-3p,
-29c-3p, -92a-3p, -101-3p, -133a-3p, 148b-3p,

-155-5p195-5p

Various cancer types:
Bladder, brain, breast, colorectal,
lung, ovarian, pancreas, prostate,

stomach

Simultaneous detection of several cancer
types:

Specificity: 80%
Sensitivity: 97.7%
Accuracy 95.4%

[177]

1 cfNAs: cell-free Nucleic Acids; 2 CA19-9: Carbohydrate antigen 19-9; 3 PSA: Prostate-specific antigen, 4 CA-125:
Cancer antigen 125; 5 HE4: human epididymis protein-4; 6 TGF-β1: transforming growth factor-beta; 7 AUC: Area
under curve; 8 cMyBP-C: Myosin binding protein-C; 9 AFP: Alpha Fetoprotein.

Ibrahim et al. [169] identified serum miRNA-21, miRNA-146a, and plasma cfDNA
as innovative biomarkers for evaluating systemic lupus erythematosus (SLE) activity. By
quantifying these markers in serum and plasma, they discovered significant correlations
with clinical and biochemical indicators of SLE activity. The study involved eighty partici-
pants, divided into twenty active SLE patients (SLE-DAI2K score of 16–18), twenty inactive
SLE patients (SLE-DAI2K score of 1–3), and forty healthy controls. Real-time PCR analysis
showed that active SLE cases exhibited notable increases in serum miRNA-21 and plasma
cfDNA levels. miR-21 correlated negatively with complement factors C3 and C4, while
showing positive associations with the Systemic Lupus Erythematosus Disease Activity
Index 2K (SLE-DAI2K) score and activity. Similarly, miRNA-146a had a negative correla-
tion with C3 and a positive correlation with the SLE-DAI2K score, activity, and anti-DNA
autoantibodies. Receiver Operating Characteristic (ROC) curve analysis demonstrated
the diagnostic potential of miR-21 and cfDNA. The study underscored the relationship
of miR-21, miR-146a, and cfDNA with SLE clinical parameters, highlighting their utility
in diagnosing and assessing SLE activity. These findings suggest that combining these
biomarkers with clinical data could serve as effective tools for SLE prognosis and activity
monitoring, positioning them as valuable biomarkers for SLE diagnosis and prognosis.

The integration of protein levels and circulating miRNAs presents a promising avenue
for enhancing disease diagnosis and monitoring. For instance, combining c-miRNAs like
miR-196 and miR-200 with CA19-9 has been shown to enhance diagnostic accuracy, offering
a new strategy for PC diagnosis [170]. The potential of a multi-biomarker panel consisting
of PSA (protein biomarker) and c-miRNA21 for the diagnosis of prostate cancer has been
reported by Ahmed et al. [171]. In this work, it was demonstrated that there is a correlation
between c-miR21 and serum PSA levels, while c-miR21 was significantly upregulated in
patients compared to control individuals, exhibiting a sensitivity of 71.05% and a specificity
of 77.35% (p < 0.0001). An age-wise analysis further revealed elevated miRNA-21 expression
in both younger and older patient groups compared to their respective controls (p < 0.0001
for both). Additionally, a positive correlation was observed between miRNA-21 expression
and PSA levels, suggesting that trends in miRNA-21 expression mirror those of serum
PSA levels.

In research conducted by de Souza et al. [172], the exploration of circulating nucleic
acids, including mRNAs and miRNAs, offered insights into prostate cancer diagnostics and
prognostics. Utilizing in silico analysis from The Cancer Genome Atlas (TCGA) database,
the study identified specific circulating mRNAs and miRNAs as potential markers for
prostate cancer, differentially expressed between normal and tumor samples. Validation
in plasma samples from prostate cancer patients and cancer-free individuals underscored
the diagnostic and prognostic relevance of two genes, OR51E2 and SIM2, along with two
miRNAs, miR-200c and miR-200b, in distinguishing prostate cancer presence with notable
sensitivity and specificity [172].
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Furthermore, in breast cancer diagnostics, only a limited number of serum-based
biomarkers have received FDA approval for monitoring advanced or recurrent cases,
namely MUC-1 (CA27.29 and CA15-3) and carcinoembryonic antigen (CEA) [178,179].
MUC-1 mucins, secreted by glandular epithelial cells and upregulated in breast cancer
patients’ serum, particularly CA15-3, reflect the clinical course in metastatic cancer sce-
narios. Despite CA27.29’s greater sensitivity, its specificity compared to CA15-3 remains
lower [180]. Meanwhile, the utility of CEA is questioned in metastatic breast cancer due to
its elevated levels in a minor fraction of patients and a high false-positive rate among the
general population, finding its primary clinical application in colorectal cancer, especially
for early detection of liver metastases [181,182].

CA-125 emerges as a notable serum marker for ovarian cancer, albeit with limitations
in sensitivity for disease diagnosis [183]. Elevated CA-125 levels have been observed in
various cancer types, diluting its specificity [184]. Nonetheless, combining CA-125 with
sonography techniques has shown the potential to enhance specificity [185]. Addition-
ally, changes in serum protein levels in HER2-positive breast cancer patients undergoing
chemotherapy indicate potential markers for positive treatment response [186]. Addressing
these challenges, Cirillo et al. [173] developed a diagnostic model incorporating miR-320b,
miR-141-3p, CA-125, and human epididymis protein (HE) 4 markers, achieving high
specificity and sensitivity in differentiating between ovarian cancer patients and healthy
controls. This example underscores the potential of combining circulating miRNAs with
protein biomarkers to refine diagnostic accuracy and disease monitoring, advocating for
a multimodal approach in biomarker research for disease prevention, detection, and pro-
gression monitoring. Radwan et al. [174] revealed that in patients with colorectal cancer
(n = 44), elevated plasma levels of miR-211 and miR-25 were significantly linked to in-
creased levels of transforming growth factor-beta (TGF-β1), a key factor in tumorigenesis
and epithelial-to-mesenchymal transition induction. Importantly, plasma miRNA levels
showed a positive correlation with lymph node metastasis, underscoring their potential
as effective biomarkers. Furthermore, receiver operating characteristic (ROC) analysis
validated the utility of microRNAs-211 and -25 for differentiating between colorectal cancer
patients and healthy individuals, highlighting their roles in cancer progression and their
effectiveness as diagnostic tools for colorectal cancer.

The concept of a multi-biomarker approach received further validation from the work
of Schulte et al. [175], who studied a cohort with acute myocardial infarction. Their findings
indicated that miRNAs were comparable in diagnostic performance to traditional biomark-
ers (cardiac troponin T and I (cTnT, cTnI)); however, they fell short in detecting cases with
low troponin levels. Significantly, cMyBP-C was identified as a highly sensitive biomarker
for myocardial injury. The research emphasized that the integration of muscle-enriched
miRNAs with high-sensitivity cardiac troponin T and cMyBP-C markedly enhanced di-
agnostic accuracy, achieving the highest area under the curve values. This underscores
that, although miRNAs are promising non-coding RNA biomarkers for myocardial injury,
their sensitivity has yet to match that of cardiac protein biomarkers. Nevertheless, em-
ploying a multi-biomarker strategy that includes muscle-enriched miRNAs, cMyBP-C, and
cardiac troponins offers a nuanced and thorough method for detecting myocardial injury,
leveraging the unique attributes of various biomarker types. Yuan et al. [187] proposed a
novel combination of circulating microRNA and plasma protein biomarker panels for PC.
The study found elevated plasma levels of six miRNAs along with MIC-1 and CA19-9 in
PC patients compared to healthy controls (p < 0.001). Notably, miR-20a, miR-21, miR-25,
MIC-1, and CA19-9 were effective in differentiating PC patients from those with other
gastrointestinal (GI) cancers or benign pancreatic diseases (BPD). Utilizing multivariable
logistic regression, two specific indices for PC diagnosis were established (Index1 includes
miR-21, MIC-1, and CA19-9; Index2 comprises miR-25, MIC-1, and CA19-9). Tested in a
cohort of 260 healthy controls (HC), 168 PC patients, 132 individuals with other GI cancers,
and 80 BPD patients, both indices not only demonstrated higher sensitivity for PC but also
greater specificity in distinguishing PC from other GI cancers than CA19-9 and individual
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biomarkers alone. These findings suggest that a combined biomarker panel can enhance
diagnostic accuracy beyond the use of single markers. Such panels, as demonstrated in this
study, could offer innovative plasmatic biomarkers for PC diagnosis.

Recently, Yu et al. [176] described a multi-marker diagnostic method for early Hep-
atocellular Carcinoma (HCC) that utilizes Alpha Fetoprotein (AFP) and miRNA-125b as
combined detection markers to enhance diagnostic sensitivity and specificity simultane-
ously. The method involves modifying the surface of a surface plasmon resonance (SPR)
sensor with anti-AFP monoclonal antibodies and DNA probes specific to miR-125b, en-
abling precise recognition of AFP and miR-125b in serum samples. To amplify the SPR
response signal and boost detection sensitivity, the Double Antibody Sandwich Method
(DASM) and an S9.6 antibody-enhanced method were employed, achieving a low detection
limit for both markers. Experimental outcomes demonstrated accurate detection of AFP
within the range of 25–400 ng/mL using DASM, while the detection limit for miRNA-125b
reached 123.044 pM through the S9.6 antibody-enhanced method.

In a recent study, Tomeva et al. [177] reported a multi-analyte liquid biopsy test capable
of simultaneously detecting various solid cancers. This research involved the analysis of
cfDNA mutations, methylation patterns, and circulating microRNAs (miRNAs) in plasma
samples from 97 cancer patients (including 20 with bladder cancer, 9 with brain cancer, 30
with breast cancer, 28 with colorectal cancer, 29 with lung cancer, 19 with ovarian cancer, 12
with pancreatic cancer, 27 with prostate cancer, and 23 with stomach cancer) and 15 healthy
individuals, using real-time qPCR. The Androgen receptor p.H875Y mutation (AR) was
identified in cancers of the bladder, lung, stomach, ovary, brain, and pancreas, present in
51.3% of all cancer samples but absent in healthy controls. The study also developed a
discriminant function model that included cfDNA mutations (COSM10758, COSM18561),
cfDNA methylation markers (MLH1, MDR1, GATA5, SFN), and several miRNAs (Table 4),
achieving a classification accuracy of 95.4%, with 97.9% sensitivity and 80% specificity
between healthy and tumor samples. This multi-analyte liquid biopsy test highlights the
significance of integrating genetic and epigenetic biomarkers to enhance the concurrent
detection of multiple types of cancer.

4. Challenges and Limitations in Using a Multi-Analyte Biopsy Consisting of
C-miRNAs, cfDNAs, and Circulating Proteins

Despite the promising prospects of combining c-miRNAs with cfDNA and/or circu-
lating proteins as a multi-analyte biopsy for disease analysis and detection, this approach is
still in its early stages, primarily due to methodological and technical limitations. Figure 3
presents a SWOT analysis that highlights the potential viability of this multi-analyte ap-
proach for preventing, diagnosing, and monitoring diseases.

The major strengths and opportunities of multi-analyte liquid biopsies have already
been discussed above. Importantly, recently, data obtained from various omics approaches,
including proteomics, genomics, epigenomics, transcriptomics, and metabolomics, have
been integrated into a so-called ‘multi-omics’ approach. Coupled with advancements in
machine learning algorithms, this integrated strategy has shown significant potential for
innovative applications in cancer research [188].
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However, a primary challenge with liquid biopsy is its lower sensitivity compared to
conventional tissue biopsies in identifying genetic mutations and cancer biomarkers [189].
Despite its promise as a less invasive diagnostic method, technical obstacles arise from
the extremely low levels of cfDNA, c-miRNAs, and proteins present in blood and other
biofluids. There is significant inconsistency in how samples are collected and a widespread
absence of uniformity in isolation and detection techniques. Issues regarding the analytical
sensitivity and specificity remain, underscoring the need for thorough validation across
extensive patient cohorts and prolonged monitoring periods [189,190]. Overall, utilizing
a multi-analyte liquid biopsy approach that combines c-miRNAs, cfDNA, and proteins
presents several challenges, including [36,151,189,191]:

i. Lack of Standardization: There is a significant gap in standardized protocols for
pre-analytical, analytical, and post-analytical procedures. This includes variability in
biomarker source (e.g., blood fraction), types of blood collection tubes, methods of
sample collection and handling, and techniques for biomarker isolation and detection.

ii. Influence of Individual Characteristics: The levels of biomarkers, including c-miRNAs,
can be affected by various individual characteristics such as age, gender, physical ac-
tivity, medication, and diet. This variability adds complexity to interpreting biomarker
levels across different populations.

iii. Integration into Clinical Trials: Multi-analyte testing with more than two analytes has
not yet been widely adopted in prospective interventional clinical trials. Demonstrat-
ing the clinical utility of this approach requires well-designed, large-scale, multicenter
trials with rigorous conditions and standardized methodologies.

iv. Data Analysis and Interpretation: The combinatorial approach generates vast amounts
of data, necessitating advanced bioinformatics and statistical analysis tools to identify
meaningful correlations and potential causal links between biomarkers and disease
states. The complexity of data interpretation is further compounded by the synergistic
and orthogonal relationships between different types of biomarkers.
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v. Technological Limitations: Despite advancements in sequencing and proteomics tech-
nologies, detecting and quantifying low-abundance biomarkers with high sensitivity
and specificity remain challenging. This is crucial for early disease detection and
monitoring minimal residual disease.

vi. Clinical Translation: Translating the advantages of multi-analyte liquid biopsy testing
into clinical practice faces hurdles in demonstrating improved diagnostic accuracy,
prognostic value, and therapeutic decision-making over traditional single-analyte tests.
This includes proving the approach’s cost-effectiveness and operational feasibility in a
clinical setting.

vii. Regulatory and Ethical Considerations [192]: The introduction of new biomarker com-
binations into clinical practice involves navigating regulatory approvals and addressing
ethical considerations related to patient consent, privacy, and data management.

5. Conclusions

Liquid biopsies offer significant advantages over traditional diagnostic methods,
including their non-invasive nature and the capability for repeated sampling throughout
the disease course. In the past decade, c-miRNAs and cfDNAs have emerged as novel
biomarkers for various diseases, including cancer. Additionally, the superiority of c-
miRNAs over other classes of biomarkers has been highlighted in several works (reviewed
in [31]). Their remarkable stability in bodily fluids, resistance to degradation, and ability to
reflect changes in gene expression make miRNAs exceptionally promising for non-invasive
disease detection and monitoring [193]. Despite their potential, c-miRNAs have not yet
been widely adopted in clinical applications, a limitation largely due to challenges in
standardizing miRNA detection and quantification techniques, as well as the need for a
deeper understanding of their specificity and sensitivity in diverse clinical contexts [194].

A promising area in translational research is the combinatorial analysis of multiple
liquid biopsy analytes, termed the multi-analyte approach. Yet, the clinical significance of
biofluid biomarkers such as miRNAs, cfDNAs, and proteins has primarily been assessed
individually. Unfortunately, studies quantifying multiple biomarker classes simultaneously
from identical patient samples remain scarce. Herein, we investigated the potential of com-
bining c-miRNAs with cfDNAs and/or circulating proteins as a multi-analyte liquid biopsy
approach. C-miRNAs can post-transcriptionally regulate gene expression, influencing
circulating protein levels.

Measuring c-miRNAs alongside corresponding protein biomarkers aims to uncover
correlations for deeper insights into disease mechanisms, enhancing diagnostic accuracy,
improving prognostic assessments, and guiding therapeutic decisions. The multi-analyte
liquid biopsy testing, or total liquid biopsy testing [162], undeniably holds promise. How-
ever, despite the therapeutic decision-making benefits shown by individual analyte testing
in liquid biopsies for various cancers through interventional trials, multi-analyte testing in-
corporating more than two analytes has not yet been adopted in prospective interventional
clinical trials. The definitive confirmation of the clinical value of multimodal testing requires
conducting prospective, randomized, multicenter clinical trials that are intervention-based,
well supported with large participant groups, adhere to strict pre-analytical standards, and
utilize uniform laboratory and data analysis procedures for accurate and precise analyte
identification, along with extended monitoring periods for detecting cancer.

A significant challenge in the multi-analyte liquid biopsy approach is the lack of
standardization in pre-analytical, analytical, and post-analytical methods. Factors such as
the source of the biomarker, blood collection tubes, sample collection and handling, and
biomarker isolation and detection methods significantly impact result quality. Moreover,
biomarker levels, including c-miRNAs, are influenced by individual characteristics like age,
gender, physical activity, medication, diet, and others [151]. The feasibility of standardizing
analytical processes across different multimodal studies is still uncertain [36]. Overcoming
these hurdles is crucial for translating the benefits of multi-analyte liquid biopsy testing
into clinical practice [34].
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Despite these challenges, the potential for multi-analyte liquid biopsy is vast. The
introduction of artificial intelligence and machine learning could significantly contribute
to this field. By integrating AI into medical research, there is a transformative potential to
enhance disease diagnosis, optimize treatment strategies, and refine prognosis predictions.
AI’s prowess in handling complex, multidimensional data can significantly enhance the
precision of early disease detection and the tailoring of therapeutic strategies. For example,
AI algorithms are adept at analyzing and identifying unique combinations of genetic
mutations, leveraging vast genomic databases to pinpoint cancer-specific markers [195].
Furthermore, AI-based clinical decision support systems (CDSS) are set to revolutionize the
application of liquid biopsies in liver cancer. By meticulously analyzing extensive patient
datasets, encompassing cfDNA (including ctDNA) or miRNA profiles, treatment histories,
and clinical outcomes, AI can underpin the development of predictive models and nuanced
treatment protocols [196,197]. These advancements underscore the invaluable role of AI in
refining diagnostic accuracy and optimizing patient care, thereby reinforcing the necessity
of integrating AI technologies into current and future biomedical research.

Moreover, future research should investigate the relationships between specific c-
miRNAs and protein biomarkers in cancer and other diseases to identify markers pre-
dictive of tumor presence, progression, and treatment responses. Such studies typically
involve high-throughput sequencing and proteomics for miRNA and protein detection and
quantification, followed by bioinformatics and statistical analyses to identify correlations
and potential causal relationships.

Author Contributions: Conceptualization, C.P.; methodology, C.P.; software, C.P. and K.F.; validation,
C.P. and K.F.; formal analysis, C.P. and K.F.; investigation, C.P. and K.F.; resources, C.P. and K.F.; data
curation, C.P.; writing—original draft preparation, C.P.; writing—review and editing, C.P. and K.F.;
visualization, C.P.; supervision, C.P.; project administration, C.P.; funding acquisition, C.P. and K.F.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were generated in this work.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. AbdulRaheem, Y. Unveiling the significance and challenges of integrating prevention levels in healthcare practice. J. Prim. Care

Community Health 2023, 14, 21501319231186500. [CrossRef] [PubMed]
2. Alexander, K.E.; Brijnath, B.; Biezen, R.; Hampton, K.; Mazza, D. Preventive healthcare for young children: A systematic review

of interventions in primary care. Prev. Med. 2017, 99, 236–250. [CrossRef]
3. Kasoju, N.; Remya, N.S.; Sasi, R.; Sujesh, S.; Soman, B.; Kesavadas, C.; Muraleedharan, C.V.; Varma, P.R.H.; Behari, S. Digital

health: Trends, opportunities and challenges in medical devices, pharma and bio-technology. CSI Trans. ICT 2023, 11, 11–30.
[CrossRef]

4. Fitzgerald, J.; Fenniri, H. Cutting edge methods for non-invasive disease diagnosis Uuing e-tongue and e-nose devices. Biosensors
2017, 7, 59. [CrossRef] [PubMed]

5. Alix-Panabières, C.; Marchetti, D.; Lang, J.E. Liquid biopsy: From concept to clinical application. Sci. Rep. 2023, 13, 21685.
[CrossRef] [PubMed]

6. Ahmad, A.; Imran, M.; Ahsan, H. Biomarkers as biomedical bioindicators: Approaches and techniques for the detection, analysis,
and validation of novel biomarkers of diseases. Pharmaceutics 2023, 15, 1630. [CrossRef]

7. Rho, J.H.; Bauman, A.J.; Boettger, H.G.; Yen, T.F. A search for porphyrin biomarkers in Nonesuch Shale and extraterrestrial
samples. Space Life Sci. 1973, 4, 69–77. [CrossRef]

8. Mundkur, B.D. Evidence excluding mutations, polysomy, and polyploidy as possible causes of non-Mendelian segregations in
Saccharomyces. Ann. Missouri Bot. Gard. 1949, 36, 259–280. [CrossRef]

9. Porter, K.A. Effect of homologous bone marrow injections in x-irradiated rabbits. Br. J. Exp. Pathol. 1957, 38, 401–412.
10. Siravegna, G.; Mussolin, B.; Venesio, T.; Marsoni, S.; Seoane, J.; Dive, C.; Papadopoulos, N.; Kopetz, S.; Corcoran, R.B.; Siu, L.L.;

et al. How liquid biopsies can change clinical practice in oncology. Ann. Oncol. 2019, 30, 1580–1590. [CrossRef]

https://doi.org/10.1177/21501319231186500
https://www.ncbi.nlm.nih.gov/pubmed/37449436
https://doi.org/10.1016/j.ypmed.2017.02.024
https://doi.org/10.1007/s40012-023-00380-3
https://doi.org/10.3390/bios7040059
https://www.ncbi.nlm.nih.gov/pubmed/29215588
https://doi.org/10.1038/s41598-023-48501-x
https://www.ncbi.nlm.nih.gov/pubmed/38066040
https://doi.org/10.3390/pharmaceutics15061630
https://doi.org/10.1007/BF02626343
https://doi.org/10.2307/2394394
https://doi.org/10.1093/annonc/mdz227


Int. J. Mol. Sci. 2024, 25, 3403 23 of 30

11. Aryutova, K.; Stoyanov, D.S.; Kandilarova, S.; Todeva-Radneva, A.; Kostianev, S.S. Clinical use of neurophysiological biomarkers
and self-assessment scales to predict and monitor treatment response for psychotic and affective disorders. Curr. Pharm. Des.
2021, 27, 4039–4048. [CrossRef] [PubMed]

12. Shama, A.; Soni, T.; Jawanda, I.K.; Upadhyay, G.; Sharma, A.; Prabha, V. The latest developments in using proteomic biomarkers
from urine and serum for non-invasive disease diagnosis and prognosis. Biomark. Insights 2023, 18, 11772719231190218. [CrossRef]

13. Allred, D.C. Commentary: Hormone receptor testing in breast cancer: A distress signal from Canada. Oncologist 2008, 13,
1134–1136. [CrossRef] [PubMed]

14. Klein, E.A.; Richards, D.; Cohn, A.; Tummala, M.; Lapham, R.; Cosgrove, D.; Chung, G.; Clement, J.; Gao, J.; Hunkapiller, N.; et al.
Clinical validation of a targeted methylation-based multi-cancer early detection test using an independent validation set. Ann.
Oncol. 2021, 32, 1167–1177. [CrossRef] [PubMed]

15. Schwarzenbach, H.; Hoon, D.S.; Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nat. Rev. Cancer. 2011, 11,
426–437. [CrossRef]

16. Schwarzenbach, H.; Nishida, N.; Calin, G.A.; Pantel, K. Clinical relevance of circulating cell-free microRNAs in cancer. Nat. Rev.
Clin. Oncol. 2014, 11, 145–156. [CrossRef]

17. Swarup, V.; Rajeswari, M.R. Circulating (cell-free) nucleic acids—A promising, non-invasive tool for early detection of several
human diseases. FEBS Lett. 2007, 581, 795–799. [CrossRef]

18. Takizawa, S.; Matsuzaki, J.; Ochiya, T. Circulating microRNAs: Challenges with their use as liquid biopsy biomarkers. Cancer
Biomark. 2022, 35, 1–9. [CrossRef]

19. Campos-Carrillo, A.; Weitzel, J.N.; Sahoo, P.; Rockne, R.; Mokhnatkin, J.V.; Murtaza, M.; Gray, S.W.; Goetz, L.; Goel, A.; Schork,
N.; et al. Circulating tumor DNA as an early cancer detection tool. Pharmacol. Ther. 2020, 207, 107458. [CrossRef]

20. Roberts, N.J.; Zhang, L.; Janku, F.; Collins, A.; Bai, R.Y.; Staedtke, V.; Rusk, A.W.; Tung, D.; Miller, M.; Roix, J.; et al. Intratumoral
injection of Clostridium novyi-NT spores induces antitumor responses. Sci. Transl. Med. 2014, 6, 249ra111. [CrossRef] [PubMed]

21. Adhyam, M.; Gupta, A.K. A Review on the clinical utility of PSA in cancer prostate. Indian J. Surg. Oncol. 2012, 3, 120–129.
[CrossRef] [PubMed]

22. Crosby, D.; Bhatia, S.; Brindle, K.M.; Coussens, L.M.; Dive, C.; Emberton, M.; Esener, S.; Fitzgerald, R.C.; Gambhir, S.S.; Kuhn, P.;
et al. Early detection of cancer. Science 2022, 375, eaay9040. [CrossRef]

23. Harrow, J.; Nagy, A.; Reymond, A.; Alioto, T.; Patthy, L.; Antonarakis, S.E.; Guigó, R. Identifying protein-coding genes in genomic
sequences. Genome Biol. 2009, 10, 201. [CrossRef]

24. Vandevenne, M.; Delmarcelle, M.; Galleni, M. RNA regulatory networks as a control of stochasticity in biological systems. Front.
Genet. 2019, 10, 403. [CrossRef]

25. Macfarlane, L.A.; Murphy, P.R. MicroRNA: Biogenesis, function androle in cancer. Curr. Genom. 2010, 11, 537–561. [CrossRef]
[PubMed]

26. Santangelo, A.; Tamanini, A.; Cabrini, G.; Dechecchi, M.C. Circulating microRNAs as emerging non-invasive biomarkers for
gliomas. Ann. Transl. Med. 2017, 5, 277. [CrossRef] [PubMed]

27. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef]

28. Pozniak, T.; Shcharbin, D.; Bryszewska, M. Circulating microRNAs in medicine. Int. J. Mol. Sci. 2022, 23, 3996. [CrossRef]
29. Cardona, E.; Guyomar, C.; Desvignes, T.; Montfort, J.; Guendouz, S.; Postlethwait, J.H.; Skiba-Cassy, S.; Bobe, J. Circulating

miRNA repertoire as a biomarker of metabolic and reproductive states in rainbow trout. BMC Biol. 2021, 19, 235. [CrossRef]
30. Cheong, J.K.; Tang, Y.C.; Zhou, L.; Cheng, H.; Too, H.-P. Advances in quantifying circulatory microRNA for early disease detection.

Curr. Opin. Biotechnol. 2022, 74, 256–262. [CrossRef]
31. Condrat, C.E.; Thompson, D.C.; Barbu, M.G.; Bugnar, O.L.; Boboc, A.; Cretoiu, D.; Suciu, N.; Cretoiu, S.M.; Voinea, S.C. miRNAs

as biomarkers in disease: Latest findings regarding their role in diagnosis and prognosis. Cells 2020, 9, 276. [CrossRef]
32. Croce, C.M. Causes and consequences of microRNA dysregulation in cancer. Nat. Rev. Genet. 2009, 10, 704–714. [CrossRef]
33. Lone, S.N.; Nisar, S.; Masoodi, T.; Singh, M.; Rizwan, A.; Hashem, S.; El-Rifai, W.; Bedognetti, D.; Batra, S.K.; Haris, M.; et al.

Liquid biopsy: A step closer to transform diagnosis, prognosis and future of cancer treatments. Mol. Cancer 2022, 21, 79. [CrossRef]
34. Keup, C.; Kimmig, R.; Kasimir-Bauer, S. Multimodality in liquid biopsy: Does a combination uncover insights undetectable in

individual blood analytes? J. Lab. Med. 2022, 46, 255–264. [CrossRef]
35. Hofmann, L.; Sallinger, K.; Haudum, C.; Smolle, M.; Heitzer, E.; Moser, T.; Novy, M.; Gesson, K.; Kroneis, T.; Bauernhofer, T.; et al.

A multi-analyte approach for improved sensitivity of liquid biopsies in prostate cancer. Cancers 2020, 12, 2247. [CrossRef]
36. Keup, C.; Kimmig, R.; Kasimir-Bauer, S. Combinatorial Power of cfDNA, CTCs and EVs in Oncology. Diagnostics 2022, 12, 870.

[CrossRef] [PubMed]
37. Lin, D.; Shen, L.; Luo, M.; Zhang, K.; Li, J.; Yang, Q.; Zhu, F.; Zhou, D.; Zheng, S.; Chen, Y.; et al. Circulating tumor cells: Biology

and clinical significance. Signal Transduct. Target Ther. 2021, 6, 404. [CrossRef] [PubMed]
38. de Gramont, A.; Watson, S.; Ellis, L.M.; Rodón, J.; Tabernero, J.; de Gramont, A.; Hamilton, S.R. Pragmatic issues in biomarker

evaluation for targeted therapies in cancer. Nat. Rev. Clin. Oncol. 2015, 12, 197–212. [CrossRef]
39. Mert, D.G.; Terzi, H. Mean platelet volume in bipolar disorder: The search for an ideal biomarker. Neuropsychiatr. Dis. Treat. 2016,

12, 2057–2062. [CrossRef] [PubMed]

https://doi.org/10.2174/1381612827666210406151447
https://www.ncbi.nlm.nih.gov/pubmed/33823771
https://doi.org/10.1177/11772719231190218
https://doi.org/10.1634/theoncologist.2008-0184
https://www.ncbi.nlm.nih.gov/pubmed/18987048
https://doi.org/10.1016/j.annonc.2021.05.806
https://www.ncbi.nlm.nih.gov/pubmed/34176681
https://doi.org/10.1038/nrc3066
https://doi.org/10.1038/nrclinonc.2014.5
https://doi.org/10.1016/j.febslet.2007.01.051
https://doi.org/10.3233/CBM-210223
https://doi.org/10.1016/j.pharmthera.2019.107458
https://doi.org/10.1126/scitranslmed.3008982
https://www.ncbi.nlm.nih.gov/pubmed/25122639
https://doi.org/10.1007/s13193-012-0142-6
https://www.ncbi.nlm.nih.gov/pubmed/23730101
https://doi.org/10.1126/science.aay9040
https://doi.org/10.1186/gb-2009-10-1-201
https://doi.org/10.3389/fgene.2019.00403
https://doi.org/10.2174/138920210793175895
https://www.ncbi.nlm.nih.gov/pubmed/21532838
https://doi.org/10.21037/atm.2017.06.15
https://www.ncbi.nlm.nih.gov/pubmed/28758103
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3390/ijms23073996
https://doi.org/10.1186/s12915-021-01163-5
https://doi.org/10.1016/j.copbio.2021.12.007
https://doi.org/10.3390/cells9020276
https://doi.org/10.1038/nrg2634
https://doi.org/10.1186/s12943-022-01543-7
https://doi.org/10.1515/labmed-2022-0009
https://doi.org/10.3390/cancers12082247
https://doi.org/10.3390/diagnostics12040870
https://www.ncbi.nlm.nih.gov/pubmed/35453918
https://doi.org/10.1038/s41392-021-00817-8
https://www.ncbi.nlm.nih.gov/pubmed/34803167
https://doi.org/10.1038/nrclinonc.2014.202
https://doi.org/10.2147/NDT.S112374
https://www.ncbi.nlm.nih.gov/pubmed/27578978


Int. J. Mol. Sci. 2024, 25, 3403 24 of 30

40. Califf, R.M. Biomarker definitions and their applications. Exp. Biol. Med. 2018, 243, 213–221. [CrossRef] [PubMed]
41. Dongiovanni, P.; Meroni, M.; Casati, S.; Goldoni, R.; Thomaz, D.V.; Kehr, N.S.; Galimberti, D.; Del Fabbro, M.; Tartaglia, G.M.

Salivary biomarkers: Novel noninvasive tools to diagnose chronic inflammation. Int. J. Oral Sci. 2023, 15, 27. [CrossRef]
42. Lewis, B.P.; Burge, C.B.; Bartel, D.P. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human

genes are microRNA targets. Cell 2005, 120, 15–20. [CrossRef]
43. Prajzlerová, K.; Šenolt, L.; Filková, M. Is there a potential of circulating miRNAs as biomarkers in rheumatic diseases? Genes Dis.

2023, 10, 1263–1278. [CrossRef]
44. Glaich, O.; Parikh, S.; Bell, R.E.; Mekahel, K.; Donyo, M.; Leader, Y.; Shayevitch, R.; Sheinboim, D.; Yannai, S.; Hollander, D.; et al.

DNA methylation directs microRNA biogenesis in mammalian cells. Nat. Commun. 2019, 10, 5657. [CrossRef]
45. Sallustio, F.; Gesualdo, L.; Gallone, A. New findings showing how DNA methylation influences diseases. World J. Biol. Chem.

2019, 10, 1–6. [CrossRef]
46. Luo, H.; Wei, W.; Ye, Z.; Zheng, J.; Xu, R.-h. Liquid biopsy of methylation biomarkers in cell-free DNA. Trends. Mol. Med. 2021, 27,

482–500. [CrossRef] [PubMed]
47. Saito, Y.; Saito, H.; Liang, G.; Friedman, J.M. Epigenetic alterations and microRNA misexpression in cancer and autoimmune

diseases: A critical review. Clin. Rev. Allergy Immunol. 2014, 47, 128–135. [CrossRef] [PubMed]
48. Chen, Z.; Li, C.; Zhou, Y.; Yao, Y.; Liu, J.; Wu, M.; Su, J. Liquid biopsies for cancer: From bench to clinic. MedComm 2023, 4, e329.

[CrossRef] [PubMed]
49. Wang, S.; Wu, W.; Claret, F.X. Mutual regulation of microRNAs and DNA methylation in human cancers. Epigenetics 2017, 12,

187–197. [CrossRef] [PubMed]
50. Ziegler, A.; Koch, A.; Krockenberger, K.; Grosshennig, A. Personalized medicine using DNA biomarkers: A review. Hum. Genet.

2012, 131, 1627–1638. [CrossRef] [PubMed]
51. Kamel, H.F.M.; Al-Amodi, H. Exploitation of gene expression and cancer biomarkers in paving the path to era of personalized

medicine. Genom. Proteom. Bioinform. 2017, 15, 220–235. [CrossRef]
52. Ginsburg, G.S.; Willard, H.F. Genomic and personalized medicine: Foundations and applications. Transl. Res. 2009, 154, 277–287.

[CrossRef] [PubMed]
53. Wishart, D.S.; Bartok, B.; Oler, E.; Liang, K.Y.H.; Budinski, Z.; Berjanskii, M.; Guo, A.; Cao, X.; Wilson, M. MarkerDB: An online

database of molecular biomarkers. Nucleic Acids Res. 2021, 49, D1259–D1267. [CrossRef] [PubMed]
54. Chen, C.; Wang, J.; Pan, D.; Wang, X.; Xu, Y.; Yan, J.; Wang, L.; Yang, X.; Yang, M.; Liu, G.P. Applications of multi-omics analysis in

human diseases. MedComm 2023, 4, e315. [CrossRef]
55. Al-Tashi, Q.; Saad, M.B.; Muneer, A.; Qureshi, R.; Mirjalili, S.; Sheshadri, A.; Le, X.; Vokes, N.I.; Zhang, J.; Wu, J. Machine learning

models for the identification of prognostic and predictive cancer biomarkers: A systematic review. Int. J. Mol. Sci. 2023, 24, 7781.
[CrossRef]

56. Shegekar, T.; Vodithala, S.; Juganavar, A. The emerging role of liquid biopsies in revolutionising cancer diagnosis and therapy.
Cureus 2023, 15, e43650. [CrossRef] [PubMed]

57. de Miranda, F.S.; Barauna, V.G.; Dos Santos, L.; Costa, G.; Vassallo, P.F.; Campos, L.C.G. Properties and application of cell-free
DNA as a clinical biomarker. Int. J. Mol. Sci. 2021, 22, 9110. [CrossRef]

58. Mandel, P.; Metais, P. Nuclear acids in humanblood plasma. C R Seances Soc. Biol. Fil. 1948, 142, 241–243.
59. Stroun, M.; Anker, P.; Lyautey, J.; Lederrey, C.; Maurice, P.A. Isolation and characterization of DNA from the plasma of cancer

patients. Eur. J. Cancer Clin. Oncol. 1987, 23, 707–712. [CrossRef]
60. Polina, I.A.; Ilatovskaya, D.V.; DeLeon-Pennell, K.Y. Cell free DNA as a diagnostic and prognostic marker for cardiovascular

diseases. Clin. Chim. Acta. 2020, 503, 145–150. [CrossRef]
61. Tsai, N.W.; Lin, T.K.; Chen, S.D.; Chang, W.N.; Wang, H.C.; Yang, T.M.; Lin, Y.J.; Jan, C.R.; Huang, C.R.; Liou, C.W.; et al. The

value of serial plasma nuclear and mitochondrial DNA levels in patients with acute ischemic stroke. Clin. Chim. Acta 2011, 412,
476–479. [CrossRef]

62. Lou, X.; Hou, Y.; Liang, D.; Peng, L.; Chen, H.; Ma, S.; Zhang, L. A novel Alu-based real-time PCR method for the quantitative
detection of plasma circulating cell-free DNA: Sensitivity and specificity for the diagnosis of myocardial infarction. Int. J. Mol.
Med. 2015, 35, 72–80. [CrossRef]

63. Lam, N.Y.; Rainer, T.H.; Chiu, R.W.; Joynt, G.M.; Lo, Y.M. Plasma mitochondrial DNA concentrations after trauma. Clin. Chem.
2004, 50, 213–216. [CrossRef]

64. Kung, C.T.; Hsiao, S.Y.; Tsai, T.C.; Su, C.M.; Chang, W.N.; Huang, C.R.; Wang, H.C.; Lin, W.C.; Chang, H.W.; Lin, Y.J.; et al. Plasma
nuclear and mitochondrial DNA levels as predictors of outcome in severe sepsis patients in the emergency room. J. Transl. Med.
2012, 10, 130. [CrossRef]

65. Breitbach, S.; Tug, S.; Simon, P. Circulating cell-free DNA: An up-coming molecular marker in exercise physiology. Sports Med.
2012, 42, 565–586. [CrossRef]

66. Teo, Y.V.; Capri, M.; Morsiani, C.; Pizza, G.; Faria, A.M.C.; Franceschi, C.; Neretti, N. Cell-free DNA as a biomarker of aging.
Aging Cell 2019, 18, e12890. [CrossRef]

67. Raptis, L.; Menard, H.A. Quantitation and characterization of plasma DNA in normals and patients with systemic lupus
erythematosus. J. Clin. Investig. 1980, 66, 1391–1399. [CrossRef]

https://doi.org/10.1177/1535370217750088
https://www.ncbi.nlm.nih.gov/pubmed/29405771
https://doi.org/10.1038/s41368-023-00231-6
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1016/j.gendis.2022.08.011
https://doi.org/10.1038/s41467-019-13527-1
https://doi.org/10.4331/wjbc.v10.i1.1
https://doi.org/10.1016/j.molmed.2020.12.011
https://www.ncbi.nlm.nih.gov/pubmed/33500194
https://doi.org/10.1007/s12016-013-8401-z
https://www.ncbi.nlm.nih.gov/pubmed/24362548
https://doi.org/10.1002/mco2.329
https://www.ncbi.nlm.nih.gov/pubmed/37492785
https://doi.org/10.1080/15592294.2016.1273308
https://www.ncbi.nlm.nih.gov/pubmed/28059592
https://doi.org/10.1007/s00439-012-1188-9
https://www.ncbi.nlm.nih.gov/pubmed/22752797
https://doi.org/10.1016/j.gpb.2016.11.005
https://doi.org/10.1016/j.trsl.2009.09.005
https://www.ncbi.nlm.nih.gov/pubmed/19931193
https://doi.org/10.1093/nar/gkaa1067
https://www.ncbi.nlm.nih.gov/pubmed/33245771
https://doi.org/10.1002/mco2.315
https://doi.org/10.3390/ijms24097781
https://doi.org/10.7759/cureus.43650
https://www.ncbi.nlm.nih.gov/pubmed/37719630
https://doi.org/10.3390/ijms22179110
https://doi.org/10.1016/0277-5379(87)90266-5
https://doi.org/10.1016/j.cca.2020.01.013
https://doi.org/10.1016/j.cca.2010.11.036
https://doi.org/10.3892/ijmm.2014.1991
https://doi.org/10.1373/clinchem.2003.025783
https://doi.org/10.1186/1479-5876-10-130
https://doi.org/10.2165/11631380-000000000-00000
https://doi.org/10.1111/acel.12890
https://doi.org/10.1172/JCI109992


Int. J. Mol. Sci. 2024, 25, 3403 25 of 30

68. Mosca, M.; Giuliano, T.; Cuomo, G.; Doveri, M.; Tani, C.; Curcio, M.; Abignano, G.; De Feo, F.; Bazzichi, L.; Della Rossa, A.; et al.
Cell-free DNA in the plasma of patients with systemic sclerosis. Clin. Rheumatol. 2009, 28, 1437–1440. [CrossRef] [PubMed]

69. Ou, H.L.; Schumacher, B. DNA damage responses and p53 in the aging process. Blood 2018, 131, 488–495. [CrossRef] [PubMed]
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