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IPUMEHEHUWE TEXHOJIOTVIV MYJbTUILJIEKCHO TETEKIII
ITATOTEHOB: JOCTUSREHUA U ITEPCITIERTVIBbBI

ITu Ueati, Pan JIamsanv, L{ao 'yarneanv*
Boenno-mopckoit menuuyuckuii yaupepcuret, [Ilanxait, Kuraii
ITauxaiickasa Kio4eBas JabopaTopmusa MenuinHcKo 3amutel, [ITanxait, Kurai

BBEJEHME. ITaTorens! MHQEKINOHHBIX 3a00JIeBaHMiI 00JIa0AI0T TaKMMY XapaKTePUCTUKaMY KaK BUIOBOe pasHoobpasne u
TreHOMHAsA CJIO0XKHOCTD, YTO JleslaeT UX ObICTPYIO ¥ TOUHYIO COBMECTHYIO JeTeKLMIO CepbE3HOI 3a/laueli coBpeMeHHOCTH. MuKpo-
darronaHbIe TEXHOJIOTMHY, OJArofaps CBOMM MIPEMMYIIECTBAM, TAKMM KaK MUHMATIOPU3AIMA, PYHKIMOHAJJIbHAA UHTETPaIlns,
BBICOKa A IIPOITYCKHAA CIIOCOOHOCTD M BOCIIPOM3BOMMOCTD, JEMOHCTPUPYIOT OTPOMHBIN IIOTEHIMAJ B 9TOH 00J1aCTIL.

IEJDb. IIposectn cucreMaTndeckoe 00001IeHNe TOCTeNHNX AOCTVMKEHN B 00J1aCTY MHOTO(YHKIMOHAJIBHBIX MUKPOIIIONI-
HBIX JVIaTHOCTUYECKNX YCTPOIICTB, M3YUNTh BO3MOYKHOCTD X IIPYMEHEHMA TPV HaJINYINM HECKOJIBKIX IIATOT€HOB, & TAKMKEe TeX-
HMYECKIe OTPaHMYEeHNA U IIePCIIeKTYBHbIE HAIIPABJIEHNA UX KIMHNYIECKOTO IPYMEeHEeHN .

MATEPHAJIBI I METO/JBI. B nanHoi cTaThe paccMaTpPMBAIOTCA MHOTO(DYHKIMOHAJIbHBIE YCTPOCTBA JJIA NeTEKINM, OCHO-
BaHHBIE Ha TAKMX PACIPOCTPAHEHHBIX TEXHOJOIMYECKNX [TIOAX0AAX, KaK BIIEKTPOXMMIYIECKe CEHCOPBI, OIITIYECKYe CEHCOPHI,
VIMMYHOCEHCOPBI 11 GyMaskHble MUKPOMIIIONAHbIE IIIaT(OPMBI, 0cob0e BHUMAaHNUE yJeJAeTCs MHHOBAIMOHHBIM MeTOHaM MC-
TIOJIb30BAaHMA MUKPOMIIIOMAHON TEXHOJIOTUN aMIIN(UKAIMY HYKJIEMHOBBIX KJCJOT AJIA IOBBIIIEHNA YyBCTBUTEJIBHOCTY Je-
TEeKIUIL.

PE3YJIBTATBI. Paszsiyunble TUIBI MUKPO(IIIOUIHBIX YCTPOMCTB 3HAUNTEIBHO IIOBBICUIN S(P(EKTUBHOCTD M MHTETPAIIMIO
[eTEKTUPOBAHNA IaTOreHOB. IIpy 5TOM MMUKPOIIOMIHAA TEXHOJIOTMA aMILIM(PUKAIMM HYKJIEMHOBBIX KICJIOT Oarogapsa MH-
HOBAIVIOHHBIM PelIeHNAM IIPOAeMOHCTPMPOBaJa 3HaUNTENIbHbI ITIOTEHIIMAJ B ONTYMMU3aINY YyBCTBUTeIbHOCT. OgHAKO, ITIe-
PEKPECTHOE B3aMMOJEIICTBIE MEXKY aHAIM3UPYEMBIMI BeIl[eCTBAMM, IIO-IIPEKHEMY OCTAeTCs KJII0UeBbIM (PAaKTOPOM, BJIMA-
IOLIMM Ha (P (PEeKTUBHOCTb COBMECTHOT'O TECTYPOBAHNS.

OBCYMIEHMUE. HecMmoTpa Ha 3HAUNTEJBHBII IIPOrpece B 00JIaCTM TEXHOJIOTMI, COBMECTHAA JeTEKINA ITaTOTeHOB II0-IIPesk-
HeMy CTaJIKMBaeTCA C BbI30BAMM, CBA3AHHBIMI C Pa3HOOOpasmeM, CIOMKHOCTBIO M HaJesKHOCTBIO IIPAKTIYECKOTO IIPYMeHEeHN .
B 6ynymem pa3BuTiue qoJKHO ObITE HAIIPaBJIEHO Ha IOBBIIIIEHNE YHUBEPCAJIBHOCTHY, CTAaOMIIBHOCTY ¥ BKOHOMMYECKOI 3phek-
TYBHOCTY I1J1aT(HOPMBIL.

SARJIOYEHMNE. MysbTumniekcHasa MUKPOMIIIONAHA A TEXHOJIOTUA AeTeKTPOBAHNA YoKe JOCTUIJIA 3HAUNTENbHBIX yCIIEXO0B B
IMaTHOCTVIKe MH(EKIVMOHHBIX 3a00sieBaHMii 11 00J1a1aeT MMPOKYIMY ITePCIIeKTUBAMY KJIVHNYECKOTo IpUMeHeHN . JlasbpHeliinee
TEXHOJIOTMYECKOEe Pa3BUTYIE ABJIAETCA KIOYOM K BHEIPEHNIO JaHHBIX TEXHOJOTMI B KIVMHNYECKYIO IPAKTHKY.
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INTRODUCTION. Infectious disease pathogens exhibit species diversity and genomic complexity, making their rapid
and accurate combined detection a major challenge today. Microfluidic technologies, with their advantages such as
miniaturization, functional integration, high throughput, and reproducibility, demonstrate enormous potential in this field.
OBJECTIVE. To systematically summarize the latest advances in multifunctional microfluidic diagnostic devices, explore
the feasibility of their use in the presence of multiple pathogens, as well as technical limitations and promising areas for their
clinical application.

MATERIALS AND METHODS. This article reviews multifunctional detection devices based on common technological
approaches such as electrochemical sensors, optical sensors, immunosensors, and paper-based microfluidic platforms, with
a particular focus on innovative methods for using microfluidic nucleic acid amplification technology to improve detection
sensitivity.

RESULTS. Various types of microfluidic devices have significantly improved the efficiency and integration of pathogen
detection. Thanks to innovative solutions, microfluidic nucleic acid amplification technology has demonstrated significant
potential for optimizing sensitivity. However, cross-reactivity between analytes remains a key factor affecting the
effectiveness of combined testing.

DISCUSSION. Despite significant technological advances, collaborative pathogen detection still faces challenges related
to the diversity, complexity, and reliability of practical applications. Future developments should focus on improving the
platform’s versatility, stability, and cost-effectiveness.

CONCLUSION. Multiplexed microfluidic detection technology has already achieved significant success in infectious disease
diagnostics and holds broad clinical application potential. Further technological development is key to implementing these

technologies into clinical practice.

KEYWORDS: marine medicine, maritime medicine, microfluidics, multiplex detection, pathogens, sensitivity

Introduction. Infectious diseases are a major
challenge to global public health and seriously
threaten human health. According to the World
Health Organization (WHO) Global Health
Statistics 2019 report, infectious diseases rank
fourth among the causes of death worldwide, and
are particularly serious in developing countries
due to poor sanitation and lack of medical
resources. It is worth noting that developed
countries also face multiple challenges such as
food safety, outbreaks of infectious diseases
and sexually transmitted diseases [1]. With the
continuous emergence of new pathogens, the
development of rapid and economical multiplex
pathogen detection technology is of great
significance to curb the spread of infection. Early
diagnosis and precise treatment are key links in
the prevention and control of infectious diseases.
Therefore, the development of efficient pathogen
detection technology has important scientific
value and practical significance. Microfluidics
has become a research hotspot in this field due to
its unique advantages in pathogen detection. This
technology platform provides strong support for
the development of efficient detection methods

through its excellent flexibility and functionality
(Fig. 1). The core of microfluidics technology
lies in the design of its micron-level channels,
which can handle very small amounts of liquid
(10-9~10-18 L), thereby achieving high sensitivity
and high throughput detection [2]. Over the
past decade, microfluidics has made significant
progress, particularly in integrating complex
functional units into miniaturized platforms.
These platforms are typically only centimeters
in size, or even smaller, yet possess extremely
powerful functions, enabling multiple processes
such as specimen pretreatment, reaction,
detection, and cell culture [3, 4]. Furthermore,
combining various biosensors with microfluidics
has further expanded its applications in
pathogen detection. This combination not only
enables rapid diagnosis and highly repeatable
testing but also significantly improves the cost-
effectiveness of detection. These characteristics
make microfluidics a promising field for pathogen
detection, providing strong support for the early
diagnosis and control of infectious diseases.
Based on their detection principles, multi-mode
microfluidic devices can be categorized into elec-
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Fig. 1. Timeline for the development of microfluidic technology and multiplexed microfluidics
Puc. 1. XpoHosorna pa3BUTHUA MUKPOMIIIONIHOV TEXHOJOTUN Y MYJIbTUIIIIEKCHON MUK POMIIIONIVKN

Fig. 2. Schematic representation for multiplexed microfluidics
Puc. 2. CxemaTnaeckoe 1300paskeHye MyJIbTUILIIEKCHO MUKPOQIIONINKA

trochemical sensor-based, optical sensor-based,
immunosensor-based, and paper-based multi-
mode microfluidic technologies (Fig. 2). Each of
these technologies has its advantages and is suit-
able for different detection scenarios and practi-
cal needs. Electrochemical sensors have attracted
widespread attention due to their high sensitivi-
ty and rapid response; optical sensors, with their
multi-channel detection capabilities and high
sensitivity, are widely used in the detection of
complex samples; immunosensors use specific
antibody-antigen binding to achieve highly se-
lective and sensitive detection; and paper-based
multi-mode microfluidic technology, with its low
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cost and portability, has become an ideal choice
for rapid on-site detection. This review system-
atically summarizes the design of multi-mode
microfluidic chips to achieve simultaneous detec-
tion, reduce cross-reactivity, and improve sensi-
tivity.

Multi-microfluidic technology

Multi-microfluidic technology based
on electrochemical sensors

Electrochemical methods, including ampero-
metric, impedance, and voltammetric methods,
have been widely used in the detection of infec-
tious diseases. The working principle of an elec-
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trochemical sensor is that the biochemical re-
action between the analyte and the recognition
element fixed on the electrode causes a change
in the electronic signal, which is then converted
by the sensor [5]. In microfluidic technology, the
combination of electrochemical sensors and mi-
cro-channels significantly shortens the diffusion
distance between reactants, thereby accelerating
the interaction between the recognition element
and the target analyte. This design not only im-
proves detection efficiency but also enhances the
sensitivity and specificity of detection [6].

In the multi-target analysis of infectious dis-
eases, the key is to accurately distinguish two or
more signals while minimizing mutual interfer-
ence. To improve the selectivity of electrochemi-
cal sensors, there are two methods, which are di-
vided according to the number of tags in a device.

The first method is to integrate multiple tags
into the microfluidic device. This method is
achieved by immobilizing multiple antibodies on
one electrode. For example, researchers have suc-
cessfully constructed a multi-label electrochemi-
cal sensor by co-immobilizing two antibodies on
the surface of Fe304 nanoparticles. This sensor
distinguishes signals by observing different vol-
tammetric peaks generated by different probes,
thus achieving simultaneous detection of multi-
ple pathogens [7].

The second method is spatially distributed sin-
gle-label detection using an electrode array. This
method usees a patterned microelectrode array
based on microfluidic technology, capable of si-
multaneously and independently sensing mul-
tiple ions in an electrolyte solution [8]. A major
problem with this method is the mutual inter-
ference between adjacent electrodes. To address
this, researchers have proposed various electrode
spatial separation methods, such as independent
channel or chamber designs, which can effective-
ly reduce signal interference between electrodes
[9]. Electrochemical sensors integrated into mi-
crofluidic technology provide a promising plat-
form for infection detection because they do not
require external instruments and are compatible
with integrated circuits, making them relatively
suitable for point-of-care applications. Howev-
er, the design and application of electrochemical
sensors must be customized according to specific
needs, including the type of target pathogen, the
characteristics of the biological sample, and the
sample preparation method [10]. Currently, the

level of system integration and automation still
needs improvement to further optimize the de-
tection process and increase detection efficiency.
The integration of microfluidic technology with
electrochemical sensors provides a promising
platform for infection detection. This platform
requires no external instrumentation and is com-
patible with integrated circuits, making it suit-
able for point-of-care applications.

Multiplex Microfluidics Based on Optical
Sensors

Optical sensors have attracted much attention
due to their significant advantages in rapid mul-
tiplex detection of infectious diseases. These sen-
sors can complete detection in a short time (with-
in 15 minutes) [14]. Optical sensors emit signals of
different wavelengths, enabling them to detect
multiple pathogens simultaneously, thereby sig-
nificantly improving detection efficiency and ac-
curacy [15].

Fluorescent sensors are classified into the fol-
lowing categories based on their detection princi-
ples and design characteristics: First, multichan-
nel sensors, which can detect multiple biomarkers
simultaneously and in parallel. For example, re-
searchers have developed a multichannel droplet
array chip pre-loaded with detection reagents in
a “water-in-oil” form for bacterial lysis, RNA ex-
traction, and pathogen detection [16]. Although
this design has been widely used in multiplex
detection, its application is limited by the need
for external fluid control and the large size of
the equipment. Second, single-channel multiplex
sensors based on various separation techniques,
in which a single tag is used for detection. Mi-
crofluidic electrophoresis technology has been
developed for the separation and enrichment of
targets [17]. The core of this technology lies in
achieving efficient separation and enrichment of
targets through electrophoresis. Specifically, it
includes two basic steps: first, the specific bind-
ing of the probe to the target; second, the sepa-
ration and differentiation of the target by elec-
trophoresis. Third, the use of multicolor probes
to distinguish the signal. This method can simul-
taneously detect multiple targets by using fluo-
rescent probes of different colors, thus achieving
multiple detection. However, this method is lim-
ited by the number of available probes and the
mutual interference between different probes.
All three methods are homogeneous sensors, in
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which the optical sensor floats in the solution and
is detected by the fluorescence signal in the solu-
tion. In multiplex microfluidics, different probes
must be used to distinguish various fluorescence
signals to achieve multiple detection [18]. In opti-
cal sensor-type microfluidics that do not require
external instruments, colorimetric sensors have
received widespread attention due to their ease
of operation, low cost, and ability to determine
positive results by observing color changes with
the naked eye. Calcein is a commonly used colo-
rimetric indicator that allows to determine pos-
itive results by observing color changes with the
naked eye, thereby detecting pathogens [19]. In
addition, hydroxynaphthol blue, as an auxiliary
indicator, does not inhibit the sensitivity of cal-
cein, so it can be used in combination with calcein
to improve the accuracy and reliability of detec-
tion [20]. In addition to calcein and hydroxynaph-
thol blue, naked-eye monitoring by observing
precipitates or DNA-binding dyes has also been
incorporated into microfluidic technology. These
methods indicate the presence of target sub-
stances through color changes or the formation
of precipitates, thereby enabling rapid detection
of pathogens. However, these colorimetric sen-
sors still face some challenges in practical appli-
cations, such as limited detection sensitivity and
the possibility of color changes being affected by
environmental factors [21-23].

Multiplex Microfluidics Based on Immuno-
sensors Immunosensor technology is a detection
technique based on the binding of target anti-
gens to specific antibodies or antigens, enabling
the detection of various pathogens, biomole-
cules, and small molecules with high sensitivity
and selectivity. Multiplex microfluidics based on
immunosensors can be divided into planar de-
tection and suspended microsphere detection. In
two-dimensional (2D) planar multiplex detec-
tion, the surface of the microfluidic chip forms
a heterogeneous pattern by fixing multiple cap-
ture ligands to spatially discrete micro-dots. For
example, a thermoplastic microfluidic device
fabricated using laser-assisted protein micropat-
terning technology can detect four cancer-relat-
ed biomarkers [25]. Planar microfluidic detection
can be further divided into spatial segmentation,
temporal segmentation, frequency segmentation,
and barcode multiplexing [26]. In three-dimen-
sional (3D) suspended arrays, microspheres serve
as substrates to capture antibodies or target anti-
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gens in solution, forming a homogeneous pattern.
Unlike planar detection, which relies on planar
position for identification, microspheres use clas-
sifiers such as size or internal fluorophores for
detection allocation [27]. Immunomagnetic assays
serve as a highly efficient pathogen capture plat-
form. Pathogens can be efficiently separated and
enriched by using magnetic beads of varying siz-
es and magnetite content carrying pathogen-spe-
cific biotinylated recombinant phages[28]. Planar
heterogeneous immunoassays benefit from high
surface-to-volume ratios, while homogeneous
suspension assays use multiplexing and electro-
phoretic separation techniques in microfluidics.
The combination of microfluidics and immunoas-
says solves many problems in traditional immu-
noassays; they are characterized by low reagent
and sample consumption, rapid antibody-antigen
interaction due to high surface-to-volume ratios
and small length scales, and high reproducibili-
ty and throughput due to automated fluid han-
dling [29]. Despite the significant advantages of
microfluidic immunosensors in pathogen detec-
tion, current devices still face many limitations in
terms of system integration, sensitivity, and mul-
tiplexing capabilities. To improve the practicality
and convenience of these devices, the integration
of sample pretreatment and data analysis must
be strengthened. Furthermore, the sensitivity of
immunosensors can be further enhanced by us-
ing different tags and introducing signal trans-
duction pathways. Currently commonly used
tags include metal tags, redox tags, optical tags,
and enzyme tags. Enzyme tags catalyze the con-
version of substrates into detectable products,
and their numbers increase exponentially, thus
significantly amplifying the signal and improving
sensitivity. Alkaline phosphatase and horseradish
peroxidase are representative enzyme markers
[30, 31]. Optical markers, on the other hand, iden-
tify and locate antigens in specimens by linking
to antibodies, reacting with antigens, and gener-
ating light signals emitted by antigen-antibody
complexes. These signals can be observed under
a microscope or a charge-coupled device camera.

Due to its hydrophilicity and porosity, pa-
per-based multi-channel microfluidics exhibits
many significant advantages over traditional
capillary microfluidics, such as small size, low
cost, the ability to operate liquids without com-
plex equipment, and ease of manufacturing, thus
providing an innovative and efficient method for
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pathogen detection. Microfluidic paper-based
analytical devices (WUPADs) and lateral flow tests
(LFTSs), as typical representatives of paper-based
multiplexing microfluidics in infectious disease
detection, have been widely used. The conversion
between two-dimensional and three-dimension-
al structures can be achieved by folding, bend-
ing, and twisting paper, thereby establishing
multi-layer microfluidic channel connections be-
tween layers [33] This design not only improves
the flexibility and multifunctionality of detec-
tion but also provides a more effective platform
for the multiplex quantitative detection of var-
ious analytes. In particular, the 3D-uPAD with
a multi-layer fluid network has a particularly
prominent advantage in multiplex quantitative
analysis, capable of simultaneously detecting
multiple pathogens and significantly improving
detection efficiency and accuracy [34]. LFT has
long been widely used in the detection of human
chorionic gonadotropin (hCG) for self-monitor-
ing of pregnancy. A typical LFT device consists
of a sample pad, a conjugate pad, a nitrocellu-
lose membrane, and an absorbent pad. The sam-
ple pad ensures sufficient contact between the
liquid sample and the test strip; the conjugate
pad is pre-loaded with biomarkers conjugated
to specific molecules, which can bind to the tar-
get analyte and generate a detectable signal; the
nitrocellulose membrane is the core region that
immobilizes the trapped molecules for specific
binding to the target analyte; the absorbent pad
collects excess liquid by driving capillary forces,
thereby maintaining the flow balance of the test
strip [35-36].

Based on the design of LFT and methods to
improve its reusability, LFT-based reusable de-
tection can be divided into the following types.
The first type integrates multiple single-target
LFTs into the same detection kit. This method is
relatively simple for multi-target LFTs. In recent
years, researchers have developed a variety of
innovative LFT designs, such as multi-direction-
al designs (including origami-style, peace sign-
style, orthogonal sign-style, and disc designs),
bidirectional detection, and multi-line detection
(such as tree-like and forked signs). The second
type integrates multi-target detection into a sin-
gle LFT, applying strategies such as: using spatial
isolation within the same detection area (point or
line) to observe different targets; using different
signal converters for multiple tags on a single de-

tection line; and using barcode-assisted design
[38-41].

Nucleic Acid Amplification Methods
in Multiplex Microfluidic Technology

In recent years, the combination of microflu-
idic technology and nucleic acid amplification
technology has made significant progress in the
field of infectious disease detection. Polymerase
chain reaction (PCR), as a classic nucleic acid am-
plification technology, is widely used for the am-
plification of specific DNA fragments. For PCR
technology, researchers have designed two types
of microfluidic devices. The first is fixed-cham-
ber PCR microfluidic technology, which working
principle is similar to traditional PCR equipment,
where PCR reagents are fixed in the reac-
tion chamber, and nucleic acid amplification is
achieved through temperature cycling. This de-
sign retains the advantages of precise tempera-
ture control in traditional PCR while improving
reaction efficiency and portability by leveraging
the miniaturization of microfluidic chips. The
second is continuous-flow PCR microfluidic tech-
nology, which accelerates the analysis process by
providing fluid flow between two or three fixed
heaters. Compared with fixed-chamber PCR mi-
crofluidic technology, continuous-flow PCR mi-
crofluidic technology does not require complex
temperature cycling equipment, enabling fast-
er nucleic acid amplification, and is particularly
suitable for scenarios requiring rapid detection,
such as on-site point-of-care testing. The devel-
opment of microfluidic PCR technology has not
only improved the efficiency of nucleic acid am-
plification, but also provided new technical means
for the rapid and accurate detection of infectious
diseases. Multiplex polymerase chain reaction
(mPCR), as a highly efficient multi-target patho-
gen detection technology, achieves simultaneous
amplification of multiple targets by designing
multiple primers complementary to the target
gene and mixing them in the same reaction unit
or physically isolating them into different units.
Currently, mPCR technology has developed var-
ious methods, including standard endpoint meth-
ods based on gel or capillary electrophoresis,
probes labeled with different fluorophores, and
intercalation dyes based on melt curve analysis.
In probe-based multiplex detection, the detec-
tion results are identified by detecting dyes with
different fluorescent colors, among which mul-
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tiplex probes include TagMan hydrolysis probes
and molecular beacons. However, the limitation
of fluorescence channels means that probe-based
multiplex detection can usually only detect a
maximum of six sequences [43]. To overcome
this limitation, combinatorial probe encoding
technology has emerged, which combines fluo-
rescent groups into as many indicator probes as
possible, and can simultaneously amplify up to
ten target fragments even with limited detection
channels, significantly improving detection effi-
ciency. Microfluidic mPCR technology, based on
microfluidics, pre-fills microchambers with dif-
ferent primer pairs and uses precise fluid control
to split samples into different microwells for spa-
tially independent and specific PCR, effectively
avoiding non-specific amplification caused by
the formation of dimers or polymers between
nucleotide chains. Furthermore, the combina-
tion of microfluidics and PCR can divide sam-
ples into thousands or even millions of tiny units,
enabling digital detection, also known as digital
PCR. This technology has significant advantages
in improving detection sensitivity and accuracy.
However, when the template concentration is
low, the probability of splitting the template into
microwells containing specific primers decreases,
potentially causing false negative results. Table 1
shows commercially available microfluidic devic-
es for infectious disease detection.

Summary and Outlook

In the field of pathogen detection, there is no ab-
solutely optimal detection method, but rather only
the most suitable technical solutions for detecting
pathogens of different properties (Table 2). Micro-
fluidic technologies based on electrochemical sen-
sors, fluorescence sensors, and immunosensors, due
to their high sensitivity and rapid response, can
achieve multiplex detection of pathogens. Due to
their ease of operation and lack of external analyt-
ical equipment, microfluidic technologies, based on
colorimetric sensors, have become an easy-to-im-
plement pathogen detection method. Surface-en-
hanced Raman scattering (SERS) technology, with
its non-invasive detection advantage, has become
an ideal choice for non-destructive testing. Howev-
er, while these types of multi-pathogen microfluid-
ic technologies perform well in laboratory environ-
ments, they have certain limitations in field testing
scenarios. In contrast, due to their portability and
ability to manipulate liquids without external
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equipment, microfluidic paper-based analytical de-
vices and transverse flow assays can meet the needs
for field pathogen detection. Material sustainability
isalsoanimportant consideration in the early stages
of device design. Currently, most microfluidic de-
vices are made from unsustainable fossil polymers,
the disposal of which often requires incineration,
resulting in additional carbon dioxide emissions and
toxic chemicals. Therefore, sustainable materials,
such as recyclable and biodegradable plastics and
natural fibers, should be prioritized in development
and production to reduce environmental impact.

Microfluidic technology still holds great prom-
ise for the simultaneous detection of multiple
pathogens. First, the isolation and purification of
pathogens from complex clinical samples remains
a pressing problem. Direct pathogen detection is
difficult to achieve without appropriate sample
preparation steps. Microfluidic technology has
multiple functions, such as cell capture, enrich-
ment, and nucleic acid extraction and purifica-
tion [47, 48]. Microfluidics based on size exclusion
filtration has been applied to the capture and en-
richment of pathogens. The principle is to use the
physical properties of nanoparticles or microbe-
ads with high specific surface areas, combined
with rapid diffusion and dielectrophoresis tech-
niques in microfluidics [49-52].

Primer design constitutes the second major
challenge in multiplex nucleic acid detection.
Given the limited number of target nucleic ac-
ids, separating samples for parallel single-nucleic
acid amplification is impractical. Currently, re-
searchers have designed specific single primer
sets and multiple primer sets for multiplex nucle-
icacid amplification, aiming to reduce sample and
reagent consumption. However, the difference in
amplification efficiency between different prim-
ers often causes reduced detection sensitivity.
Using single primer sets targeting phylogeneti-
cally conserved sequences, nucleic acid amplifi-
cation can achieve the detection of a wide range
of pathogens without sacrificing sensitivity [53].
Furthermore, broad-spectrum PCR can identify
unknown, variant, or emerging causes of disease
infection [54]. Microfluidic chip sequencing and
high-resolution melting curve analysis have been
used to detect pathogens without amplicon, pro-
viding a better option for large-scale pathogen
identification [55-57]. Finally, research should
not be limited to laboratories and specialized op-
erators; improving the scalability of multiplex
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Mopcrasa meguinaa

detection devices
fluidic materials

laboratories (such as polydimethylsiloxane) are
not suitable for large-scale production, while tra-

is crucial. For example, micro-
commonly used in academic

ditional soft lithography techniques are not only
time-consuming but also have low throughput. In
contrast, microfluidic paper-based analytical de-
vices are more efficient and less expensive to pro-

Table 1

Summary of the commercial microfluidic devices used for infectious disease testing

Tabania 1

Kparkas undgopmarisi 0 KoMMepYeCcKIX MUKPOQIIOUIHBIX YCTPOICTBAX, MCIOJIb3YyeMbIX
IUIsl TECTUPOBAHNS Ha MH(PEKIMOHHBIE 3a001€BaHIsA

. Equipment Detection
Company Website Name Technology Target
Cephid https://www.cepheid.com/ GeneXpert® PCR NA
BioFire https://www.biofiredx.com/ FilmArray® Nested multiplex PCR NA
BD https://www.bd.com/ BD MAX™ Real-time PCR NA
. . .1 Amplidiag® Multiplex real-time
Mobidiag https://www.mobidiag.com Novodiag® PCR NA
. . . iChip-400 Isothermal
Baicare https://www.bai-care.com Onestart-1000 amplification PCR NA
Curetis https://www.curetis.com Unyvero A50 Multiplex PCR NA
GenePOC https://www.genepoc-diagnostics.com Revogene® PCR NA
GeneMark https://www.genmarkdx.com/ ePlex® Real-time PCR NA
Lumex https://www.lumex.com.cn/ AriaDNA Real-time qPCR NA
NA: Nucleic acid; PCR, polymerase chain reaction
NA: HyxkneunoBasa kuciyora; IIITP, monmmepasHad ielHaA peakuys
Table 2
Comparison of multiplex microfluidic techniques for simultaneous pathogen detection
Tabania 2
CpaBHeHNE MYJIbTUILIEKCHBIX MUKPO(IIIOMIHBIX TE€XHOJIOTHUII IJIs1 OMHOBPEMEHHOT0 00HAPY KEeHM S
IIaTOreHOB
Types Advantages Disadvantages:

Electrochemical Easy to use; rapid anall}.fsm; high Poor electrode stability:
sensors sensitivity; high repeatability; accuracy
Fluorescence High sensitivity; high selectivity; fast Sensitive to interference:
sensors response
Colorimetric Fast and simple analysis; no external Low §e.n51t%v1‘.cy; hmlte(.i quantltatlye

. . capability; limited multiplex detection
sensors equipment required; low cost

capability;

Surface-enhanced
Raman scattering
(SERS)

Fast analysis; small sample size; high
sensitivity; high signal strength

Low repeatability; high cost; short lifespan,;
complex manufacturing;

Immunosensors

Fast analysis; high selectivity; high
sensitivity; low cost; high repeatability

Non-specific binding;

Paper-based

Small sample size; low cost; liquid
manipulation without external equipment;

Limited sensitivity; limited quantitative
capability; limited multiplex detection

microfluidics easy to manufacture; miniaturization and capability:
portability; field detection P Y

N o ey False negative results may occur at low

Multiplex PCR Small sample size; high specificity; high template concentrations; high-precision

sensitivity

detection instruments are required.
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duce. Furthermore, future microfluidic technolo- big data analytics. This can be achieved by inte-
gies for infectious disease detection need to meet grating smartphone technology or AI-driven big
the needs of end-users and the requirements of data solutions.
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