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Abstract. Western Blot (WB) and Quantitative Real-time PCR (gPCR) are cornerstone technologies in molecular biology,
indispensable for protein and nucleic acid analysis. However, traditional WB and qPCR methods face challenges like limited
throughput, specificity constraints, and high time consumption The advent of innovative technologies helps overcome these
hurdles. Spatially resolved WB leverages tissue chips and single-cell subcellular analysis to bolster detection efficiency. Highly
sensitive WB techniques have pushed the detection threshold down to femtograms, further enhancing sensitivity.
High-throughput microfluidic WB and qPCR systems drastically cut down detection time and sample consumption through
automation and multiplexing capabilities. Ultra-multiplex gPCR facilitates the simultaneous detection of numerous targets by
utilizing multi-color fluorescent probes. Moreover, digital gPCR (dPCR) harnesses droplet partitioning technology for absolute
quantification, showcasing remarkable precision in viral load monitoring and transgene analysis. Looking ahead, the integration
of these technologies and the advent of spatial omics will be pivotal in facilitating their widespread clinical application.
Nevertheless, the implementation of these novel technologies is not devoid of limitations and shortcomings. Through
multidisciplinary collaboration and rigorous clinical validation, these advancements are poised to propel the advancement of
precision medicine.
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1. Introduction

Western Blotting (WB) and quantitative Polymerase Chain Reaction (qPCR) are widely regarded as the gold standard detection
techniques in molecular biology, which play pivotal roles in the separation, visualization, identification, and quantification of
biomacromolecules [1, 2]. These two methodologies detect different analytes: WB specifically focuses on proteins, whereas
gPCR primarily aims to detect and quantify DNA or RNA.Despite their extensive application, both WB and qPCR technologies
possess inherent limitations. Hence, enhancing these traditional techniques is a prevalent trend in current research endeavors.
The advent of novel technologies heralds the gradual supplanting of conventional methods and promises to propel advancements
in medical research and healthcare delivery.

2. Bottlenecks and limitations of traditional WB and gPCR

2.1. Western Bloting

Western Blotting is a widely employed method for detecting post-translational modifications and elucidating protein structures
[3], traditionally considered a semi-quantitative technique. This method identifies one or more protein targets through a
foundational step and two pivotal procedures: protein extraction, SDS-PAGE separation, and immunoblotting. It encompasses
three critical components: molecular weight-based separation, transfer onto an adsorptive membrane, and identification of target
proteins using specific primary and secondary antibodies [4]. Protein extraction is the cornerstone of Western Blot experiments.
It involves lysing cells or tissues to release proteins. This process is usually facilitated by an appropriate lysis buffer at low
temperatures to maintain protein integrity. SDS-PAGE electrophoresis separates proteins according to their molecular weight
based on their migration patterns in an electric field, necessitating meticulous sample preparation and the establishment of
suitable electrophoresis conditions for effective resolution. The transmembrane transfer step is crucial, where proteins are shifted
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from the gel onto nitrocellulose or polyvinylidene fluoride membranes [5], often employing wet or semi-dry transfer methods [6].
Care must be taken with transfer duration and voltage to guarantee efficient protein transfer. Following transfer, specific
antibodies are incubated with the membrane-bound proteins to target the protein of interest, with imaging converting these
interactions into visible bands, thereby enabling the detection of target protein expression levels. Results are interpreted by
comparing the relative abundance of target proteins with internal reference proteins

Despite its prevalent use in laboratories, traditional Western Blot technology possesses notable limitations.

Semi-quantitative Nature: Traditional Western Blotting is inherently semi-quantitative. When comparing across sample
groups or different experiments, precise quantification of protein expression levels is unattainable [7]. Establishing a linear
relationship between measurable outcomes and protein mass is essential, influenced by factors such as the blotting protocol,
antibody binding kinetics, chemiluminescent reactions, and image acquisition and processing techniques [8]. In proteomics,
techniques like mass spectrometry offer more comprehensive quantitative solutions [9], while non-blotting technologies
introduce a novel quality control tool for data standardization in Western Blot workflows. By assessing the optical density of
total protein bands, the ratio of target protein band optical density to total protein band optical density can be utilized for target
protein quantification [10].

Limited Linear Range: The narrow linear range restricts its effectiveness in detecting low-abundance proteins. For instance,
the commonly utilized reference protein B-actin exhibits a limited linear dynamic range of only 3.75-15ug in quantitative
Western Blot analysis [11].

Sensitivity Constraints: Traditional Western Blotting often fails to detect low-abundance target proteins, such as EGFR, due
to insufficient sensitivity to capture these subtle signals. While theoretically, higher protein expression should correspond to
greater grayscale values, practical grayscale values may deviate from theoretical expectations, potentially due to signal saturation
or other experimental variables [12].

Low Throughput: Traditional Western Blotting can only assess one or a few proteins simultaneously, which is inefficient and
impractical for large-scale proteomics research endeavors.

2.2. QPCR

gPCR, or real-time quantitative Polymerase Chain Reaction, has the ability to amplify specific sequences of small amounts of
Deoxyribonucleic Acid (DNA) molecules to detectable levels [13]. By incorporating a fluorescent group, it enables real-time
monitoring of the PCR process, akin to installing a "real-time monitor" for the PCR reaction, allowing for dynamic observation
of the entire DNA amplification process. The primary distinction between qPCR and traditional PCR lies in its capacity to not
only qualitatively detect the presence of DNA but also accurately quantify the initial template, providing more precise and
comprehensive data [14] for research and clinical diagnosis.

While gPCR represents a significant improvement over traditional PCR technology in terms of quantitative analysis, it still
faces several limitations.

Interference from Non-specific Products in Dye-based gPCR: In dye-based qPCR, SYBR Green | binds to any
double-stranded DNA, such as primer dimers. This binding increases fluorescence signals, interfering with quantitative accuracy
[15]. For instance, when detecting antibiotic resistance genes, the signal from primer dimers may overshadow the target gene
signal, resulting in false positives [16]. Although probe-based methods offer high specificity, probe design must consider factors
such as sequence specificity and secondary structure, making them complex and costly, thereby limiting their widespread
application. This challenge is particularly pronounced in multiplex gene detection, where multiple specific probes need to be
designed for detecting multiple genes, and interference between probes must be avoided, increasing experimental design
complexity and costs [17].

Sensitivity and Quantitative Limitations: The quantitative results of gPCR are significantly influenced by various factors,
including RNA templates, assay design variability, and issues with data normalization and analysis consistency. When gene
copy numbers are compared across different laboratories, the results are often difficult to directly compare due to variations in
standards, hindering research and clinical applications. Moreover, the detection sensitivity of SYBR Green-based gPCR is
limited, making it challenging to quantify the expression of low-abundance genes or RNA samples extracted from highly
restricted or limited sources [18]. For example, when detecting circulating tumor DNA in blood, its concentration can be
extremely low [19], and traditional PCR may fail to detect it accurately, posing a risk of missed diagnosis.

Multiple Detection and Throughput Bottleneck: Traditional gPCR typically operates at low to medium throughput, as most
gPCR platforms utilize a 96- or 384-well plate format [20,21]. This may not suffice for the simultaneous detection of multiple
genes. When detecting multiple gene mutations, it necessitates multiple reactions, escalating both experimental costs and time.
During flu seasons, when conducting pathogen testing on a large number of patient samples, traditional PCR struggles to
complete the task expeditiously.

With the swift advancements in biotechnology, the limitations of traditional WB and gPCR techniques in gene and protein
detection have become increasingly evident. These methods often grapple with low throughput, semi-quantitative results, and
low sensitivity, failing to meet the demands for efficient and rapid testing, especially in disease screening and drug diagnosis,
where they exhibit significant shortcomings. However, emerging WB and gPCR technologies are transforming this landscape,
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offering faster and more efficient means for gene and protein detection, showcasing their substantial advantages in medical
diagnostics.

3. Emerging WB technology

Traditional WB technology has limitations such as low throughput, semi-quantitative and low sensitivity, while the emerging
WB technology is gradually solving these problems. Common new WB technologies include spatial resolution WB, high
sensitivity WB, high throughput WB, etc., each of which has unique advantages.

3.1. Spatial resolution WB

This method arranges different tumor tissue samples on a slide according to certain rules and makes them into tissue chips.
Multiple samples are analyzed simultaneously on a chip to improve detection efficiency and facilitate the comparison of
differences between different samples.

3.1.1. Single-cell resolution WB

Single-cell resolution WB involves using microfabricated devices to perform WB analysis on individual cells, measuring
differences in protein expression levels and states between cells.In Figure 1,the process mainly consists of five stages:
gravitational sedimentation of cells into microwells; chemical lysis of cells in each micwell; PAGE of each single-cell lysate;
exposing the gel to UV light to blot (fix) proteins onto the gel matrix; and in situ immunodetection [22] of fixed proteins within
the gel. Its innovation primarily lies in the use of UV light to fix proteins and the multiplex detection capabilities (Figure 1(a)).

ScWB fixes separated proteins onto Polyacrylamide Gel (PAG) via ultraviolet light irradiation. This maintains a high local
protein concentration for in-gel immunodetection [23] and avoids the loss and inhomogeneity caused by the transfer step in
traditional WB. By using antibody mixtures for detection and antibody stripping/re-detection techniques, it is possible to detect
over 10 proteins in each cell, breaking the limitations of traditional low-throughput WB. Once micro-devices are fabricated,
researchers can complete the detection within 4-6 hours and generate highly selective multiplex data from individual cells.

Single-cell resolution Western Blotting is primarily utilized in cancer cell research and in the screening and evaluation of
drugs.

Single-cell spatially resolved WB can be used to analyze the differential responses of cancer cells to different stimuli or
drugs, revealing heterogeneity among individual cancer cells; it can also detect the expression levels and modification states of
specific proteins in cancer cells, thereby aiding in understanding tumor progression, drug resistance mechanisms, and the design
of personalized treatment strategies. Studies have used imaging and scWestern analysis on individual glioblastoma cells treated
with the chemotherapeutic agent daunorubicin to identify apoptotic and surviving cells. The surviving glioblastoma
subpopulation showed upregulated expression of the multidrug resistance protein P-glycoprotein(P-gp), suggesting that active
drug efthroughput pumps may be a potential mechanism for drug resistance.

scWB can measure changes in key proteins during the differentiation of individual stem cells, identifying markers at various
stages of differentiation, providing crucial information for stem cell biology and regenerative medicine. By imaging and
performing single-cell Western Blot analysis on individual glioblastoma cells treated with chemotherapeutic drugs, it was found
that among those undergoing specific differentiation stages (such as markers of apoptosis cleaved caspase 8 and annexin V),
there are both apoptotic cells (positive for cleaved caspase 8 and annexinV) and surviving cells [24].

Although single-cell immunoassay methods are powerful, the throughput and sensitivity of detection remain analytical
challenges [25].

The single-experiment throughput of spatial-resolution WB technology is relatively low. Each micro-device can process
about 1073 cells.This is mainly due to the trade-off between the size of standard microscope slides and the surface area required
for each single-cell experiment. While increasing the separation distance can boost throughput, this would reduce peak capacity.
On standard microscope slides, the surface area required for each single-cell experiment is about 0.4><1 mm. This size limitation
imposes certain limitations on the handling of large cell samples in spatially resolved WB technology.

In addition, the detection sensitivity of this technology is relatively low, with a minimum detection limit of approximately
27,000 protein molecules per cell, which indicates that the technology can detect only the top 50% of proteins present in
mammalian proteomes [26]. For detecting low-abundance proteins, it is necessary to further improve detection sensitivity. For
instance, in the study of certain low-abundance proteins, spatially resolved Western Blot (WB) techniques may not detect their
expression. This limitation restricts the application of this technology in researching the functions and mechanisms of
low-abundance proteins.
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3.1.2. Subcellular resolution WB ((sc).WB)

In cell populations, cellular properties may exhibit significant differences [27], including but not limited to changes in cell state,
diversity in gene expression patterns, and differences in protein function. The subcellular localization of proteins is closely
related to their function.

Subcellular resolution WB technology has developed a pair of orthogonal lysis buffers that can separately lyse the cytoplasm
and nucleus, and use them as electrophoresis buffers; a bidirectional PAGE analysis method was designed and validated for
independently measuring and spatially separating target protein expression in the cytoplasm and nuclear compartments, which
differs slightly from single-cell resolution WB.

This technology not only enhances the selectivity of detection but also significantly boosts throughput, providing a powerful
tool for in-depth research on cellular heterogeneity and protein localization. NF-kB is a pivotal regulatory factor in numerous
diseases, including cancer and autoimmune disorders [28], and changes in its dynamic distribution may indicate disease
progression or treatment efficacy. (sc).WB can measure the dynamic translocation of NF-xB from the cytoplasm to the nucleus
at intervals of 15 minutes. This capability is crucial for understanding signaling mechanisms in inflammation, immune responses,
and cancers.

Although subcellular resolution WB technology has significant advantages in reducing technical variation, improving
resolution, and increasing throughput, it still has some limitations. These include insufficient optimization of lysis buffer, short
lysis time constraints, limited multiplexing capabilities, challenges in scaling up throughput, and room for improvement in
subcellular resolution. These issues point the way forward for future research and technological advancements.

To sum up, space resolution WB technology currently has the demand of high throughput and sensitivity. The following is
mainly a technical exploration for high throughput and high sensitivity.

3.2. High sensitivity WB

In view of the insufficient sensitivity in traditional WB and spatial resolution WB, researchers have developed relevant
technologies to increase the sensitivity of WB detection.

3.2.1. Nanoblotting technique

Dot blotting improves on traditional Western Blot and is a validated technique used as an alternative to protein separation
processes. Traditional dot blotting involves spotting protein samples on membrane paper. Then, proteins are identified and
quantified through immunoassay procedures, like colorimetry, fluorescence, or chemiluminescence. However, it requires a large
amount of sample and antibody (50 to 100uL) to detect the target protein [29]. In contrast, alternative nano-dot blotting has
lower sample requirements, simplified experimental steps, high-throughput analysis, and cost-effectiveness. This method uses a
self-made multi-nozzle device to deposit approximately 200nL of sample onto nitrocellulose membranes, thereby reducing the
need for both sample and antibody. Although the tubing needs to be filled before the spotting procedure, this method can easily
prepare about 50 samples based on the required sample volume for each spot [30].

Dot blot can be used in the detection of G Protein-Coupled Receptors (GPCRs). GPCRs constitute the largest family of
membrane proteins and have significant pharmacological importance, as approximately 50% of drugs on the market exert their
effects through interactions with G protein-coupled receptors [31]. Dot blot technology is used to detect the expression levels
and activity of G protein-coupled receptors, thereby studying the pharmacological effects of drugs. Nano-dot blot has also been
applied in rat models of acute and chronic epileptic seizures to detect six proteins associated with inflammatory processes. This
technique is still under development and has room for improvement.

3.2.2. Quantum dot labeling technology

The method of detecting and counting discrete Quantum Dots (QDs) in transparent PVDF films is called Single Point Quantum
Dot (SPQD) protein blot [32].

QD-labeling technology improves the Western Blot detection method. It significantly enhances the performance of trace
protein detection by counting fluorescent spots on an optically transparent PVDF membrane. Bakalova et al. replaced traditional
HRP chemiluminescent labeling with bright quantum dots, markedly improving the sensitivity of Western Blot detection [33].
This method achieves optimal detection sensitivity at 0.2pg and requires a minimal sample size of 100 cells, which is 100 times
more sensitive and 100 times less cell usage compared to traditional Western Blot.

CdTe is a multifunctional semiconductor material with extensive application potential in optoelectronics and nuclear
detection [34]. When CdTe quantum dots are coated with biotinylated denatured bovine serum albumin, the resulting QDs are
strongly fluorescent. These QDs are linked together via the biotin-avidin system The linked quantum dots are called POLY-QDs,
which serve as a classic marker in quantum dot labeling techniques. Through this series of modifications, the fluorescence
intensity of CdTe-QDs is significantly increased, making them more sensitive than traditionally stained WB [35].
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Quantum Dots (QDs), widely used in chemistry and biology because of their special optical and electronic properties, can
label neuronal receptors, activate downstream signaling pathways, and aid in the study of neuronal growth and signal
transduction mechanisms. Quantum dots can label neuronal receptors and activate downstream signaling pathways, aiding in the
study of neuronal growth and signal transduction mechanisms. NGF is a hormone protein [36] associated with many
pathophysiological conditions, and SPQD has been used to detect in purified nerve growth factor using polyclonal anti-NGF
antibodies.

The high brightness and stability of quantum dots make them ideal probes for in vivo imaging, suitable for real-time
monitoring of dynamic changes in intracellular molecules, cell labeling, tissue imaging, and in vivo animal imaging. Some
studies have utilized antibody-conjugated quantum dots to detect specific pathogens (such as E. coli 0157:H7) [37].

Dextran-coated CdSe/ZnS quantum dots can achieve high sensitivity detection of pollutants such as phenols in water [38,39].
Quantum dots in composite silica microspheres prepared by sol-gel method are coated with cup aromatic hydrocarbon, used as
luminescent probes for pesticides [40]. Single 6-mercapto-B-CD-CdTe quantum dots can be used for quantitative detection of
cationic dyes like neutral red.

However, quantum dot technology still has some limitations. The preparation of quantum dots involves multiple steps (such
as B-dBSA coating treatment for CdTe quantum dots, and the biotin-avidin system connection), making the process relatively
complex and potentially increasing experimental costs and time. Additionally, quantum dots have certain cytotoxicity (CdTe
guantum dots contain cadmium), which requires particular attention to safety when used in vivo.

3.2.3. Nano gold technology

Nanodiamond technology makes peptide detection possible by creating a metal-coated membrane that fixes the peptides to
polyvinylidene fluoride [41]. The metal can bind with the functional groups of amino acids, retaining small molecules on the
metal film and preventing the diffusion of peptides and small protein molecules into the metal-coated membrane during the
Western Blot process. This plays a crucial role in providing new and sensitive techniques [42].

Graphene is a novel two-dimensional graphite carbon system with a single-atom layer thickness. It has garnered significant
attention in the research community due to its unique structure and ability to easily bind with proteins without compromising
their biological activity [43,44]. A highly sensitive WB using antibody-functionalized graphene oxide sheets and gold
nanoparticles significantly reduces costs by coupling two different primary antibodies on the gold nanoparticles [45].

However, its inconvenience mainly lies in the complexity of optimizing antibody ratios. For instance, when the ratio of the
auxiliary primary antibody (aAbl) to the main primary antibody (GST-Ab1) is 60/40, it can reduce costs without sacrificing
signal amplification. This indicates the need for fine-tuning for different application scenarios, which increases the complexity of
experimental design and operation.

Gold nanoparticles can bind to specific biomolecules (such as proteins, peptides, or nucleic acids), thereby enhancing the
sensitivity and specificity of detection. In the diagnosis of avian influenza virus, gold nanoparticles are used to immobilize small
peptide segments (such as the conserved peptides of NS1 protein), enabling their effective detection of in techniques like
Western Blot.

Because the gold nanoparticles form a barrier to prevent peptide diffusion through the membrane, it is helpful to develop a
rapid test kit with simple operation and intuitive results, which is suitable for on-site screening.

3.3. High throughput WB

Microfluidic technology involves fluid manipulation in microchannels sized from tens to hundreds of micrometers [46,47]. Itis a
fundamental technique for high-throughput and high-sensitivity protein detection.In figure 1, by utilizing microscale channel
systems to control fluid movement, it enables sample collection, pre-treatment, injection, and separation within extremely small
spaces (Figure 1(b)). A microfluidic WB method has been developed. It significantly optimizes resources and detection time
[48,49]. A channel with a depth of 15 pm, width of 50 um, and length of 8.6cm can achieve baseline separation within 8 minutes.
It can resolve proteins with a 5% molecular weight difference, demonstrating high-throughput [50]. The chip outlet drags along
the membrane surface. When proteins migrate from the separation channel, they directly deposit on the membrane, saving time
compared to traditional WB. In Western Blotting measurements conducted under pure electronic control in individual glass
microchannels, microfluidic technology has a short duration, lasting only 10-60min per run, making it suitable for multiplex
analyte detection, achieving ultra-high sensitivity at the femtogram level and an extremely wide detection range [51].

Capillary Electrophoresis (CE) is an analytical separation technique capable of high-resolution separation of multiple
compounds. It is particularly suitable for the separation of polar and charged compounds [52]. Systems based on capillary and
Microchip Electrophoresis (MCE) have been developed to enhance the speed, automation, and mass sensitivity of Western
Blotting, enabling the separation of multiple proteins in a sample. The Capillary Electrophoresis-Immunoassay (CE-I1A) platform
has revolutionized proteomics analysis through breakthrough microfluidic technology. Its single-well chip can integrate a
nano-capillary array, allowing simultaneous separation and detection of multiple target proteins with a single injection,
significantly improving throughput efficiency compared to traditional Western Blotting with 6-8 gel lanes [53].

The new technology of high-throughput WB includes heat dissipation, integrated functions and automated operation.
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Because the chip format has better heat dissipation performance than the traditional capillary format, it can operate at higher
electric field intensity, thus speeding up the analysis speed.

Microfabrication technologies (such as lithography and MEMS) enable the realization of complex fluid networks, allowing
multiple experimental steps to be completed on a single chip, such as sample concentration, labeling, separation, and detection.
When combined with electrophoresis techniques, microfluidic chips can further leverage their advantages. Additionally, by
adjusting the pore size and functionality of Polyacrylamide (PA) gels through photopolymerization protocols, they can achieve
different regional characteristics (such as loading zones, separation zones, and transfer zones), enabling fully integrated
operations.

In addition, automated operations are implemented to reduce human interference and enhance the repeatability of
experiments and the reliability of results; multiple injections from the same sample can be performed to detect different proteins,
achieving multiplex detection without repeatedly stripping antibodies. From a single Jurkat cell lysate sample, 11 proteins were
detected through nine injections, significantly improving detection efficiency. Each injection involves a small sample volume,
enabling highly sensitive detection of trace samples, making it suitable for precious or small sample studies. Only 400ng of total
protein is required for testing, compared to 10 pug with traditional methods, greatly reducing sample consumption.

High-throughput WB can be applied in proteomics analysis. Microfluidic protein blotting, by combining excellent specificity
with the throughput advantage of multiplex detection, has laid the foundation for rapid proteomics localization. Studies have
used microfluidic nanoliquid chromatography-tandem mass spectrometry (hanoLC-MS/MS) technology to perform proteomics
analysis on airway Epithelial Lining Fluid (ELF) from patients with Chronic Obstructive Pulmonary Disease (COPD) and
healthy controls. By Combining Unidirectional Polyacrylamide Gel Electrophoresis (SDS-PAGE) with intragel trypsin digestion
and chip LC-MS/MS technology, approximately 300 proteins were successfully identified [54]. A team utilized microfluidic
technology to transform commercial endocytic tubes into arrayed nanoreactors, achieving ultra-high quantitative analysis of up
to 3000 proteins in single-cell proteomics analysis of three mammalian cell lines (HeLa, A549, U20S) [55].

Microfluidic electrophoresis technology has demonstrated significant value in the analysis of therapeutic proteins, enabling
high-precision and high-throughput detection.Studies have utilized microfluidic electrophoresis to describe the deamination
products of oxytocin, achieving effective separation of all oxytocin deamination products under Specific Background Electrolyte
(BGE) conditions [56].

Microfluidic technology combined with Surface Plasmon Resonance (SPR [57,58]) and standing Wave Mode (WGM) [59],
among other label-free biosensing techniques, can achieve real-time, quantitative protein detection. WGM sensors have
demonstrated the capability to detect viral particles (such as virions). Even when viral particles are not bound to the resonator
surface, their Brownian motion can cause fluctuations in the resonance wavelength. The particle size [60] can be estimated
through signal autocorrelation analysis.

Despite the high throughput and automation capabilities of microfluidic technology, its design and manufacturing processes
are relatively complex. The multiplexed serpentine microchannel design requires precise alignment and optimization, increasing
the difficulty of system development [61]. Additionally, the compatibility between microfluidic technology and traditional
experimental methods is sometimes limited. When integrating microfluidic chips with existing Western Blotting equipment,
additional adaptation or modification may be required. Microfluidic technology significantly reduces antibody usage (only 1% of
that in traditional methods). However, experimental results still depend on the quality and specificity of the antibodies. If there
are issues with the antibodies themselves (such as non-specific binding or cross-reactivity), it can affect the final test results
[62,63]. Furthermore, signal optimization, cost, and technical barriers associated with microfluidic chip technology may limit its
widespread application in laboratories or specific scenarios, requiring further improvements.

Table 1 is the comparison of characteristics and clinical value of Classic WB and novel WB.

Table 1. Comparison of characteristics and clinical value of Classic WB and novel WB

Classic WB

Spatial discrimination WB

High sensitivity WB

High-throughput WB

A single experiment
can only analyze a
small number of
samples

Throughput

The minimum
detection limit of the
target protein is
nanogram (ng),
which makes it
difficult to detect
ultra-low abundance
proteins

Sensitivity

The throughput of a single
experiment with spatially
resolved WB technology is
relatively low, and each
microdevice can process
up to about 10”3 cell.

The sensitivity is relatively
low, limited by the spatial
resolution and signal
strength

The detection efficiency
was improved, and multiple
low-abundance proteins
could be analyzed in a
single experiment

It can detect proteins with
picogram (pg) or even lower
abundance and is suitable
for rare samples or trace
protein detection

Hundreds to thousands of
samples can be analyzed
simultaneously in a single
experiment

High sensitivity can detect
low abundance proteins,
the sensitivity may be
reduced due to sample
complexity
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Table 1. Ccontinued

Due to the quality of
antibodies,
non-specific binding
is easy to occur; the
specificity should be
improved by
optimizing
conditions
The cost of
equipment and
reagents is low, the
labor cost is high,
and the overall cost is
moderate

Specificity

Prime cost

The operation is
complicated,
including sample
preparation,
electrophoresis,
transfer

Ease of operation

It is mainly used for
basic research and
small-scale
verification
experiments, and has
limited clinical
application

Clinical value

Specificity depends on the
quality of the antibody and
spatial resolution, which
may be interfered by
adjacent signals

The equipment cost is
medium, the reagent and
consumable cost is high,

and the overall cost is
higher than the traditional

WB

The operation is more
complex, which requires
accurate alignment of the

microdevice and detection
system to optimize the
spatial resolution and

signal acquisition process

Spatial resolution analysis
suitable for specific
samples, such as tumor
tissue heterogeneity study
and immune cell
localization study

It has high specificity and
can be further improved by
technical improvement
(such as nanoparticle
enhancement)

The equipment cost is
moderate, special
technologies and

consumables (such as

nanoparticles) increase the
cost

The operation is relatively

simple, special equipment

and technical support (such

as nanoblotting instrument
are still required

It is widely used in
ultra-low abundance protein
detection, such as cancer
markers and
neurotransmitter related
protein research

The specificity is high, the
cross-reactivity problem of
multiple markers should
be paid attention to

The equipment cost is
high, the reagent
consumables are

expensive, and the overall
cost is significantly higher
than other technologies

The degree of automation
is high, the experimental
design and equipment
debugging are complex,
and the initial learning
curve is steep

High-throughput
technology is suitable for
large-scale screening, such
as cancer marker
detection, drug screening,
liquid biopsy [64]

m\crowchm
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electrode array
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Figure 1. (a)The procedure of single-cell resolution WB. (p)tne core ot microfluid WB

4. Breakthrough of new gPCR technology

Due to the characteristics of low sensitivity, low throughput, non-specificity and complexity of traditional qPCR, some emerging
gPCR technologies have been developed.

4.1. Ultra multiple gPCR

In figure 2, by using multi-color fluorescent probes or high-throughput design, ultra-multiplex qPCR, an emerging technology
that addresses the low throughput of traditional qPCR, enables the detection of dozens to hundreds of targets in a single tube,
breaking through the limitations of traditional gPCR multiplex detection (Figure 2 (a)). The innovation of ultra multiplex g°PCR
mainly lies in TagMan probes and molecular beacon technology.

Multiplex real-time fluorescent PCR technology based on TagMan probes has low cost (each test costs only $1.3) and is
rapidly simple. For example, it can complete species identification within 2 hours in a single reaction tube, with 50 minutes for
nucleic acid extraction and 70 minutes for nucleic acid amplification. Multiplex PCR is also an effective tool for identifying
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major mycobacterial pathogens and has shown good diagnostic performance in clinical samples. However, multiplex gPCR still
has certain limitations; for some samples, it still has limitations in sensitivity and specificity, which restricts the development of
multiplex gPCR. Currently, there are fewer sample types suitable for multiplex gPCR measurements [65].

Molecular beacons are also a crucial technology for achieving ultra-multiplex gPCR. The tail of the molecular beacon
contains a fluorophore and a quencher group, normally remaining free in the system. When the two groups are close together,
the quencher group quenches the fluorescence of the fluorophore, preventing the blank solution from emitting light. The
intensity of the fluorescence indicates the amount of amplified DNA. Some studies have used unique combinations of two
fluorescent colors to label molecular beacon probes for multiplex PCR screening and analysis, increasing the number of
detectable targets while maintaining high specificity and sensitivity [66].

In tumor diagnosis and treatment, ultra-multiplex gPCR can be used for multi-gene mutation screening, rapid detection of
tumor-related gene mutations, and provide a basis for targeted therapy. For example, in the detection of lung cancer patients,
multiple gene mutations of EGFR can be detected simultaneously, helping doctors select appropriate targeted drugs [67].

Immunome analysis requires the detection of a large number of immune cell genes, and ultra-multiplex qPCR can efficiently
complete this task, aiding immunological research and immunotherapy for diseases. Studies have shown that high-throughput
sequencing technology in immunome research primarily focuses on infectious diseases, it also emphasizes the efficiency of
high-throughput sequencing in analyzing immune cell genes [68]. This provides a technical development background and
relevant ideas for the application of ultra-multiplex gPCR in immunome analysis, offering valuable insights into technological
trends.

Ultra multiplex gPCR can simultaneously detect multiple microbial genes, making it useful for monitoring environmental
microbial pathogens and ecological research. By designing specific primers and probes targeting different microbial groups, this
method achieves quantitative analysis of multiple target microbial pathogens in a single reaction system. A study introduced a
multiplex real-time qgPCR method for detecting and quantifying Pythium tracheiphilum in soil, which not only detects the
presence of pathogens but also quantifies them, aiding in better risk assessment [69].

However, multiplex gPCR is prone to reagent competition issues. In multiple reactions, different amplification products
compete for reaction reagents (such as DNA polymerase, dNTPs, buffers, and MgCl,), which can lead to reduced amplification
efficiency of certain target sequences. If the concentration of the target DNA is unknown or varies significantly, high-abundance
targets may consume more reagents, thereby inhibiting the amplification [70] of low-abundance targets. Additionally, primer and
probe design for multiplex qPCR requires consideration of specificity for multiple targets and annealing temperatures, making it
more challenging to design.

4.2. Digital gPCR

Digital gPCR (dPCR) is a novel quantitative nucleic acid (DNA, cDNA, or RNA) technology. It uses limited dilution and the
Poisson distribution to analyze data and determine the absolute copy number concentration of the target.In Figure 2, a complete
gPCR reaction system is divided into several (typically tens of thousands to millions of) independent reaction zones (nanoliter
volumes). After PCR amplification, the reaction zones containing the target DNA emit a fluorescent signal, indicating a positive
result; those without the target DNA show a negative result indicate a positive result. Finally, the copy number concentration of
the target DNA is calculated based on the proportion of negative reaction zones using the Poisson distribution (Figure 2(b)).
Unlike real-time quantitative PCR, the entire digital PCR process does not require an amplification standard curve or
housekeeping genes, offering excellent accuracy and reproducibility, enabling true absolute quantification [71].

dPCR divides the reaction system into tens of thousands of droplets, each amplifying independently. The absolute copy
number is calculated based on the proportion of positive droplets, eliminating the need for a standard curve to achieve absolute
quantification. Research has focused on the potential applications of droplet-based digital PCR (ddPCR) and optimized
next-generation sequencing (NGS) in detecting ctDNA, for cancer recurrence, minimal residual disease detection, and early
diagnosis of cancer patients. Compared to tumor tissue biopsies, blood-based ctDNA analysis is minimally invasive and
facilitates regular follow-up for cancer patients, better reflecting the patient's pathological condition and helping to highlight
tumor heterogeneity and multiple tumor sites [72].

Droplet-based and chip-based technologies are the two major techniques in digital qPCR. Droplet-based ddPCR is based on
oil-in-water droplet generation technology [73]. Chip-baseddPCR utilizes microfluidic chips to segment reaction units, each with
its own advantages. Microfluidic chips, which are used in dPCR and other technologies, excel in detecting pathogens and gene
mutations, as well as in disease prevention and diagnosis, demonstrating their advantages in precise control of reaction
conditions in nucleic acid testing [74]. On the other hand, ddPCR is suitable for high-throughput detection, allowing researchers
to choose the appropriate platform according to experimental needs.

In virology research and clinical diagnosis, dPCR can be used for precise detection of viral loads, such as HIV and HPV,
providing a basis for disease diagnosis, treatment, and prognosis assessment. During the treatment of HIV patients, dPCR is used
to accurately monitor changes in viral load, evaluate treatment effectiveness, and adjust treatment plans. A study compared the
accuracy of total HIV DNA quantification using real-time PCR (gPCR) and digital PCR (dPCR) in patients who have been on
antiretroviral therapy for a long time. The study found that both methods showed high correlation, dPCR had better repeatability
and reproducibility, allowing for more accurate monitoring of HIV reservoir [75].



Journal of Clinical Technology and Theory | Vol.3 | Issue 2 | 59

Although the data analysis of dPCR is relatively simple, the complexity of data analysis is still high when dealing with
complex samples and multiple detection, which requires special instruments and equipment, high cost, cumbersome operation
and long time, etc., which limits its application.

4.3. Microfluidic gPCR

Microfluidic gPCR and ultra-multiplex gPCR both offer high throughput, but they operate on different principles. In figure 2,
microfluidic qPCR integrates microfluidic chip technology to downsize and automate reaction systems, thereby boosting
detection efficiency and accuracy (Figure 52(c)). These integrated chips consolidate multiple reaction chambers into a single unit,
facilitating high-throughput testing, as exemplified by the GeneXpert platform [76]. Portable devices, on the other hand, are
tailored for rapid on-site testing, such as the POCT [77] for pathogens. Integrated chips are particularly advantageous for
large-scale sample testing, while portable devices are indispensable for emergency testing and on-site diagnosis, catering to
diverse testing requirements.

Once the sample is loaded into the wells, the chip undergoes heating and cooling at precise thermal cycling temperatures.
The CF-PCR chip transports the sample to a fixed temperature zone to achieve thermal cycling. CF-PCR chips can be further
classified into various design types, including serpentine channel devices, spiral microchannel devices, oscillating devices,
closed-loop devices, and straight channel devices. These design variations enable microfluidic PCR devices to be extensively
used in molecular biology applications like gene detection and molecular sequencing.

In personalized medical settings, microfluidic gPCR excels, particularly in bedside genetic testing. It provides patients with
swift and precise diagnostic results, supporting targeted treatment. For cancer patients, microfluidic qPCR can promptly detect
tumor marker genes at the bedside, offering timely data for adjusting treatment plans. For instance, a study developed a digital
PCR chip based on microfluidic technology that detected lung cancer-specific tumor marker INCRNA in exosomes from saliva.
This method boasts a low detection limit of 10 copies/uL and high sensitivity, paving the way for innovative tumor marker
detection methods.

However, microfluidic g°PCR demands meticulous sample processing, necessitating rigorous nucleic acid extraction and
purification. Inadequate sample handling can compromise test accuracy. For example, Fluidigm testing has shown heightened
sensitivity in detecting serotype 5 and serogroup 25AF/38, which may result in false-positives [78]. Moreover, the cost of
microfluidic qPCR equipment and reagents is relatively high, restricting its widespread adoption in resource-constrained areas.
The operational complexity also requires specialized technical personnel for management and maintenance.

Table 2 is the comparison of several common gPCR techniques.

Table 2. Comparison of several common gPCR techniques

Classic gPCR Super-multiplet gPCR Digital gPCR Microfluidic qPCR
Through multi-color fluorescent probes or C_ombln_eq W'th
- . microfluidic chip
high-throughput design, tens to hundreds of .
Low . . technology, the reaction
Throughput targets can be detected in a single tube, - AP
throughput ; S o system is miniaturized and
breaking through the limitations of traditional
multiple detection . automated to supporF
high-throughput detection
The molecular beacon increases the number It has good accuracy and
Sensitivity - of detectable targets and has high specificity reproducibility, and high -
and sensitivity detection sensitivity
Specificity - Some samples have low specificity - -
Data analysis is complex The sample processing
. The design of primers and probes requires and cumbersome when requirements are high, and
Ease of relatively - : . - . - f . -
. - consideration of multiple objectives, which is dealing with complex professional technical
operation simple - A - .
difficult to design samples and multiple personnel are required to
tests. operate and maintain
. Relatively The technology cost of TagMan probes is low The equipment and Equipment and reagents
Prime cost . - -
low (US $1.3 per reagent) operation costs are high are expensive
Precise detection of viral
Gene load (HIV), .
s . . — S Personalized treatment
- quantitative  Screening for multi-gene mutations in tumors, determination of copy - . -
Clinical . . - . - bedside genetic testing,
Lo analysis and immunogenetic analysis, and detection of number of target gene of )
application - . - . L . . tumor marker gene rapid
other routine environmental microbial communities transgenic organisms .
detection
tests [79], cancer-related

detection
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Figure 2. (a) the procedure of ultra-multiplex qPCR (b) the procedure of dPCR (c) the procedure of microfluid qPCR
4.4, Other emerging gPCR technologies

Other burgeoning qPCR technologies, such as CRISPR-gPCR, single molecule gPCR, and LAMP-gPCR, are broadening the
horizons of gPCR applications. The CRISPR-Cas9 system, a potent genomic editing instrument widely employed in gene
function research, disease treatment, and biotechnology advancement [80], underpins CRISPR-gPCR technology. By harnessing
the heightened specificity of the CRISPR-Cas system, CRISPR-gPCR can detect low-abundance nucleic acids, thereby
extending the reach of gPCR applications [81]. In the context of viral variant detection, CRISPR-gPCR excels at pinpointing
specific mutation sites, enhancing both the specificity and sensitivity of the detection process.

Single-molecule gPCR, on the other hand, can detect individual molecule templates, surmounting the sensitivity constraints
of traditional gPCR and offering a novel approach for the detection of ultra-low abundance nucleic acids. For instance, when
analyzing gene expression in scarce cell types, single-molecule gPCR can precisely quantify gene expression levels within single
cells, shedding light on cellular heterogeneity [82].

Isothermal amplification techniques, exemplified by LAMP-qPCR, streamline the operational process by reducing thermal
cycling steps. This makes LAMP-gPCR particularly well-suited for resource-constrained environments and rapid on-site testing.
In remote areas or primary healthcare settings, LAMP-gPCR can swiftly detect pathogens under simple conditions, thereby
improving access to testing [83]. These innovative gPCR technologies are collectively pushing the boundaries of what is
achievable, unlocking new possibilities for disease detection, diagnosis, and research.

5. Conclution

With the advent of novel WB and gPCR technologies, they have attracted growing attention due to their distinctive
methodologies and swift, convenient detection capabilities, potentially unlocking fresh avenues for disease detection, diagnosis,
treatment, and efficacy monitoring. The triangular validation approach integrating WB, qPCR, and mass spectrometry facilitates
the assessment of both protein and gene expression levels, furnishing multi-faceted data support for research endeavors and
markedly bolstering the reliability of experimental outcomes. Researchers have harnessed LC-MS/MS to pinpoint proteins
interacting with LKB1 in lung cancer and corroborated the influence of LKB1 deficiency on lung cancer progression through
gPCR and WB techniques, thereby rendering the findings more compelling [84]. Single-cell multi-omics analysis ingeniously
fuses traditional comet assays (for DNA analysis) with immunoblotting (for protein analysis), enabling the concurrent
acquisition of DNA and protein information from individual cells [85]. SplitBlot leverages microfluidic precision separation to
isolate proteins and genomic DNA, encapsulating DNA within agarose microwells for protein scrutiny, extracting DNA for PCR,
and capturing proteins onto a gel for detection. This approach achieves both DNA amplification and protein separation, offering
tools to correlate genotype and protein expression at the single-cell level [86]. Microfluidic technology excels in efficiently
separating and enriching target biomarkers (such as circulating tumor DNA, circulating tumor cells, and exosomes) from
intricate biological samples via precise fluid management and separation techniques. This is particularly advantageous for early
cancer screening and the dynamic monitoring of disease progression during treatment. By combining ddPCR with RNA



Journal of Clinical Technology and Theory | Vol.3 | Issue 2 | 61

sequencing, researchers can identify several significantly differentially expressed GPCR genes, serving as potential drug targets
for a rat model of cardiac dysfunction induced by therapeutic stress overload [87]. Harnessing these strengths, the new
technology promises to deliver low-cost and widely accessible solutions for early clinical testing and drug development.

Nevertheless, these emerging detection technologies also encounter certain hurdles. For example, in the detection of
biomarkers using microfluidic chips, the size range and physicochemical properties of biomarkers like CTCs, ctDNA, and
exosomes exhibit substantial variability. A one-size-fits-all approach is infeasible; tailored microfluidic techniques must be
devised for each biomarker. Currently, this system remains in the laboratory phase, lacking large-scale clinical trials to validate
its practicality and enhance patient outcomes. Collaboration with medical professionals is crucial to provide pragmatic insights
for clinical deployment. Consequently, it is imperative to synergize physical methods (including inertial, magnetic, acoustic, and
optical techniques) with biochemical approaches to isolate and analyze biomarkers, thereby augmenting clinical trials. Spatially
resolved WB technology also grapples with limitations in throughput and sensitivity. Thus, concerted efforts are needed from
multiple fronts, encompassing throughput enhancement, detection limit reduction, optimization of gel-based immuno-probes,
adjustment of PAGE conditions, achievement of multiplexed detection, and refinement of micro-device fabrication.

In conclusion, despite the challenges presented by novel WB and gPCR technologies, technological progress and
interdisciplinary cooperation can significantly propel their development. The application of these cutting-edge technologies will
amplify research efficiency, influencing both fundamental research and clinical applications, pushing the frontiers of scientific
exploration, and steering us towards more precise healthcare.
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