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Abstract

Multiplex pathogen detection is essential for addressing the increasing complexity of 
infectious diseases and co-infections, yet conventional polymerase chain reaction-
based methods remain hindered by the requirement for sophisticated laboratory 
infrastructure. Isothermal amplification offers a robust alternative for point-of-care 
testing, though high-order multiplexing in these systems has historically been limited 
by signal discrimination challenges. In this review, we synthesize recent breakthroughs 
in fluorescence-enhanced isothermal amplification, which have transformed multiplex 
diagnostics through advanced signal encoding and intelligent processing. We illustrate 
how the convergence of diverse molecular engines, ranging from sequence-specific 
probes to orthogonal clustered regularly interspaced short palindromic repeats-
associated effectors and programmable DNA logic circuits, enables precise, multi-
target identification in a single reaction. Beyond the biochemical framework, we further 
discuss the integration of these molecular strategies with microfluidic platforms, portable 
optical detection systems, and deep learning-based signal analysis, which collectively 
facilitate the transition from laboratory prototypes to automated diagnostic platforms. 
Finally, we examine persistent challenges, including assay crosstalk and amplification 
bias, and outline future directions toward accessible and scalable multiplex diagnostic 
systems.

Keywords: Fluorescence strategy, Multiplex pathogen detection, Isothermal amplifica-
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Highlights

● Systematic overview of fluorescence-enhanced isothermal amplification strategies for multiplex pathogen detection.
● Comparative analysis of probe-based, clustered regularly interspaced short palindromic repeats-mediated, and strand displace-

ment reaction-programmable multiplex signal encoding mechanisms.
● Emerging integration with microfluidics, portable devices, and deep learning for next-generation point-of-care diagnostics.

1 INTRODUCTION

Global climate change, population migration, and shifts in 
ecological environments are continuously reshaping pathogen 
transmission patterns. This dynamic is rendering the epidemic 

patterns of emerging and re-emerging infectious diseases 
increasingly complex, with co-infections becoming progres-
sively more common [1-4]. The co-circulation of influenza 
viruses and severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), and the synergistic transmission of Plasmodium 
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species and arboviruses in tropical regions, exemplify complex 
pathogenic mechanisms and pose severe public health chal-
lenges [5-7]. Since these infections often present with highly 
overlapping, non-specific symptoms, differential diagnosis 
based solely on clinical manifestations is difficult [6]. This can 
lead to misdiagnosis and the misuse of antimicrobials, exacer-
bating the risk of antimicrobial resistance [8, 9]. Therefore, 
achieving efficient and accurate multiplex pathogen detection 
has become crucial for advancing precision medicine and pro-
active syndromic surveillance.

Although polymerase chain reaction remains the gold standard 
for multiplex detection, its dependence on sophisticated ther-
mal cycling equipment and specialized laboratories limits its 
application in resource-limited settings and point-of-care test-
ing (POCT) scenarios [10, 11]. The ASSURED criteria pro-
posed by the World Health Organization (WHO)—affordable, 
sensitive, specific, user-friendly, rapid and robust, equipment-
free, and deliverable—underscore the importance of accessi-
bility and portability in diagnostic tools [12]. Isothermal 
nucleic acid amplification techniques, such as loop-mediated 
isothermal amplification (LAMP) and recombinase poly-
merase amplification (RPA), achieve efficient nucleic acid 
amplification at a constant temperature [13-15]. This signifi-
cantly reduces equipment complexity and enhances the feasi-
bility of on-site testing. However, traditional isothermal meth-
ods often rely on turbidity or pH-sensitive colorimetric read-
outs. These approaches not only suffer from limited sensitivity 
and quantitative ability but also face inherent difficulties in 
achieving multiplex detection, severely restricting their appli-
cation in complex infection scenarios [16-18].

Fluorescence-based signal readout strategies offer a critical 
technological pathway to overcome these bottlenecks. They not 
only support real-time quantitative analysis but also enable par-
allel multi-target detection through spectral discrimination or 
sequence-specific probes. This significantly enhances the mul-
tiplexing capability of isothermal amplification techniques, 
making them more suitable for complex sample analysis and 
system integration [19-21]. In recent years, advances in molecu-
lar engineering have further propelled the development of fluo-
rescence-based isothermal amplification systems. The clus-
tered regularly interspaced short palindromic repeats (CRISPR) 
system, with its target-activated trans-cleavage activity, pro-
vides a highly specific signal transduction mechanism [22, 23]. 
Strand displacement reaction (SDR) and other nucleic acid 
nanotechnology tools are being used to construct programma-
ble signal logic and cascaded amplification networks, further 
enhancing the signal-to-noise ratio and multi-target decoding 
capability of detection systems [24]. At the systems level, the 
integration of microfluidic chips, portable optical readers, and 
intelligent signal analysis algorithms is continuously propel-
ling molecular diagnostic platforms toward higher integration, 
automation, and on-site applicability [25, 26].

Despite rapid technological progress, several core challenges 
remain in developing stable, reliable, and scalable multiplex 
fluorescence-based isothermal detection systems. These in- 
clude the rapid increase in system complexity due to cross-
reactivity between primers and probes; spectral crosstalk 
between multiple fluorescent signals limiting detection 
throughput; and differences in amplification kinetics among 
multiple targets that affect quantitative accuracy [15, 27, 28]. 
In light of these challenges, this review aims to systematically 
synthesize the latest advances in fluorescence-based isother-
mal amplification strategies for multiplex pathogen detection. 
We first dissect the core molecular toolbox used to construct 
these detection systems, elucidating the intrinsic characteris-
tics and working principles of LAMP, RPA, CRISPR, and 
SDR. Next, we discuss three mainstream fluorescence multi-
plex detection strategies: probe design based on spectral dis-
crimination, multi-signal transduction based on orthogonal 
CRISPR enzymes, and programmable logic and cascaded 
amplification based on SDR. Finally, we review the develop-
ment trends in microfluidic systems, portable detection devic-
es, and intelligent signal analysis technologies. By construct-
ing a holistic technological framework that spans from fun- 
damental molecular principles to system-level engineering 
implementation, this review aims to provide theoretical insights 
and design ideas for the development of next-generation 
molecular diagnostic platforms characterized by high sensi-
tivity, high specificity, and on-site deployability for multiplex 
detection.

2 CORE MOLECULAR TOOLBOX

Constructing high-performance multiplex nucleic acid detec-
tion systems first requires a deep understanding of the molecu-
lar tools that form their technological core. Based on their func-
tional roles in the detection workflow, these tools can be cate-
gorized into two main groups: nucleic acid amplification 
engines for target enrichment and signal transduction modules 
for specific recognition and signal conversion. This section 
systematically dissects the molecular mechanisms and in- 
trinsic characteristics of four core technologies—LAMP, RPA, 
CRISPR systems, and SDR—laying the theoretical foundation 
for subsequent discussions on their integrated application in 
multiplex detection (Figure 1).

2.1 LAMP: Efficient amplification and structured products

LAMP, first reported by Notomi et al. in 2000, has become one 
of the most widely adopted isothermal amplification techniques 
[29]. This method primarily relies on Bacillus stearothermoph-
ilus DNA polymerase, which possesses high strand displace-
ment activity, together with a set of 4–6 primers that recognize 
6–8 distinct regions within the target sequence, enabling effi-
cient amplification under isothermal conditions (60–65 °C) 
[15]. The amplification mechanism involves two phases: an 
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initial structure-formation phase and a subsequent cyclic 
amplification phase. As illustrated in Figure 1A, during the 
initiation phase, the inner primers, forward inner primer (FIP) 
and backward inner primer, first hybridize to the target 
sequence, initiating strand displacement synthesis. Subse- 
quently, the outer primers, forward outer primer and backward 
outer primer further displace the newly synthesized strand 
and release single-stranded DNA (ssDNA), forming a loop 
structure that serves as a template for further amplification. In 
the cyclic amplification phase, these loop structures are con-
tinuously recognized and extended by primers, ultimately gen-
erating characteristic “cauliflower-like” amplification products 
composed of stem-loop structures of varying sizes [16].

This unique amplification mechanism endows LAMP with 
three intrinsic properties critical for downstream detection. 

First, its exceptionally high amplification efficiency provides 
abundant molecular substrates for fluorescence signal detec-
tion, forming the basis for LAMP’s high sensitivity [15, 30]. 
Second, the complex ‘cauliflower-like’ structures offer numer-
ous recognition sites for the hybridization of sequence-specific 
fluorescent probes. Third, its excellent matrix tolerance allows 
LAMP to maintain amplification activity in crude samples con-
taining common inhibitors such as hemoglobin, heparin, and 
ethanol, often enabling detection directly from heat-lysed sam-
ples without the need for extensive nucleic acid purification [31, 
32]. It should be noted, however, that while LAMP’s high speci-
ficity relies on the cooperative recognition of 6–8 target 
regions by multiple primers, this mechanism can lead to prim-
er-primer interactions and an increased risk of non-specific 
amplification in multiplex settings, which severely complicates 
probe design and cross-reactivity mitigation [33].

Figure 1. Schematic illustration of the core molecular toolbox. (A) Principle of the LAMP reaction; (B) Principle of the RPA reaction; (C) 
Mechanisms of CRISPR cis-cleavage and trans-cleavage; (D) Mechanism of SDR. LAMP, loop-mediated isothermal amplification; RPA, recom-
binase polymerase amplification; CRISPR, clustered regularly interspaced short palindromic repeats; Cas, CRISPR-associated; Cas12a, CRIS-
PR-associated protein 12a; Cas9, CRISPR-associated protein 9; Cas13, CRISPR-associated protein 13; SDR, strand displacement reaction; FIP, 
forward inner primer; BIP, backward inner primer; F, forward primer; R, reverse primer; LF, loop forward primer; LB, loop backward primer; 
crRNA, CRISPR RNA; PAM, protospacer-adjacent motif. F1, F2, F3, B1, B2, and B3 indicate target sequence regions in LAMP primer design; 
the suffix “c” indicates the complementary sequence.
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2.2 RPA: Low-temperature reaction and rapid initiation

RPA, first reported by Piepenburg et al. in 2006, is an isother-
mal nucleic acid amplification method that has gained consider-
able attention in recent years [34]. RPA mediates nucleic acid 
amplification through the coordinated action of recombinase, 
ssDNA-binding proteins, and a strand-displacing DNA poly-
merase, mimicking the process of in vivo DNA recombination 
[14]. At a constant temperature (37–42 °C), recombinase first 
forms complexes with primers, scanning double-stranded DNA 
templates for complementary sequences. Upon successful rec-
ognition, the recombinase facilitates primer invasion into the 
double-stranded template. ssDNA-binding proteins subse-
quently stabilize the displaced ssDNA region, and the poly-
merase extends the primer to initiate exponential amplification 
(Figure 1B). The entire process is typically completed within 
20–40 min [35].

RPA’s most significant intrinsic characteristics are its low-tem-
perature reaction conditions and low dependence on sample 
purity. The optimal reaction temperatures for most CRISPR 
effector proteins, such as CRISPR-associated protein 12a 
(Cas12a) and CRISPR-associated protein 13a (Cas13a), also 
cluster in the 37–42 °C range [27, 28]. This temperature com-
patibility provides ideal conditions for one-pot amplification-
detection systems, offering a significant advantage over LAMP 
systems (60–65 °C), which require thermostable CRISPR-
associated (Cas) protein variants or complex physical segrega-
tion strategies [36]. Furthermore, because the recombinase-
mediated strand invasion process is relatively insensitive to 
common sample inhibitors (e.g., heme, humic acid), RPA can 
often be performed directly on crude lysates without requiring 
highly purified nucleic acid templates, reducing the threshold 
for sample processing [34, 37]. However, RPA systems also 
present specific technical caveats: the reaction typically requires 
the addition of high-molecular-weight polymers, such as poly-
ethylene glycol, as molecular crowding agents to maintain 
recombinase activity, which can increase system viscosity [38]. 
Concurrently, the continuously active recombinase may inter-
fere with bound fluorescent probes, potentially affecting the 
stability of real-time signal readouts [14, 35]. This interference 
is magnified in multiplex detection systems, imposing higher 
demands on probe design and reaction kinetics.

2.3 CRISPR systems: Specific recognition and signal 
transduction

The CRISPR system is an adaptive immune defense mecha-
nism found in bacteria and archaea that functions to recognize 
and cleave foreign nucleic acids [39]. Based on the composition 
and function of its effector proteins, it can be classified into 
two classes, six types, and several subtypes [40, 41]. While ini-
tially garnering widespread attention for its revolutionary 
applications in genome editing, specific effector families such 
as CRISPR-associated protein 12 and CRISPR-associated pro-

tein 13 possess unique nucleic acid targeting and cleavage 
properties that make them ideal tools for nucleic acid detection 
[23, 27, 42].

The core function of CRISPR systems in detection applica-
tions stems from their target-activated trans-cleavage activity, 
which relies on specific recognition coupled with non-specific 
cleavage [23, 43]. The Cas12a/CRISPR RNA (crRNA) complex 
achieves recognition through complementary pairing between 
the crRNA and the target DNA, simultaneously requiring the 
presence of a conserved protospacer-adjacent motif (PAM; 
typically 5’-TTTN-3’) adjacent to the target sequence [23]. The 
Cas13a/crRNA complex recognizes target RNA and requires 
a protospacer flanking sequence (PFS) downstream of the tar-
get, although the stringency of the PFS varies among different 
Cas13a orthologs [22, 44]. This dual-recognition mechanism of 
crRNA complementarity and PAM/PFS requirement grants 
CRISPR systems high specificity, providing a molecular basis 
for distinguishing highly homologous sequences within com-
plex samples. Specific recognition triggers a conformational 
change in the Cas protein, exposing its catalytic domain (e.g., 
the RuvC domain of Cas12a and the higher eukaryotes and 
prokaryotes nucleotide-binding domains of Cas13a) and acti-
vating sequence-independent trans-cleavage activity (Figure 
1C) [23, 45]. Upon target DNA recognition, Cas12a acquires 
the ability to non-specifically cleave any ssDNA in its vicinity. 
Similarly, target RNA recognition activates Cas13a’s ability to 
non-specifically cleave any single-stranded RNA (ssRNA) [22, 
23].

This mechanism enables an elegant signal transduction strate-
gy. Specifically, an ssDNA or ssRNA reporter molecule is 
labeled at opposite ends with a fluorophore and a quencher, 
maintaining the fluorescence in an initially quenched state. 
Upon recognition of the target, the activated Cas protein 
cleaves the reporter, separating the fluorophore from the 
quencher and releasing a detectable fluorescent signal [46]. 
This direct coupling between target recognition and signal con-
version positions the CRISPR system not merely as a highly 
specific recognition element but also as an efficient signal 
transduction module.

2.4 SDR: Programmable signal amplification and logic 
control

SDR is a class of molecular reaction mechanisms governed by 
the thermodynamics and kinetics of complementary nucleic 
acid hybridization [47]. Its core feature lies in the structural 
rearrangement and information transfer among multiple nucle-
ic acid strands driven by competitive pairing, a principle which 
relies on the predictable thermodynamics of Watson-Crick base 
pairing [48].

The basic mechanism of SDR involves an ‘invader’ strand dis-
placing an ‘incumbent’ strand from a duplex, driven by the 
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reduction in the system’s net Gibbs free energy (ΔG). When 
the invader strand is fully complementary to an exposed sin-
gle-stranded region (the “toehold”) on the duplex, it can initi-
ate branch migration and ultimately completely displace the 
incumbent strand (Figure 1D). This process allows for the con-
struction of complex, enzyme-free reaction networks, enabling 
molecular computation, signal amplification, and precise regu-
lation of downstream effectors [49, 50].

Hybridization chain reaction is a representative example of 
SDR used for enzyme-free signal amplification [51]. This tech-
nique utilizes two kinetically trapped hairpin structures that 
store chemical potential energy—their stems are sealed by 
short complementary regions, preventing spontaneous open-
ing. When a target trigger strand is present, it binds to the 
toehold region of the first hairpin and unfolds it. The newly 
exposed single-stranded region subsequently opens the sec-
ond hairpin. This process propagates in a cascade manner, 
ultimately forming a long nicked double-stranded polymer. 
Hybridization chain reaction operates under isothermal condi-
tions, often even at room temperature, converting a single tar-
get recognition event into a significantly amplified fluorescent 
signal, thus making it a commonly used downstream signal 
amplification module in isothermal amplification systems [52, 
53].

Toehold-mediated strand displacement (TMSD) focuses more 
on the precise regulation of reaction kinetics. The introduction 
of a short single-stranded overhang (the ‘toehold’) at the termi-
nus of a duplex complex, it provides a controllable nucleation 
site for the invader strand, transforming the strand displace-
ment process from a simple hybridization reaction into a pro-
grammable kinetic switch. Studies have demonstrated that by 
modulating toehold length (typically 5–7 nt) and sequence 
composition, the strand displacement rate can be finely tuned 
over several orders of magnitude, enabling signal regulation 
across different timescales [50]. Computational nucleic acid 
design tools (e.g., Nucleic Acid Package, oxDNA) are routine-
ly employed in this process to predict secondary structures and 
thermodynamic profiles [54, 55]. Furthermore, the modular 
design of SDR allows for the construction of complex molecu-
lar logic circuits, such as AND gates, OR gates, and cascaded 
amplification [56]. This enables SDR to function as intelligent 
middleware, performing logical operations and noise reduction 
on raw signals generated by upstream amplification, thereby 
achieving advanced integration of multiplex signals without the 
need for complex electronic instrumentation.

In summary, the landscape of isothermal multiplex detection 
is defined by a strategic trade-off between amplification effi-
ciency and target specificity. Nucleic acid amplification 
engines, including LAMP and RPA, excel at rapid substrate 
generation in crude matrices at low temperatures, yet they are 
inherently prone to primer-induced crosstalk in multiplexed 
formats. Signal transduction modules, such as CRISPR-Cas 

systems and SDR-based circuits, offer unparalleled molecular 
precision, effectively transforming biological recognition into 
programmable, noise-free signal outputs. These modules are 
not devoid of limitations; CRISPR systems often necessitate 
complex orthogonal enzyme combinations, while SDR-based 
logic circuits require stringent sequence design that may be 
vulnerable to interference in complex biological samples. 
Given that no single technology can simultaneously fulfill all 
the rigorous demands of an ideal multiplex assay, the most 
promising trajectory for the field lies in decoupling the ampli-
fication phase from the recognition/signaling phase. By syner-
gizing the high-efficiency amplification of LAMP/RPA with 
the exquisite specificity and logic-gated control of CRISPR and 
SDR, researchers can construct robust, interference-free diag-
nostic networks. The subsequent discussions will focus on 
how these tools are ingeniously hybridized to achieve scalable 
multiplexing and integrated into automated, intelligent POCT 
platforms.

3 FLUORESCENCE-BASED MULTIPLEX DETECTION 
STRATEGIES IN ISOTHERMAL AMPLIFICATION

In isothermal amplification, the core challenge in multiplex 
detection is the simultaneous identification of multiple targets 
within a single reaction while generating distinguishable signal 
outputs. Building upon the molecular toolbox introduced in the 
previous section, diverse research efforts have progressively 
developed a range of multiplex detection strategies. These 
strategies exhibit significant differences in signal encoding 
methods, system complexity, and scalability. From a techno-
logical perspective, current fluorescence-based multiplex iso-
thermal amplification strategies can be broadly categorized 
into three classes. The first relies on differences in fluores-
cence spectra for signal discrimination, employing multiple 
fluorescent probes within a single tube to report different tar-
gets. The second leverages the enzymatic orthogonality among 
different CRISPR systems to construct parallel signal trans-
duction pathways, achieving target differentiation at the molec-
ular level. The third utilizes the programmable properties of 
SDRs, enabling molecular logic operations and cascaded signal 
amplification for more complex signal encoding and decoding. 

3.1 Fluorescent probes for multiplex detection

The most direct approach to multiplex detection involves 
designing multiple reporter probes with distinct fluorescence 
emission wavelengths, allowing different targets within a sin-
gle reaction system to generate distinguishable fluorescent sig-
nals. This strategy primarily relies on fluorescence spectral 
discrimination for target differentiation, making it technically 
one of the simplest and earliest multiplex detection strategies 
to be developed [57]. Based on their signal-generation mecha-
nisms, existing strategies can be classified into three main 
types: hydrolysis-dependent, conformation-dependent, and 
cleavage-dependent probes [20].
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3.1.1 Hydrolysis-dependent probes

The core mechanism of hydrolysis-dependent probes is analo-
gous to that of the classic TaqMan probes used in polymerase 
chain reaction, relying on the irreversible degradation of the 
probe by an exonuclease upon hybridization with the target, 
thereby releasing a fluorescent signal [21]. In isothermal ampli-
fication systems, a representative implementation of this strat-
egy is the Exo probe used in RPA [34]. Exo probes typically 
contain an internal abasic site mimic (tetrahydrofuran) that is 
flanked by a fluorophore and a quencher, with the 3’ end usually 
blocked to prevent primer extension. When the probe specifi-
cally binds to the single-stranded target generated during 
amplification, the nuclease Exonuclease III present in the RPA 
system recognizes the tetrahydrofuran site within the resulting 
duplex and cleaves the probe. This hydrolysis permanently sep-
arates the fluorophore from the quencher, leading to an irre-
versible accumulation of fluorescence.

The use of target-specific Exo probes labeled with spectrally 
distinct fluorophores enables multiplex pathogen detection. In 
the seminal study on RPA, Piepenburg et al. first introduced 
Exo probes into an isothermal amplification system [34]. By 
employing a combination of universal and specific primers, 
alongside dual-labeled fluorescent probes and an internal 
amplification control, they successfully demonstrated single-
tube multiplex detection of three methicillin-resistant Staphy- 
lococcus aureus subtypes, thereby validating the potential of 
RPA for pathogen typing.

3.1.2 Conformation-dependent probes

Conformation-dependent probes rely on target-induced chang-
es in secondary structure to switch fluorescence signals on or 
off. Molecular beacons (MBs) represent a typical example of 
this class of probes. Their stem-loop structure positions the 
fluorophore and quencher in close proximity, while the loop 
sequence is complementary to the target. Talap et al. utilized 
MBs to construct a dual-fluorescence reverse transcription 
LAMP system, enabling simultaneous detection of the SARS-
CoV-2 nucleocapsid gene and open reading frame 1ab in a sin-
gle tube [58].

Detection of amplification by release of quenching was first 
proposed by Tanner et al. and generates real-time fluorescent 
signals by using separate probe molecules during amplification 
[18]. The core design involves labeling the 5’ end of the FIP 
primer with a quencher, while a short displacement probe (Fd) 
complementary to the F1c region is labeled with a fluorophore 
at its 3’ end. Upon annealing, the FIP and Fd form a duplex 
where the fluorophore is quenched. During LAMP amplifica-
tion, strand extension from the opposite primer leads to dis-
placement and release of the Fd probe. As a result, the fluoro-
phore becomes spatially separated from the quencher, generat-
ing a fluorescence signal. This mechanism enables multiplex 

detection of up to four targets in a single tube, by assigning 
distinct fluorophores, such as 6-carboxyfluorescein (FAM), 
hexachlorofluorescein (HEX), carboxy-X-rhodamine (ROX), 
and cyanine 5 (Cy5), to different targets and monitoring the 
signals in separate fluorescence channels in real time.

The quenching of unincorporated amplification signal report-
ers (QUASR) technology demonstrates an alternative based 
on temperature-dependent conformational modulation. Ball et 
al. labeled the 5’ end of either the backward inner primer or FIP 
primer with a fluorophore, simultaneously introducing a short 
(7–13 nucleotides) quencher probe complementary to the 5’ end 
of the labeled primer, which is modified with a quencher at its 
3’ end [57]. The melting temperature of the quencher probe is 
designed to be significantly lower than the reaction tempera-
ture (<55 °C). During the high-temperature amplification 
phase, the quencher probe dissociates without interfering with 
primer extension. Upon cooling after the reaction, unincorpo-
rated free primers bind to the quencher probe, causing fluores-
cence quenching, while primers incorporated into the double-
stranded amplification product retain high fluorescence. This 
‘end-point quenching’ mechanism allows QUASR to achieve 
signal-to-noise ratios up to 8:1 and has been successfully 
applied to single-tube duplex detection of West Nile virus and 
chikungunya virus (CHIKV). Priye et al. further integrated 
QUASR with a smartphone platform to develop a portable 
diagnostic system for the simultaneous detection of Zika virus, 
CHIKV, and dengue virus, providing a complete solution for 
on-site applications in resource-limited settings [37]. Yang et 
al. introduced QUASR into a hydrogel-based digital LAMP 
platform [59]. By forming a polyethylene glycol-crosslinked 
hydrogel network, amplification products were immobilized 
in situ as stable fluorescent microgels. By labeling FIP primers 
targeting different pathogens with spectrally distinct fluoro-
phores, the resulting spot color served as an indicator of the 
bacterial type, while the spot count directly correlated with 
bacterial concentration, thereby achieving duplex absolute 
quantification of methicillin-resistant Staphylococcus aureus 
and carbapenem-resistant Escherichia coli.

3.1.3 Cleavage-dependent probes

Cleavage-dependent probes generate fluorescent signals th- 
rough a cascade of recognition, cleavage, and release events. 
This mechanism is typically facilitated by the incorporation of 
enzymes with specific cleavage activities. The advantage of 
this strategy lies in leveraging the strict substrate specificity of 
these enzymes, which can significantly reduce the risk of false 
positives caused by non-specific amplification.

The multiple endonuclease restriction real-time LAMP tech-
nique, developed by Wang et al., enables rapid differentiation 
of Listeria species by incorporating recognition sites for a 
restriction endonuclease, such as Nb.BsrDI, into the primers 
[60]. Upon successful primer extension and double-stranded 
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target formation, the endonuclease cleaves the fluorophore-
quencher linkage within the primer, thereby releasing the 
fluorescent signal. This method exploits the strict substrate 
specificity of the enzyme, substantially reducing false-posi-
tive signals arising from non-specific amplification. Higgins et 
al. developed Thermus thermophilus endonuclease cleavage 
LAMP, which utilizes the cleavage activity of Thermus ther-
mophilus endonuclease IV at abasic sites [61]. In a quadruplex 
detection system, this technique enables the real-time moni-
toring of pathogens, such as Streptococcus pneumoniae and 
Neisseria meningitidis, demonstrating sensitivity comparable 
to that of quantitative polymerase chain reaction (qPCR) while 
offering a significantly simplified workflow.

The proofreading enzyme-mediated probe cleavage (Proofman) 
technique offers an alternative strategy by exploiting the intrin-
sic 3’-to-5’ exonuclease proofreading activity of high-fidelity 
DNA polymerases. Ding et al. designed fluorescent probes 
with a deliberate mismatch at the 3’ end [62]. When the probe 
hybridizes correctly with the target sequence, Pyrococcus furi-
osus polymerase removes the fluorophore-labeled mismatched 
nucleotide at the 3’ terminus, thereby generating a fluorescence 
signal. This mechanism not only enables multiplex detection 
but also improves amplification efficiency, as the cleaved probe 
can function as a primer for subsequent extension. Building on 
this principle, Dong et al. developed a high-fidelity DNA 
polymerase-mediated probe (HFman), which utilizes Q5 poly-
merase to achieve single-tube triplex detection of SARS-
CoV-2, influenza virus, and an internal control gene [63]. 
Furthermore, this method demonstrates significant robustness 
in the direct detection of clinical nasopharyngeal swab sam-
ples, eliminating the need for nucleic acid extraction.

3.2 CRISPR system for multiplex detection 

As discussed previously, Cas12a cleaves ssDNA, Cas13a 
cleaves ssRNA, and different Cas13a orthologs exhibit distinct 
cleavage preferences depending on the base composition of 
ssRNA. These substrate orthogonal substrate specificities pro-
vide a natural enzymatic dimension for achieving single-tube 
multiplex detection [27, 64]. The core principle of orthogonal 
Cas effector combination strategies involves deploying multi-
ple orthogonal effectors within a single reaction system, each 
designed to recognize a specific target and generate an output 
signal via spectrally distinguishable reporter molecules [65].

Gootenberg et al. pioneered the use of CRISPR enzymatic 
orthogonality for multiplexing within the specific high-sensi-
tivity enzymatic reporter unlocking version 2 platform [27]. 
The research team conducted a systematic screen of the sub-
strate cleavage preferences of 3 Cas13a and 14 CRISPR-
associated protein 13b (Cas13b) orthologs, identifying unique 
dinucleotide sequence preferences for each enzyme. Notably, 
Leptotrichia wadei Cas13a preferentially cleaves AU sequenc-
es, Capnocytophaga canimorsus Cas13b targets UC sequences, 

and Prevotella sp. MA2016 Cas13b exhibits a bias toward 
GA sequences. Building on these findings, they combined 
Leptotrichia wadei Cas13a (AU reporter, Cy5 channel), 
Prevotella sp. MA2016 Cas13b (GA reporter, FAM channel), 
Capnocytophaga canimorsus Cas13b (UC reporter, Texas Red 
channel), and Acidaminococcus sp. Cas12a (ssDNA reporter, 
HEX channel) in a single reaction system. This assembly 
achieved the simultaneous detection of four distinct targets, 
including Zika virus, dengue virus, and synthetic RNA/DNA 
templates. To further enhance detection sensitivity, the spe-
cific high-sensitivity enzymatic reporter unlocking version 2 
platform also incorporated a CRISPR-associated Rossmann 
fold protein 6 (Csm6) signal amplification system. Following 
CRISPR-associated protein 13-mediated cleavage of RNA 
reporters, the resulting fragments carry 2’,3’-cyclic phosphate 
termini, which can act as natural activators of Csm6. Once 
activated, Csm6 subsequently cleaves its own specific reporter 
molecules, generating a signal cascade that increases the over-
all signal intensity by approximately 3.5-fold.

The CRISPR multiplexed diagnostic assay platform, reported 
by Ghouneimy et al., advances the orthogonal Cas effector 
strategy for point-of-care applications [36]. This study em- 
ployed three thermostable CRISPR effectors—Alicyclobacillus 
acidiphilus Cas12b, Thermoclostridium caenicola Cas13a, and 
Herbinix hemicellulosilytica Cas13a—integrated with LAMP 
to enable the single-tube, one-step simultaneous detection of 
high-risk human papillomavirus (HPV) type 16, HPV type 18, 
and the human internal control gene, ribonuclease P. The 
innovation of this strategy lies in leveraging the synergistic 
temperature compatibility and substrate orthogonality of these 
enzymes. All enzymes function at 56 °C, fully compatible with 
the LAMP amplification temperature. HPV type 16 was detect-
ed by Alicyclobacillus acidiphilus Cas12b using a ROX-labeled 
ssDNA reporter, HPV type 18 by Herbinix hemicellulosilytica 
Cas13a using a FAM-labeled polyuridine RNA reporter, and 
ribonuclease P by Thermoclostridium caenicola Cas13a using 
a HEX-labeled RNA mix reporter. Rigorous cross-validation 
confirmed the system’s high orthogonality and signal indepen-
dence, with a limit of detection (LOD) of 10 copies/μL and full 
concordance observed in clinical triplex testing. While orthog-
onal Cas combinations effectively utilize the enzymatic dimen-
sion, mitigating potential interference among multiple guide 
RNA (gRNA)-Cas complexes and ensuring equitable target 
competition within a single reaction vessel remains a critical 
challenge.

Le et al. advanced the orthogonal Cas effector strategy by 
developing a duplex RPA-CRISPR/Cas12a/13a assay for food-
borne virus detection [28]. Targeting genogroup I norovirus 
and group A rotavirus, the method exploits distinct Cas-
mediated recognition mechanisms. To accommodate the high 
sequence variability of the genogroup I norovirus genome, 
Cas12a was employed to detect its DNA amplification product 
via a ROX-labeled ssDNA reporter. Conversely, for the highly 
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tide sticky end, which serves as the trigger strand for the TMSD 
reaction. Unlike traditional trans-cleavage-based CRISPR 
assays, this platform operates via an ‘inversely coupled’ logic: 
the presence of the target promotes the hybridization of the 
trigger strand to an inhibitor strand, thereby arresting the SDR 
and suppressing fluorescence. In the absence of the target, 
strand displacement proceeds unimpeded, leading to fluoro-
phore-quencher separation and signal emission. This design 
effectively transforms target recognition into a logic-gated 
switch. By customizing crRNAs and corresponding overhangs 
coupled with unique toehold sequences and fluorescent report-
ers, the platform enables logical discrimination of multiple tar-
gets within a single reaction vessel. To optimize signal resolu-
tion, the team incorporated locked nucleic acid modifications 
into the toehold regions, using the oxDNA simulation platform 
to precisely tune the toehold length and locked nucleic acid 
density, thereby ensuring high orthogonality across detection 
channels. This platform has been successfully applied to the 
discrimination of three epidermal growth factor receptor gene 
mutations and three SARS-CoV-2 variants.

The toehold activator strategy illustrates how SDR can lever-
age thermodynamic control to enhance the single-base resolu-
tion of CRISPR detection [67]. Traditional Cas12a detection 
relies on PAM sequence recognition and exhibits a significant 
tolerance for single-base mismatches in regions distal to the 
PAM site. By contrast, the toehold activator strategy bypasses 
strict PAM requirements through a thermodynamically gated 
activation mechanism, wherein Cas12a activation is strictly 
governed by the thermodynamic stability of an SDR. In this 
design, a double-stranded DNA activator contains a single-
stranded toehold region, which the crRNA must fully engage 
via strand displacement to activate Cas12a. Although this tech-
nique is currently primarily limited to singleplex applications, 
its core mechanism offers a viable pathway for single-tube mul-
tiplex detection by integrating multicolor fluorescent reporter 
systems and multiple orthogonal toehold activators [68].

SDR circuits enhance multiplex detection capacity through 
several key mechanisms. The programmability of TMSD 
enables orthogonal reaction pathways that operate in parallel 
within a single vessel, effectively creating independent molec-
ular channels for signal transduction. SDR circuits can be 
designed as molecular logic gates that integrate signals from 
multiple targets and generate distinct outputs only upon spe-
cific target combinations, facilitating conditional detection 
of co-infections. SDR-based amplification strategies further 
enable enzyme-free signal cascades that amplify fluorescence 
without introducing enzymatic background noise, thereby pre-
serving the fidelity of multiplexed readouts. These features 
position SDR as a versatile middleware layer that links target 
recognition facilitated by CRISPR or upstream amplification to 
fluorescence signal generation, enabling multiplexing capabili-
ties beyond the constraints of spectral discrimination alone.

conserved viral protein 6 gene of group A rotavirus, the RPA 
primers were appended with a T7 promoter; subsequent 
T7-mediated transcription generated RNA targets for Cas13a-
based detection using a FAM-labeled ssRNA reporter. In 
simultaneous single-tube assays, the presence of both viruses 
triggers dual-channel signals (ROX and FAM), which can be 
visualized as a yellow fluorescent color under blue light. This 
method achieved an LOD of 102 copies/μL with no cross-reac-
tivity observed among common foodborne pathogens. Fur- 
thermore, the system’s practical utility was validated in spiked 
strawberry and lettuce matrices.

3.3 SDR for multiplex detection

SDR is characterized by toehold-mediated kinetic control, the 
capacity to construct Boolean logic gates, and the potential for 
enzyme-free cascading amplification. Integrating the specific 
recognition capability of CRISPR systems with the program-
mable signal conversion mechanisms of SDR has emerged as a 
significant approach for achieving high-plex, high-specificity 
multiplex detection. A common feature of these strategies is 
the exploitation of the cis-cleavage activity of CRISPR effec-
tors to induce defined structural changes, which then trigger 
downstream SDR networks. Distinct fluorescent outputs are 
subsequently used to differentiate multiple targets.

The CRISPR-associated protein 9 (Cas9) R-loop usage for 
molecular beacon opening (COLUMBO) platform, developed 
by Marquez-Costa et al., exploits the inherent absence of trans-
cleavage activity in Streptococcus pyogenes Cas9 [56]. It 
couples Cas9 R-loop formation with MB opening, enabling 
CRISPR-mediated strand displacement for multiplex detection. 
In this assay, target recognition by the single-guide RNA-Cas9 
complex displaces the non-target strand, which subsequently 
hybridizes with a target-specific MB, triggering its opening 
and fluorescence emission. Using target-specific single-guide 
RNAs and spectrally distinct beacons, COLUMBO allows 
single-tube, parallel detection of multiple viral targets, in- 
cluding SARS-CoV-2. Beyond simple detection, COLUMBO 
integrates biological recognition with DNA strand displace-
ment circuits to enable programmable molecular information 
processing. By configuring tripartite ssDNA complexes, 
COLUMBO implements Boolean logic: OR gates respond to 
either target via single-input strand displacement, whereas 
AND gates require concurrent binding of two displaced strands 
to cooperatively release a central fluorophore-labeled strand. 
This logic-gated design enhances diagnostic specificity and 
facilitates sophisticated molecular diagnostics, such as condi-
tional signaling during co-infections.

The CRISPR-TMSD platform, developed by Fu et al., combines 
the cis-cleavage activity of Cas12a with TMSD to achieve mul-
tiplex nucleic acid detection using a single Cas protein [66]. 
The core mechanism involves Cas12a, guided by a crRNA, 
specifically cleaving the target DNA to generate an 8-nucleo-
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Based on these three signal-encoding strategies, Table 1 sum-
marizes representative studies, including their underlying 
mechanisms, technical characteristics, and performance met-
rics, thereby facilitating direct comparison of their applicabili-
ty and scalability in multiplex pathogen detection.

4 PORTABLE READOUT AND INTELLIGENT 
ANALYSIS 

Although innovations in the molecular toolbox and detection 
strategies have provided a robust biochemical foundation for 
multiplex pathogen detection, translating these laboratory-
based techniques into POCT products that meet the ASSURED 
criteria remains a significant engineering challenge. This sec-
tion delineates the systemic integration required to bridge this 
gap, discussing how portable optical readers facilitate efficient 
signal acquisition, how microfluidic architectures automate 
complex fluid handling, and how artificial intelligence (AI) 
algorithms empower the intelligent analysis of high-dimen-
sional data. Collectively, these advancements are driving the 
transition of molecular diagnostics toward on-site, intelligent, 
and autonomous platforms.

4.1 Portable optical readers: Miniaturization and low 
power consumption

4.1.1 Smartphone-integrated platforms

Smartphones, owing to their ubiquity, powerful computational 
capabilities, and high-quality imaging sensors, have become 
the preferred platform for developing portable optical readers. 
The ‘LAMPbox’ hardware architecture developed by Priye et 
al. comprises a 5 V Universal Serial Bus-powered heating mod-
ule (consuming only 85 mW; stable at 67±1 °C), an optical mod-
ule integrated with a 3 W red-green-blue (RGB) light-emitting 
diode (LED) and multi-bandpass filters, and an Arduino Uno-
based control module with Bluetooth connectivity [37]. The 
smartphone app ‘LAMPoGo’ facilitates wireless control of 
thermal and optical parameters, enabling real-time tempera-
ture monitoring and fluorescence imaging. To enhance detec-
tion accuracy, the team implemented Commission Interna- 
tionale de l’Éclairage xyY color space conversion, transform-
ing raw RGB images into chromaticity coordinates (x, y) and 
luminance values (Y). In this approach, distinct fluorescent sig-
nals are mapped onto predefined ‘islands’ within the chroma-
ticity space, enabling intuitive multiplex differentiation. By 
decoupling luminance from chromatic information, this algo-
rithm achieves a 3.2–6.4-fold improvement in signal-to-noise 
ratio compared with traditional RGB intensity analysis (Figure 
2A).

Yu et al. integrated a smartphone with Cas12a detection and a 
microfluidic chip to develop a portable platform capable of 
digital and multiplex nucleic acid detection [25]. As shown in 
Figure 2B, the three-dimensional-printed smartphone attach-

ment contains a 465 nm laser diode, a 525/15 nm bandpass fil-
ter, and a 16 mm external lens, and is powered by three AAA 
batteries. In a complementary approach, Ball et al. used high-
power LEDs (10 W, blue 465 nm, green 523 nm, red 623 nm) as 
excitation sources, combined with corresponding bandpass fil-
ters [57]. An LED light source was used for excitation, and a 
single-layer plastic filter film served as the emission filter, 
enabling both naked-eye visualization and smartphone imag-
ing. In duplex detection validation, when excited with a green 
LED and observed through a 550 nm long-pass filter, only West 
Nile virus-positive samples appeared red. When excited with a 
blue LED and observed through a green filter, only CHIKV-
positive samples appeared green. Samples positive for both tar-
gets produced a composite yellow signal. This design demon-
strates that multiplex fluorescence detection can be achieved 
using a smartphone coupled with simple optical accessories.

4.1.2 Handheld dedicated devices

Beyond smartphone-based attachments, researchers have 
developed stand-alone handheld diagnostic devices integrat-
ing heating, optical detection, and wireless communication 
capabilities, which provide enhanced operational autonomy 
and field robustness.

The WeD-1 handheld isothermal fluorescence detection device, 
developed by Pang et al., was specifically designed for on-site 
detection of aquatic pathogens [46]. The device weighs only 
280 g and is compact enough to be carried in a backpack. It 
features a three-dimensional-printed casing and a computer 
numerical control-machined aluminum heating block equipped 
with a built-in proportional-integral-derivative temperature 
control algorithm to ensure precise temperature regulation. 
The optical module consists of a 480 nm excitation LED and a 
500–670 nm bandpass filter. A viewing window on the top of 
the device allows direct visual observation of fluorescence 
color changes. The device connects to a smartphone applica-
tion via Bluetooth, enabling real-time temperature program 
configuration, reaction temperature monitoring, and fluores-
cence signal observation (Figure 2C). Combined with an 
enhanced one-tube LAMP–Pyrococcus furiosus Argonaute 
detection method, this platform achieved duplex visual detec-
tion of largemouth bass iridovirus and Enterocytozoon hepa-
topenaei in shrimp.

The point-of-care kit for the entire test platform, developed by 
Xu et al., represents another ultra-portable, workflow-integrat-
ed design concept [69]. As depicted in Figure 2D, the platform 
weighs less than 100 g and measures under 25 cm, allowing it 
to be stored within a B5-sized envelope. The architecture con-
sists of an integrated chip (i-chip) for DNA extraction, purifi-
cation, and signal amplification, paired with a foldable card-
board housing (f-box) that serves as the smartphone interface. 
This housing integrates an LED source and a smartphone cra-
dle, leveraging the device’s native capabilities for thermal regu-
lation, optical detection, and data readout. The platform’s clini-
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Table 1. Summary of representative fluorescence-enhanced isothermal amplification strategies for multiplex pathogen detection
Technology  
category

Technique 
name

Signal generation 
mechanism

Enzyme/protein Detection target(s) Number 
of targets

Temperature LOD Ref.

Hydrolysis-de-
pendent probes

RPA RPA+Exo probe Exonuclease III MRSA I, MRSA II, and MRSA 
III

3 37 °C 10 copies/reaction [34]

Conformation-
dependent probes

RT-LAMP-
MB

RT-LAMP+MB probe NA SARS-CoV-2
ORF1ab, N

2 54 °C ORF1ab: 20 copies/μL; 
N: 2 copies/μL

[58]

DARQ RT-LAMP+DARQ 
probe

NA E. coli dnaE, λ phage DNA, 
human CFTR, human BRCA1, 
C. elegans lec-10

4 65 °C <100 copies/reaction [18]

QUASR RT-LAMP+QUASR 
probe

NA WNV, CHIKV 2 63–65 °C 2–100 PFU equivalents/reaction [57]

QUASR RT-LAMP+QUASR 
probe

NA ZIKV, CHIKV, DENV-1 3 67 °C ZIKV: LOD95=22 PFU/mL; 
CHIKV: 103 PFU/mL; 
DENV-1: 103 copies/μL

[37]

Hydrogel RT-
LAMP

RT-LAMP+QUASR 
probe

NA MRSA mecA,
CREC blaNDM

2 65 °C 1 copy/reaction [59]

Cleavage-depen-
dent probes

MERT-
LAMP

RT-LAMP+MERT Nb.BsrDI Listeria monocytogenes 
lmo0733, Listeria ivanovii 
smcL

2 64 °C 250 fg DNA/reaction [60]

TEC-LAMP RT-LAMP+TEC Tth endonuclease IV Streptococcus pneumoniae 
SPNA45_01710, Neisseria 
meningitidis NMO_1242, Hae-
mophilus influenzae pstA, IAC

4 67 °C S. pneumoniae: 39.5 copies/reaction;
N. meningitidis: 17.3 copies/reaction;
H. influenzae: 25.9 copies/reaction 
(95% probit)

[61]

Proofman RT-LAMP+Proofman Pfu polymerase SARS-CoV-2 N, ORF1ab, IC 3 60 °C 100 copies/reaction [62]
HFman RT-LAMP+HFman 

probe
Q5 polymerase SARS-CoV-2 ORF, E, human 

β-actin (internal reference)
3 64 °C 115 copies/reaction [63]

CRISPR SHER-
LOCKv2

RPA+CRISPR Cas13/
Cas12a cis/trans-clea-
vage

LwaCas13a, PsmCas13b, 
CcaCas13b, AsCas12a, 
EiCsm6/LsCsm6/TtCsm6

ZIKV ssRNA, DENV ssRNA, 
synthetic ssRNA, synthetic 
dsDNA

4 37 °C 2 aM [27]

CRISPRD LAMP+CRISPR 
Cas13/Cas12 cis/
trans-cleavage

HiT7 RNA polymerase, 
TccCas13a, HheCas13a, 
AapCas12b

HPV16 E6/E7, HPV18 E6/
E7, human RNase P (internal 
reference)

3 56 °C 10 copies/μL [36]

RPA-CRIS-
PR/Cas12,13

RPA+CRISPR 
Cas12a/Cas13a cis/
trans-cleavage

LbaCas12a, LwaCas13a, 
T7 RNA polymerase

Norovirus GI (GI-NoV), Rota-
virus A (A-RoV)

2 37 °C 102 copies/μL [28]
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SDR COLUMBO PCR/RPA+Cas9 
R-loop+SDR

SpyCas9 (wild-type, 
H840A nickase, dCas9)

SARS-CoV-2 E, N1, N2; 
SARS-CoV-1; MERS-CoV; 
SARS-CoV-2 variants (Alpha 
S-gene H69/V70 deletion, 
Delta N-gene Q9 deletion)

3 37 °C 1 copy/μL [56]

CRISPR-
TMSD

RPA/RT-RPA+Cas12a 
cis-cleavage+TMSD

LbaCas12a EGFR mutations (L858R, 
T790M, delE746-A750); 
SARS-CoV-2 S mutations 
(N501Y, D614G)

3 37 °C (Cas12a); 
25 °C (TMSD)

1 copy/μL [66]

TOA PCR/RPA+Cas12a 
cis-cleavage

LbaCas12a Clinically relevant mutations: 
EGFR (T790M, S768I), TP53 
R248W, PARP1 T>G, BRAF 
V600E, PIK3CA E545D

NA 37 °C (Cas12); 
0 °C

0.037% [67]

Note: LOD, limit of detection; Ref., reference; RPA, recombinase polymerase amplification; RT-LAMP, reverse transcription loop-mediated isothermal amplification; MB, molecular beacon; 
DARQ, detection of amplification by release of quenching; QUASR, quenching of unincorporated amplification signal reporters; MERT-LAMP, multiple endonuclease restriction real-time loop-
mediated isothermal amplification; TEC-LAMP, Tth endonuclease cleavage loop-mediated isothermal amplification; CRISPR, clustered regularly interspaced short palindromic repeats; Cas, 
CRISPR-associated; SDR, strand displacement reaction; TMSD, toehold-mediated strand displacement; TOA, toehold activator; PCR, polymerase chain reaction; DNA, deoxyribonucleic acid; 
RNA, ribonucleic acid; ssRNA, single-stranded RNA; dsDNA, double-stranded DNA; cfDNA, cell-free DNA; PFU, plaque-forming unit; MRSA, methicillin-resistant Staphylococcus aureus; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ORF, open reading frame; WNV, West Nile virus; CHIKV, chikungunya virus; ZIKV, Zika virus; DENV, dengue virus; CREC, car-
bapenem-resistant Escherichia coli; IAC, internal amplification control; IC, internal control; SHERLOCKv2, specific high-sensitivity enzymatic reporter unlocking version 2; CRISPRD, CRISPR 
multiplexed diagnostic assay; HPV, human papillomavirus; RNase P, ribonuclease P; GI-NoV, genogroup I norovirus; A-RoV, group A rotavirus; COLUMBO, Cas9 R-loop usage for molecular 
beacon opening; EGFR, epidermal growth factor receptor; TP53, tumor protein p53; PARP1, poly(ADP-ribose) polymerase 1; BRAF, B-Raf proto-oncogene; PIK3CA, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha; NA, not applicable. Species names are italicized.
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cal utility was validated across 172 specimens, identifying both 
thalassemia mutations and urinary tract infection pathogens 
with area under the receiver operating characteristic (ROC) 
curve values ranging from 0.978 to 1.000, demonstrating 100% 
concordance with gold-standard methods.

4.2 Microfluidic chip integration: Automation and high 
throughput

The synergistic integration of high-throughput sample process-
ing with portable optical detection has emerged as a significant 

Figure 2. Schematic illustrations of portable fluorescence detection systems. (A) Structure of the LAMPbox portable detection platform; 
(B) Structure and detection principle of a 3D-printed portable smartphone attachment; (C) Internal structure of the WeD-1 handheld isothermal 
fluorescence detection device; (D) Structure and detection workflow of the fully integrated ultra-portable POCKET platform. This figure was 
cited from [25, 37, 46, 69]. temp, temperature; Cas12a, CRISPR-associated protein 12a; crRNA, CRISPR RNA; ssDNA, single-stranded DNA; 
PCR, polymerase chain reaction; LED, light-emitting diode; RGB, red-green-blue; iRPAS, integrated RNA purification and amplification sys-
tem; i-chip, integrated chip; 3D, three-dimensional; POCKET, point-of-care kit for the entire test; E & F, exposure and focus; ISO, International 
Organization for Standardization.
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paradigm for achieving multiplex, high-sensitivity on-site 
testing.

Droplet microfluidics compartmentalizes the reaction mixture 
into tens of thousands of picoliter-scale droplets, enabling 
digital absolute quantification. The number of target mole-
cules per droplet follows a Poisson distribution, allowing the 
initial concentration to be directly inferred by counting the 
number of positive droplets, thereby eliminating the need for 
a standard curve [70]. The CRISPR/Cas12a digital single-mol-
ecule microdroplet biosensor platform, developed by Zhao et 
al., integrates CRISPR/Cas12a detection with microdroplet 
technology to achieve amplification-free, duplex detection of 
meat adulteration [71]. The core innovation leverages the con-
finement effect of microdroplets, reducing the reaction volume 
to the picoliter scale and thereby increasing the local target 
concentration. This enhancement allows the collateral cleavage 
activity of Cas12a to detect targets at concentrations as low as 
10 copies/μL, representing a 3×107-fold increase in sensitivity 
compared with conventional tube-based methods (Figure 3A). 
The droplet Cas12a detection platform developed by Yue et al. 
further harnessed this microfluidic strategy by dispersing 
Cas12a reaction volumes into millions of picoliter droplets [72]. 
By significantly enhancing reaction kinetics through local-
ized concentration effects, this platform achieves absolute 
quantification of DNA at the single-molecule level without 
pre-amplification.

Chip-based microfluidics achieves multiplex detection through 
spatial encoding via physical partitioning, effectively circum-
venting spectral overlap limitations. The flap endonuclease 
1-aided RPA-chip platform, developed by Ma et al., integrates 
flap endonuclease 1-assisted RPA with a self-priming micro-
fluidic chip for high-plex pathogen screening [73]. The chip 
features a radial layout with 24 reaction chambers distributed 
around a central inlet, with fluidic connectivity established via 
microchannels. The chip is pre-degassed to generate negative 
pressure, facilitating autonomous sample loading without 
external pumps or valves (Figure 3B). Each chamber is pre-
loaded with dried, target-specific probe mixtures, enabling 
position-encoded multiplex detection. In a 12-plex arbovirus 
detection assay, the platform achieved a sensitivity of 10 cop-
ies/reaction with excellent specificity and no cross-reactivity. 
When evaluated using 16 SARS-CoV-2-positive clinical sam-
ples, a 9-plex assay demonstrated 100% concordance with 
reverse transcription qPCR results. As illustrated in Figure 
3C, the microfluidic device with CRISPR-Cas12a and multi-
plex RPA platform developed by Xu et al. combines the spatial 
encoding strategy with Cas12a detection [74]. By utilizing 48 
independent reaction chambers on a microfluidic chip, the 
platform achieves parallel detection of nine HPV subtypes, 
demonstrating the potential of spatial encoding for clinical 
screening applications.

4.3 Intelligent diagnostic engineering: Intelligent signal 
analysis and generative design 

As fluorescence isothermal amplification technologies advance 
toward higher throughput and greater multiplexing capacity, 
the dimensionality of the data generated by detection systems 
increases dramatically [64, 71]. Traditional manual interpreta-
tion and rudimentary threshold-based analysis are increasingly 
inadequate to meet the demands for accuracy, reproducibility, 
and efficiency. The introduction of intelligent signal analysis 
approaches—including automated image recognition and seg-
mentation, feature extraction from fluorescence kinetic curves, 
and quantitative modeling through multi-parameter data fusion 
using machine learning algorithms—is fundamentally trans-
forming the paradigm of fluorescence data processing [26, 71, 
75]. These advances provide critical support for the on-site 
application and large-scale implementation of multiplex de- 
tection. 

4.3.1 Image recognition and classification

In microfluidic and digital isothermal amplification, automated 
fluorescence image analysis is a prerequisite for accurate count-
ing. Traditional image processing software (e.g., ImageJ) relies 
on manually defined thresholds, which are not only labor-inten-
sive but also lack robustness against background noise and 
non-uniform illumination. The application of deep learning-
based object detection models enables rapid and accurate iden-
tification and classification of multicolor fluorescent spots.

Yang et al. integrated QUASR with a hydrogel-based digital 
LAMP platform, leveraging the YOLOv8m algorithm to de- 
velop an AI-powered, color-encoded digital LAMP system 
[59]. The research team collected 4,773 manually annotated 
spot images to train the object detection model, which achieved 
rapid, automated identification and quantification of multicolor 
spots within 2–4 seconds, with higher accuracy than manual 
analysis using ImageJ. The system enabled single-copy-level 
multiplex quantification of bacteria across 10 different food 
matrices.

The versatile Multi-RPA-CRISPR/Cas12a-G4 portable chip 
developed by Li et al. utilizes the YOLOv5 object detection 
model to interpret colorimetric results from multi-chamber 
chips [75]. The researchers compiled a training set of 10,976 
images and a validation set of 4,000 images, with the 
YOLOv5-s model achieving an mAP@0.5 of 0.996 and com-
pleting image analysis within 2–4 seconds. Following deploy-
ment as a smartphone app, users can simply upload a chip 
image to automatically obtain detection results. In genetically 
modified organism detection, the system achieved 93.3% accu-
racy with an LOD as low as 1 aM.

The R-CHIP platform, developed by Xu et al., integrates a 
hand-driven centrifugal microfluidic chip with the Residual 
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Network-18 deep learning model for multiplex nucleic acid 
detection of high-risk HPV [76]. To optimize model perfor-
mance, the researchers curated a dataset comprising 10,976 
training and 4,000 validation images, utilizing data augmen-
tation techniques to vary fluorescence intensities. Upon 
deploying the model on a smartphone, its performance was 
validated using 100 clinical cervical swab specimens. The 
model achieved an overall classification accuracy of 94.0%, 
with areas under the ROC curve exceeding 0.98 for all catego-
ries. The R-CHIP platform completes the entire workflow from 
sample lysis to automated readout within one hour, creating a 
closed loop between electricity-free, manual microfluidic 
operation and smartphone-based deep learning decoding. This 
offers an ideal solution for large-scale, intelligent high-risk 
HPV screening at the community level.

4.3.2 AI-assisted molecular tool development

Intelligent signal analysis transcends the post-detection data 
processing phase, progressively permeating the upstream 
development of detection systems through generative design 
and predictive modeling. AI models trained on large-scale 
datasets can uncover sequence-function relationships that are 
difficult to capture intuitively, significantly raising the perfor-
mance ceiling of detection systems.

In predictive design, Wei et al. systematically elucidated the 
gRNA design principles for CRISPR-associated protein 13d 
effectors using convolutional neural networks (CNNs) [77]. 
This work established the most comprehensive gRNA func-
tionality dataset to date, comprising 127,071 gRNAs targeting 
55 essential genes and tens of thousands of control sequences. 
Robustness was evaluated on validation sets containing thou-
sands of endogenous gene targets. When comparing the predic-
tive performance of linear, ensemble, and deep learning mod-
els, CNNs exhibited the best performance (area under the ROC 
curve =0.845).

However, traditional predictive models often neglect the spatial 
conformational information of nucleic acid. Addressing this 
limitation, Riley et al. proposed a deep learning architecture 
named Sequence And Structure for RNA functional predic-
tion [78]. This model innovatively incorporates the RNA  
secondary structure matrix as a matrix input channel parallel 
to sequence information. The key innovation of this model is  
its efficient 2D structural encoding—representing nucleotide 
base-pairing interactions as an N×N structural adjacency 
matrix—thereby enabling the CNN to autonomously learn 

structure-derived abstract features pertinent to molecular 
function. By processing the RNA secondary structure matrix 
in parallel with sequence information, the Sequence and 
Structure for RNA functional prediction model significantly 
outperformed sequence-only models and traditional thermo-
dynamic methods in both simulated and real-world tasks. In 
complex systems such as aptaswitches, the model screened 
high-performance targeting sequences with a 10.7% improve-
ment over Nucleic Acid Package designs using only 384 train-
ing samples.

To provide a systematic overview of this emerging interdisci-
plinary field, Table 2 summarizes representative studies in 
intelligent signal analysis and AI-assisted molecular design, 
including the types of deep learning algorithms employed, 
dataset scales, and key performance metrics, thereby facilitat-
ing direct comparison of their capabilities and application 
scenarios.

The amalgamation of portable readouts, microfluidics, and 
deep learning signifies a profound paradigm shift in multiplex 
diagnostics: transitioning from hardware-reliant analytical 
chemistry to data-driven molecular informatics. By physically 
compartmentalizing reactions, microfluidics elegantly resolves 
the inherent spectral overlap bottleneck of fluorescence, while 
smartphone-based optics decentralize the diagnostic power. 
More importantly, the infusion of AI elevates the entire eco-
system from passive detection to proactive prediction. Moving 
forward, the ultimate diagnostic platforms will likely be highly 
miniaturized, fully automated, and seamlessly connected to 
cloud-based epidemiological networks, thereby transforming 
isolated POCT devices into distributed nodes for real-time 
global syndromic surveillance.

5 CONCLUSION

Despite significant strides in fluorescence isothermal amplifi-
cation, translating laboratory prototypes into reliable POCT 
products remains challenging due to fundamental biochemical 
and physical bottlenecks. From a molecular perspective, the 
geometric increase in primer and probe complexity elevates the 
risk of cross-reactivity and false negatives, often necessitating 
extensive empirical optimization. In terms of signal encoding 
capacity, spectral overlap limits single-tube multiplexing to 
typically four targets, while spatial multiplexing via microflu-
idics introduces device complexity and higher sample con-
sumption. Furthermore, amplification bias arises from compe-

Figure 3. Schematic illustration of integrated microfluidic systems. (A) Schematic illustration of the detection principle and workflow of the 
CC-drop platform; (B) Schematic illustration of the structure of the FARPA-chip platform; (C) Schematic illustration of the detection principle 
and workflow of the MiCaR platform. This figure was cited from [71, 73, 74]. CC-drop, CRISPR/Cas12a digital single-molecule microdroplet bio-
sensor; FARPA, flap endonuclease 1-aided recombinase polymerase amplification; MiCaR, microfluidic device with CRISPR-Cas12a and mul-
tiplex recombinase polymerase amplification; CRISPR, clustered regularly interspaced short palindromic repeats; Cas12a, CRISPR-associated 
protein 12a; crRNA, CRISPR RNA; RPA, recombinase polymerase amplification; HPV, human papillomavirus.
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Table 2. Summary of deep learning applications in intelligent signal analysis and molecular design for isothermal amplification
Application 
category

Deep learning 
model

Diagnostic platform/
target Dataset Key parameters/metrics Ref.

Image rec-
ognition and 
classification

YOLOv8m Hydrogel digital LAMP
(MRSA, CRE)

4,773 spot images Performance metrics: AUC=0.877;
Ultrafast analysis time (2–4 s);
Outperforms conventional manual thresh-
olding (ImageJ).
Validated across 10 diverse food matrices.

[59]

Yolov5-s Portable Mul-
ti-RPA-CRISPR/Ca-
s12a-G4 chip
(GMO: CaMV35S, NOS)

10,976 training images, 4,000 
validation images

Performance metrics: mAP@0.5=0.996; 
Automated smartphone readout accuracy 
of 93.3%.
Features: 1 aM LOD.

[75]

ResNet-18 R-CHIP
(HR-HPV 16/18)

10,976 training images, 4,000 
validation images

Performance metrics: 94.0% overall ac-
curacy for 4-class classification;
macro- average AUC=0.9924.
Validation: 100 clinical cervical swab 
samples.
Features: 1 aM LOD.

[76]

Molecular 
design/pre-
diction

CNN Cas13d gRNA design 
(CasRx, DjCas13d)

Training: 127,071 CasRx gRNAs 
targeting 55 essential genes, 
14,111 control gRNAs, and 
3,563 non-targeting gRNAs (to-
tal 144,745); validation datasets 
include CD58/CD81 and CD46/
CD55/CD71 in HEK293FT cells.

Performance metrics: AUROC=0.875; 
AUPRC=0.638.
Validated across 5 endogenous genes with 
consistent AUROC>0.85.
Features: High-confidence predictions 
(threshold ≥0.9) yielded up to 94% true 
positive rate.

[77]

SANDSTORM+ 
GARDN

Functional RNA design
(Toehold switches, 5’ 
UTR, RBS, Cas13a 
gRNA, aptaswitch)

Functional RNA datasets: 
Toehold switches–Angenent-Ma-
ri et al.; 5’ UTRs–Sample et al.; 
RBS–Höllerer et al.; CRISPR 
gRNAs–Metsky et al. (ADAPT 
dataset); Aptaswitch–custom 
384-sequence small dataset

Performance metrics: Matches or outper-
forms SOTA models with 58%–95% fewer 
parameters;
Ultrafast design speed (<1 s for whole-
genome scan).
Features: Exceptional few-shot learning 
capability (beats thermodynamic tools with 
minimal data);
Maintains high 2D structural fidelity.

[78]

Note: AUC, Area Under the Curve; mAP@0.5, mean Average Precision at Intersection over Union (IoU) threshold of 0.5; AUPRC, Area Under the 
Precision–Recall Curve; AUROC, Area Under the Receiver Operating Characteristic Curve; MRSA, Methicillin-resistant Staphylococcus aureus; 
CRE, Carbapenem-resistant Enterobacteriaceae; LAMP, Loop-mediated Isothermal Amplification; RPA, Recombinase Polymerase Amplification; 
CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats; Cas12a, CRISPR-associated protein 12a; Cas13a, CRISPR-associated pro-
tein 13a; Cas13d, CRISPR-associated protein 13d; GMO, Genetically Modified Organism; CaMV35S, Cauliflower Mosaic Virus 35S promoter; 
NOS, Nopaline Synthase terminator; HR-HPV, High-Risk Human Papillomavirus; RBS, Ribosome Binding Site; UTR, Untranslated Region; 
CNN, Convolutional Neural Network; SOTA, State-of-the-Art; LOD, Limit of Detection; aM, attomolar (10-¹⁸ M); HEK293FT, Human Embry-
onic Kidney 293FT cell line.

tition for shared resources, which disproportionately compro-
mises the quantitative accuracy of highly homologous targets.

These intrinsic limitations are practically reflected in currently 
Food and Drug Administration-authorized LAMP products, 
which exhibit vast disparities in analytical sensitivity (up to a 
200-fold difference for SARS-CoV-2) and often fall short of 
WHO clinical standards [19]. This highlights the persistent 
gap between technical feasibility and clinical reliability in 
complex infection scenarios.

Translating these methodologies into commercial-grade diag-
nostic platforms is further impeded by varying degrees of tech-

nical maturity and engineering hurdles. While spectral encod-
ing strategies boast high technological readiness due to their 
compatibility with existing qPCR infrastructure, emerging 
approaches face formidable challenges. Orthogonal CRISPR-
based detection struggles with multi-enzyme stability and 
batch-to-batch consistency, whereas SDR-based logic circuits 
remain largely at the proof-of-concept stage, hindered by the 
high synthesis costs of complex nucleic acid structures and 
their inherent instability in crude clinical samples.

Compounding these engineering challenges is the lack of stan-
dardized regulatory frameworks. The absence of unified per-
formance evaluation metrics comparable to established qPCR 
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protocols complicates regulatory clearance. Furthermore, 
highly integrated microfluidic chips and multiplex drug-resis-
tance panels demand rigorous companion diagnostic clinical 
trials. Additionally, as deep learning models increasingly aug-
ment CRISPR diagnostics, their ‘black-box’ nature necessitates 
the integration of explainable AI to navigate stringent regula-
tory pathways and facilitate clinical adoption.

Driven by the WHO’s comprehensive REASSURED (real-
time connected, easy to collect, affordable, sensitive, specific, 
user-friendly, rapid, robust, equipment-free, and deliverable) 
vision, the paradigm of diagnostic development is shifting 
from experience-driven to AI-driven design [79]. Deep learn-
ing and generative models now enable the prediction of gRNA 
sequences for ‘day-zero’ diagnostics of emerging variants, 
while protein language models guide the engineering of supe-
rior Cas enzymes. Consequently, multiplex isothermal ampli-
fication is transcending traditional infectious disease diagno-
sis, expanding into precision antimicrobial resistance panels, 
tumor liquid biopsies for early screening, and large-scale envi-
ronmental and food safety monitoring.

Looking forward, the convergence of these advanced diagnos-
tic technologies with wearable devices (e.g., bio-sensing face 
masks and pathogen-analyzing sweat patches) represents the 
next frontier of POCT [80, 81]. These innovations promise to 
redefine the diagnostic landscape by shifting from intermittent, 
symptom-triggered testing to continuous, non-invasive health 
monitoring. Ultimately, this transition will democratize access 
to accurate, intelligent diagnostic services, realizing a funda-
mental shift in global health governance and preemptive dis-
ease intervention.
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