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Abstract

On-site nucleic acid analysis for infectious diseases can be rapidly achieved through molec-
ular point-of-care testing (molecular POCT), which plays an indispensable role in early
pathogen identification, timely clinical intervention, and public health emergency response.
Performance improvements in such systems are largely driven by innovations in functional
materials that refine nucleic acid extraction, amplification, and signal output. This article
reviews recent developments in functional materials deployed in molecular POCT, with
emphasis on nucleic acid capture matrices, amplification-promoting agents, and signal
transduction components. From a medical device regulatory standpoint, we examine how
material characteristics shape key analytical indicators, including sensitivity and speci-
ficity, and discuss critical risks such as off-target amplification and batch inconsistency.
Finally, we outline future directions, highlighting cross-disciplinary cooperation to rec-
oncile technological innovation with risk control for translating advanced materials into
high-performance molecular POCT products.
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1. Introduction

Infectious diseases remain a grave global public health concern, responsible for mil-
lions of deaths annually and recurrent pandemic events such as COVID-19 and Chikun-
gunya [1]. Traditional laboratory nucleic acid assays, exemplified by centralized Polymerase
Chain Reaction (PCR) and microbial culture, deliver gold-standard diagnostic outcomes
with high accuracy and reliability. However, their clinical deployment is severely restricted
by specialized laboratory infrastructure, trained personnel, and lengthy turnaround times
ranging from several hours to days [2]. These constraints are particularly limiting in
resource-limited settings, emergency departments, and primary care facilities, where rapid
diagnosis directly improves patient outcomes and supports effective public health inter-
ventions [3,4]. Molecular point-of-care testing (POCT) has emerged as a transformative
technological approach, merging the high analytical sensitivity of nucleic acid amplification
with the speed and portability of near-patient testing [5,6]. Contemporary molecular POCT
platforms integrate full process functions including sample handling, in situ nucleic acid
amplification, and signal detection into compact, user-friendly devices, enabling accurate
nucleic acid detection within 15-60 min independent of centralized laboratories facilities [7].
Cumulative clinical and epidemiological evidence has validated that POCT significantly
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facilitates early case identification, prompt treatment initiation, and standardized outbreak
containment for high-burden infections including Human Immunodeficiency Virus (HIV),
tuberculosis, malaria, influenza, Respiratory Syncytial Virus (RSV), and COVID-19 [8].

From the perspective of regulatory science, no commercial nucleic acid detection
products have been approved and explicitly labeled as “molecular POCT” or “point-of-care
testing” by National Medical Products Administration (NMPA) of China. Nevertheless, nu-
merous rapid nucleic acid detection kits based on real-time PCR or isothermal amplification
have been certified as Class Il medical devices, e.g., (1) Coyo® FlashDetect™ SARS-CoV-2
& Influenza A/B Nucleic Acid Detection Kit (real-time PCR, 25 min, NMPA Class III);
(2) Ustar RSV Nucleic Acid Detection Kit (isothermal amplification, 30 min, NMPA Class
III) [9-11]. These products are registered alongside fully automated integrated instruments,
forming integrated detection systems that satisfy the functional definition of molecular
POCT. Notably, these commercial products adopt the unified official registration name of
“PCR Nucleic Acid Detection Kit”, without specific POCT labeling. In terms of core techni-
cal features and intended clinical application which including bedside or on-site operation,
ultra-rapid detection and one-stop-sample-to-answer workflows, these approved products
largely meet the core technical criteria of molecular POCT and enable decentralized, on-site
rapid nucleic acid testing at frontline medical institutions. Although these functionally
qualified POCT products have been widely deployed in clinical settings, their detection
stability, reaction efficiency, and overall operational robustness fundamentally rely on the
intrinsic properties of their core functional materials.

The overall performance of molecular POCT devices is fundamentally governed by the
functional materials employed in each functional unit. In this work, functional materials
are defined as key consumables and structural components supporting automatic nucleic
acid testing. According to their roles throughout the POCT workflow, we categorize
them into three major groups: nucleic acid extraction materials, integrated chip materials,
and amplification reagent materials. Nucleic acid extraction materials are responsible
for purifying target nucleic acids from clinical samples. Integrated chip materials mainly
serve as microfluidic carriers for integrating multiple reaction units. Amplification reagent
materials consist of enzymes, primers, fluorescent probes and buffers for nucleic acid
amplification and signal generation. Among them, functional nucleic acids represented by
primers, probes and CRISPR-related guide RNAs are typical biomacromolecular materials,
which play an irreplaceable role in specific recognition and signal transformation.

A variety of advanced materials, including inorganic nanomaterials, customized syn-
thetic polymers, functional nucleic acids, and composite biomaterials, process unique
physicochemical advantages such as high specific surface area, adjustable sensitivity and
specificity, and operational simplicity [12]. Nevertheless, translating advanced material
technologies into regulatory-cleared products demands systematic performance verifica-
tion, full cycle risk assessment and management, and strict compliance with continuously
updated regulatory guidelines issued by NMPA, FDA, and WHO [13,14].

Different from existing material focused or technique-oriented reviews, this paper
summarizes the latest research advances of functional materials for molecular POCT by
integrating material innovation and regulatory science perspectives. We focus on three
core functional modules: nucleic acid extraction, amplification enhancement, and signal
transduction. This paper further evaluated the technical characteristics and application
prospects of representative POCT platforms, analyzed the regulatory bottlenecks restricting
the clinical transformation of novel materials, and process future developmental directions
and optimization strategies for high-performance regulatory compliant molecular POCT.
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2. Molecular POCT Workflow and Material Roles

Traditional PCR rely on temperature-controlled processes provided by heating devices
to achieve exponential amplification of nucleic acids, requiring considerable time for
completion. Additionally, the high-power consumption of these instruments limits their
application in POCT. However, with the emergence of isothermal amplification techniques
such as recombinase polymerase isothermal amplification (RPA), loop-mediated isothermal
amplification (LAMP), nucleic acid sequence-dependent amplification (NASBA), rolling
circle amplification (RCA), and strand displacement amplification (SDA), reaction times
have been significantly reduced, and the requirements for equipment have been lowered,
leading to a wide variety of molecular POCT detection methods. Furthermore, recent
breakthroughs in research and applications of the CRISPR and CRISPR-associated protein
(Cas) systems have made them effective tools for sequence-specific targeted detection.
When combined with nucleic acid amplification techniques, these systems can amplify
detection signals. Numerous studies have reported highly sensitive, highly specific, and
rapid molecular POCT assays based on CRISPR technology. The development of these new
technologies has also imposed higher demands on functional materials.

A complete molecular POCT system consists of three successive modules (Figure 1):
(i) sample preparation, covering lysis, nucleic acid immobilization, washing, and elution;
(if) nucleic acid amplification via PCR or isothermal techniques; and (iii) signal generation
and interpretation to yield visually readable outputs. Functional materials exert a decisive
influence on performance at each stage, and impairment in any module can result in
erroneous diagnostic conclusions.

Biological samples Sample preparation Nucleic acid amplification Signal generation/outputs
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Figure 1. Schematic overview of the molecular POCT workflow including three sequential opera-
tional modules: sample preparation, nucleic acid amplification, and signal readout. Representative
functional materials involved at each stage are highlighted, including sample preservation solutions,
magnetic beads, microfluidic chips, and amplification reagents. This figure is inspired by the design
ideas reported in Zu et al. [5] and Wang et al. [12].

Given that the original sample may contain various endogenous inhibitors affecting
nucleic acid amplification reactions—particularly at low pathogen concentrations—it is
necessary to isolate and purify the nucleic acids to ensure high amplification sensitivity. To
meet the portability, integration, and automation requirements of POCT, various functional
materials must be integrated into a single sealed, portable device, effectively controlling
cross-contamination while maintaining high specificity and sensitivity for diverse testing
scenarios; consequently, any deficiency in the functional materials of any module could
lead to erroneous diagnostic conclusions.

The WHO REASSURED framework defines desirable attributes for POCT systems [15].
Simultaneously satisfying these criteria represents the central challenge in materials engi-
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neering: extraction materials must achieve high nucleic acid recovery without concentrating
inhibitors; amplification materials must retain activity under ambient storage and simpli-
fied thermal control; detection materials must generate clear signals without reliance on
laboratory instruments. From a regulatory perspective, REASSURED aligns with NMPA
performance requirements for nucleic acid detection reagents under Device Classification
Code 6840, as well as CLSI guidelines.

3. Nucleic Acid-Binding Materials for Sample Preparation

Sample preparation constitutes the most technically challenging step in molecular
POCT. Clinical specimens including nasopharyngeal swabs, oropharyngeal swabs, saliva,
bronchoalveolar lavage fluid, sputum, whole blood, cervical swabs, vaginal swabs, urethral
swabs, urine, and stool contain various inhibitors that can suppress downstream amplifica-
tion if not efficiently removed [16]. In addition to clinical specimens, sample preparation is
also closely related to the nucleic acid detection technique subsequently employed. Among
the common real-time PCR and isothermal amplification techniques used in molecular
POCT, three categories of functional materials have driven advancements in this module.

3.1. Silica-Based and Magnetic Nanoparticles

Silica materials capture nucleic acids via pH and chaotropic agent-dependent electro-
static interactions between phosphate backbones and protonated silanol moieties. Meso-
porous silica nanoparticles (MSNs) with pore diameters of 2 to 50 nm exhibit specific surface
areas up to 1000 m? g1, supporting efficient extraction from low-abundance samples while
excluding high-molecular-weight inhibitors through size exclusion. Jung et al. reported a
silica-based pipet tip column nucleic acid extraction for nasopharyngeal and saliva sam-
ples (Figure 2a) [17]. Silica-coated magnetic nanoparticles Fe304@SiO;, combine magnetic
separability with silanol-mediated binding, enabling centrifugation-free nucleic acid purifi-
cation using integrated magnets in cartridge systems for POCT applications [18-20]. Such
solid-phase nucleic acid extraction method exhibits prominent advantages by offering a
novel solution to automate nucleic acid extraction for massive sample batches including
blood and other samples. With simple operational procedures, this extraction approach is
highly suitable for automated workflows, large-scale detection and in low technological
clinical scenario [21,22]. For instance, M. Barutiak reported a specific ligand-modified
Fe304@Si0, system designed to enhance RNA separation efficiency. Specifically, core—shell
Fe30,4@SiO; nanoparticles (approximately 10 nm) were coated with different organic lig-
ands on the surface, and the selection of these specific ligands was based on their functional
groups to improve RNA binding capacity [23].

Furthermore, the development of microfluidic chips has provided robust technical
support for innovating nucleic acid extraction methods. By utilizing a specialized fluid
channel system within the chip, buffer solution is sequentially introduced into the reaction
zone, enabling efficient nucleic acid extraction and purification. As shown in Figure 2b. for
immiscible phase nucleic acid extraction in Hepatitis C Virus (HCV) detection by a PRECISE
(Point-of-care RNA /DNA Extraction Cartridge using Immiscible phase Separation) device,
a microfluidic module with circular chambers was designed, with adjacent chambers
separated by mineral oil barriers. A permanent magnet controls the free movement of
magnetic beads across these oil barriers, enabling the beads to sequentially complete HCV
nucleic acid binding, washing, and elution in different reagent-containing chambers. The
mineral oil prevents cross-contamination between reagents, and the module’s hydrophobic,
low-roughness PMMA base (superior to 3D-printed resin) ensures optimal magnetic bead
movement and stable HCV nucleic acid extraction performance [24].
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Figure 2. Silica and magnetic nanomaterials for pathogen detection in POCT devices. (a) Procedure
for nucleic acid extraction in 3 min using the silica-based tip column combined with a disposable
syringe. (b) mechanism of nucleic acid extraction of the PRECISE device from whole blood. From
refs. [17,24].

Regulatory review imposes stringent demands for batch-to-batch consistency, biologi-
cal safety, and impurity control. Currently, silica-based solid-phase extraction remains the
dominant technology in commercial nucleic acid purification [25,26], as exemplified kits
such as the Qiagen QIAamp series and Sansure Biotech silica-based extraction reagents,
as well as FDA-cleared platforms including the VERIGENE System and Roche High Pure
nucleic acid isolation kits. Notably, such separate usage of extraction reagents is relatively
common in NMPA-approved products, where they are often not listed among the core
components of diagnostic kits, but specified as supplementary materials in the “required
but not provided” section with corresponding filing numbers indicated. This is because
separately marketed nucleic acid extraction reagents are regulated as Class I medical de-
vices under the Chinese notification system. By contrast, highly integrated automated
all-in-one POCT systems are usually closed systems with full integration. Lysis buffer, wash
buffer, elution buffer, and other extraction reagents all serve as integral core components
of the system and are declared together with the diagnostic assay in a single registration
application. Under common practice, these reagents are typically presented in the form of
lyophilized beads.

3.2. Functional Nucleic Acids for POCT

Nucleic acid aptamers, also known as chemical antibodies, are single-stranded DNA
or RNA molecules containing fewer than 100 bases. The bases within these molecules can
form stable three-dimensional structures through interactions such as hydrogen bonds,
van der Waals forces, and hydrophobic stacking. Developing simple and rapid aptamer
screening methods to expand the repertoire of nucleic acid aptamers capable of recognizing
diverse target molecules will significantly advance their application in POCT technologies.
Aptamers and CRISPR-Cas guide RNAs act as sequence-specific capture tools for POCT
sample processing [27-31]. Solid supports functionalized with aptamers facilitate selec-
tive enrichment of target pathogens, particularly in differentiating closely related strains.
As shown in Figure 3a, Aptamer-modified capture needles combined with piezoelectric
lysis enable pathogen-specific capture, in situ lysis, and rapid RNA enrichment; their
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selectivity for Escherichia coli is markedly higher than control groups, verifying aptamer
specificity. These systems process specimens in under 2 min and boost enrichment ef-
ficiency by three-fold, making them highly suitable for POCT pretreatment [32]. Chen
et al. developed a one-pot CRISPR-based terminal-specific amplification (CASTSA) plat-
form that eliminates pre-amplification, combines the high specificity of CRISPR-Cas12a
and high sensitivity of qPCR, and achieves accurate HPV subtype discrimination with
18 copies/reaction detection limit when coupled with a laser-induced graphene-based elec-
trochemical sensor [33]. Leveraging functional nucleic acid design principles—including
CRISPR-Cas complexes, G-quadruplexes, gold nanoparticles (AuNP)-DNA conjugates,
and DNAzymes—these tools are widely implemented in isothermal amplification (RPA,
NASBA, MCDA, LAMP) to develop advanced molecular POCT products [34-40]. For
instance, a portable, single-step CRISPR-based diagnostic platform named SCOPE was
established for point-of-care of monkeypox virus (MPXV) detection. Integrating rapid
viral lysis, one-pot RPA-CRISPR/Cas13a reaction and miniaturized pod-shaped detection
device, this assay completes whole testing within 15 min from multiple clinical matrices,
reaching ultrahigh sensitivity of 0.5 copies/pL. Validated in 102 clinical samples, it exhibits
perfect consistency with real-time PCR, enabling simplified, rapid and field-deployable
CRISPR diagnosis in resource-limited scenarios [41] (Figure 3b). In another typical case,
G-quadruplex functional nucleic acids are combined with NASBA isothermal system to
realize rapid fluorescent molecular detection of Classical Swine Fever Virus achieving
ultra-low detection limit of two copies/uL (Figure 3c) [42].
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Figure 3. Functional nucleic acids for pathogen detection in POCT: (a) Aptamer-modified capture
needles integrated with piezoelectric lysis enable specific pathogen capture; (b) Schematic illustration
of SCOPE for monkeypox virus detection. (¢) G-quadruplex functional nucleic acids are combined
with NASBA isothermal system. From refs. [32,41,42].
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3.3. Paper-Based Materials for POCT

The paper-based materials for POCT typically serve as solid-phase support substrates,
providing a medium for reactions while enabling direct observation of the generated sig-
nals. Paper-based materials including cellulose paper, glass fiber membranes, FTA cards,
and paper microfluidic chips serve as low-cost, efficient capture substrates for nucleic acid
extraction. Through capillary action, porous fiber structures, and surface chemistry, paper
platforms enable rapid capture, enrichment, and preliminary purification from complex
clinical specimens. Specifically, the interconnected porous fibrous network achieves dual
effects: it retains target nucleic acids via surface adsorption and also performs passive filtra-
tion to physically intercept amplification interferents such as cell debris, mucus, aggregated
proteins and fine particulates. Performance is governed by fiber composition, pore size, sur-
face modification, and chemical pretreatment, which determine binding capacity, recovery
rate, inhibitor removal, and elution efficiency [39,43,44]. In molecular POCT for infectious
pathogens, paper-based components support fully integrated, equipment-independent
workflows by unifying capture, washing, and amplification in a single device [45-47].
Functionalized paper matrices strengthen specific DNA /RNA binding while mitigating
interference from hemoglobin, bile salts, polysaccharides, and nucleases that impede down-
stream amplification. Optimized paper-based systems achieve sensitivity comparable to
conventional column- or magnetic bead-based methods, with detection limits reaching
1 CFU/mL for bacteria and 10-100 copies/mL for viral nucleic acids [48-51]. Moreover,
paper substrates exhibit high compatibility with lyophilized reagents and isothermal am-
plification techniques (LAMP, RPA, CRISPR-Cas), supporting stable storage, simplified
operation, and rapid readout for field-deployable diagnostics [52-55]. Despite advantages
in cost, portability, and usability, paper-based capture faces limitations including variable
recovery, incomplete inhibitor elimination, and limited integration scalability (Figure 4).
Rational design of pore architecture, surface functionalization, and buffer chemistry has
alleviated these constraints, establishing paper as a reliable capture platform for decentral-
ized molecular POCT in endemic and pandemic infectious disease settings [56-58]. These
materials feature strong adaptability and are well suited for PoN (Point-of-Need) diagnos-
tics, a field-testing modality equivalent to on-site POCT. Their versatile properties also
render them valuable for syndemic preparedness, which refers to emergency prevention
and response against concurrent outbreaks of multiple infectious pathogens. Long-term
ambient storage of unstable reagents is essential for field-ready POCT. Lyophilization
excipients—trehalose, sucrose, PVP, and BSA—form protective glassy matrices around
enzymes and capture beads during freeze-drying, preserving activity through dehydration—
rehydration cycles [7,59]. Integration of lyophilized extraction beads directly into sealed
POCT cartridges fully removes cold chain requirements. Phase change materials (PCMs)
adapted from food warming technology utilize solid-liquid transition latent heat to main-
tain isothermal reaction temperatures within +£1 °C without external power, enabling
self-contained, electricity-free POCT for field use [60].
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4. Amplification-Enhancing Materials

For amplification-dependent nucleic acid detection assays, polymerases are the key
materials that dominate overall detection efficiency. While CRISPR-based platforms are
capable of direct target identification without prior amplification, the inherent sensitivity
of standalone Cas proteins is insufficient for clinical applications. In practice, such CRISPR
systems are usually coupled with nucleic acid amplification to achieve robust signal en-
hancement. Within these integrated systems, polymerases and functional nucleic acids,
typical biomacromolecular materials, serve as major amplification-enhancing components,
laying the material foundation for high-efficiency detection in molecular POCT.

4.1. Engineered Polymerases and Isothermal Amplification Systems

As the core drivers of nucleic acid amplification, polymerases govern POCT per-
formance through their inhibitor tolerance, processivity, and thermal stability. Modified
thermostable polymerase variants such as inhibitor-resistant Taq SD, rTaq, and chimeric
Tth/Taq fusion enzymes support direct amplification from minimally processed samples,
eliminating the need for specialized nucleic acid extraction [61]. Fusion enzymes for RT-
PCR merge reverse transcription and DNA amplification into a single enzymatic reaction,
simplifying POCT for RNA pathogens such as SARS-CoV-2, influenza and HIV [62-64].
Isothermal amplification techniques, including LAMP (63 to 65 °C), RPA (37 to 42 °C),
NASBA, and SDA, eliminate the need for thermal cycling, greatly simplifying instrument
design [65-67]. Lyophilized reagent formulations such as Bst polymerase mixed with
LAMP primers in a trehalose matrix or recombinase combined with optimized lyopro-
tectants for RPA can be pre-integrated into cartridges during manufacturing, enabling
single-step user reconstitution [68-70].

4.2. Crispr-Based Signal Enhancement

CRISPR-based signal amplification fundamentally relies on engineered protein ma-
terials and functional nucleic acid biomacromolecules, which serve as the core enabling
components for ultra-sensitive molecular POCT. A panel of well-established CRISPR di-
agnostic platforms, such as DETECTR, HOLMESv2, SHERLOCK and NASBACC, have
been widely deployed for nucleic acid detection. They are all built upon Cas effector
proteins and custom functional nucleic acids to realize signal amplification. Upon target

https:/ /doi.org/10.3390/chemosensors14070163


https://doi.org/10.3390/chemosensors14070163

Chemosensors 2026, 14, 163

90f23

sequence binding, engineered Cas12a and Cas13a initiate strong collateral trans-cleavage
activity, especially targeting fluorophore-quencher dual labeled reporter nucleic acids.
These rationally designed functional nucleic acid probes acts as signal switching bioma-
terials, converting molecular recognition events into measurable fluorescent signals and
achieving exponential signal amplification beyond traditional isothermal amplification.
As illustrated in Figure 5a—d, these platforms deliver outstanding analytical performance
including attomolar sensitivity and single-nucleotide discrimination, largely attributed to
optimized gRNA sequence design and high specificity Cas effector materials. Such material
innovations support precise variant identification for SARS-CoV-2, influenza A /B subtyp-
ing, and antibiotic resistance gene detection [71-73]. Furthermore, POCT compatibility is
enabled by specialized lateral flow substrate materials and immobilized reporter bioma-
terials. Lateral flow-compatible CRISPR reporters translate this analytical capability into
equipment-free visual readout suitable for POCT formats. Notably, the modular design of
these core material design and signal amplification workflow are transferable to infectious
pathogen POCT. The antibody—DNA functional magnetic materials enrichment module can
be modified with pathogen-specific aptamers or antibodies to concentrate trace microbes in
clinical specimens, while the CRISPR amplification and lateral flow readout unit retains
universal compatibility for protein and nucleic acid targets. Recent studies have adopted
identical magnetic enrichment-CRISPR-LFA frameworks for ultra-sensitive visual detection
of respiratory viruses, MRSA and pathogenic fungi, reaching comparable pg-level detec-
tion limits. In addition, material optimization for anti-interference optimization of urinary
lateral flow strips offers practical solutions for complex biological samples in infectious
disease testing [74-76].

a @‘@ d
& SNP detection RNA from NASBA
6 \¢ DETECTR f 5 Ny
Cancer screening o l
\ [ 1 /' Trigger
=_ \‘_/‘:]'
== Casl2a e e
Q —> rpa  Casl2a CrRNA *' — Bacterial infection l s“,“_“d DNA Slmn,d;)mhuh
375 detection %mxj o Trigger 5_ Tlarget-specific PAM
0min  37°C dsDNA G‘é; =
@ / 30-60 min \‘ _ Cas9 and gRN/% 2

Antibioti : .
f & ntibiotic resistance //) \ ‘\

( (
A Viral infection Q \\\ — _J
g T7 7
¥ |-
b Tioger
Asymmetric PCR ~— Cas12b s 33 NS
/ target ssDNA VY NN\
DNA Sample o+ SZRNA trans-cleavage Sensor Sensor +
\ activated % —
LAMP ¥ 2 _Qy——_ > Ve
—e L 7~ K) - °
RIALAMP/' target dsSDNA
—eo* No activation ~ Toehold activation
RNA Sample ”
probe high fluorescence
C gi— Cas13a Collateral cleavage of reporter e CRISER/Cas12a activky.
r— detection release signal @ N crRNA
dsDNA — RPA 2 \‘ B
_— == T -2 DOl )
\ transcription ey L ‘9 ds DNA product ;Y/ék
S ~— — L = — 0 @9
| X PAM
~— X e
- RT-RPA -
RNA L\—iL‘ — JJ’ \—\.‘
-2 Cleavage reporter X Cas13a-crRNA - target sequence reporter DNA (OFF) reporter DNA (ON)

Figure 5. CRISPR-Cas-based detection integrated with isothermal amplification for molecular
POCT [73]. (a) DETECTR: Combines isothermal amplification with Casl2a collateral cleavage
for DNA detection. (b) HOLMESv2: Integrates LAMP with Cas12a, supporting multiplex nucleic
acid detection. (¢) SHERLOCK: Couples RPA with Cas13a to detect RNA/DNA targets via reporter
cleavage. (d) NASBACC: Combines NASBA with Cas activity for direct RNA pathogen detection.
(e) CPA-Casl2a-mediated lateral flow assay for MRSA detection, producing a visible strip readout.
Figure 5a—d is reproduced from ref. [73], Figure 5e is reproduced from ref. [75].
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5. Signal Transduction Materials

Regardless of the signal amplification method employed, signal visualization ulti-
mately relies on signal transduction materials such as fluorescent labeling or color reactions.

5.1. Fluorescent Materials

Fluorescence is the dominant detection approach adopted by mainstream commercial
molecular POCT devices, representative examples including Cobas Liat, Xpert, BioFire
FilmArray and ID NOW [77,78]. Mature fluorescent labeling technologies have been exten-
sively applied in multiple nucleic acid amplification modalities, covering conventional PCR
and prevalent isothermal amplification methods like LAMP, RPA and RCA. Non-specific
fluorescent intercalators, such as SYBR Green, EvaGreen, LC Green and PicoGreen, are
capable of tracing amplified products in a universal manner. In contrast, sequence-specific
tools, namely TagMan probes and molecular beacons, enable accurate target recognition
and effectively inhibit non-target amplification interference [61,79-81]. For multi-index
parallel detection in molecular POCT, classic fluorescent reporters such as FAM, HEX,
ROX and Cy-series chromophores are commonly utilized, whose excitation and emission
signals span ultraviolet, visible and near-infrared spectra. Fluorescent nucleic acid de-
tection technologies exhibit prominent advantages in diagnostic performance, including
ultrahigh sensitivity, reliable specificity and time-saving operational procedures. A wealth
of fluorescent reagents is available to match the miniaturization design of portable diag-
nostic equipment. To meet on-site rapid testing demands, molecular POCT systems are
designed to be highly integrated, with minimized sample and reagent dosage. Additionally,
high-performance optical sensing units are indispensable for precisely capturing faint
fluorescent signal changes generated by micro-volume nucleic acid amplification.

5.2. Colorimetric and Lateral Flow Materials

Colorimetric signal output relies on target-induced color variation in functional materi-
als, observable by the naked eye without equipment [82-85]. The core mechanism is target-
binding induced changes in material properties, leading to distinguishable color shifts.
AuNPs are the mainstream colorimetric materials in molecular POCT: dispersed AuNPs
show wine-red color via surface plasmon resonance, while nucleic acid hybridization-
induced aggregation turns them purple/blue, enabling semi-quantitative detection [86].
As presented in Figure 6a, Tong et al. constructed an integrated 3D-printed biosensing
device based on a CRISPR/Cas12a dual-enzyme system. Gold nanoparticles were adopted
to improve the enzyme labeling density, and alkaline phosphatase was conjugated through
single-stranded DNA. Visual detection can be realized by adding only a single substrate.
Without nucleic acid amplification and centrifugation, this colorimetric method achieves a
detection limit of 10 pM [87]. A COVID-19 colorimetric assay developed using thiol-linked
RNA-modified AuNPs and oligonucleotide probes targeting the ORFlab gene of SARS-
CoV-2, tested on 200 pharyngeal swab samples (with RT-PCR as the gold standard); this
method achieved 96% sensitivity, 100% specificity, a detection limit of 25 copies/uL, and a
total detection time of ~30 min, serving as a rapid, cost-effective alternative to conventional
RT-PCR, especially suitable for low-income and over-populated regions [88]. Amaral et al.
established a rapid single-tube RT-LAMP assay for visual SARS-CoV-2 detection within
30 min, which could identify fewer than 100 viral genome copies with high sensitivity and
specificity, and further developed an extraction-free saliva-based detection mode, low-cost
pretreatment strategy and pH-independent colorimetric visualization method for conve-
nient and accessible on-site testing. Jiang et al. developed a novel PPT-ccPCR assay that
integrates plasmonic magnetic nanoparticle-based photothermal amplification with gold
nanoparticle cross-linking colorimetry, enabling rapid, low-cost, instrument-free visual
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nucleic acid detection with high sensitivity down to 1.8 copies/uL and great application
potential in point-of-care pathogen diagnosis (Figure 6b) [89]. Additionally, silver nanopar-
ticles and quantum dots also serve as colorimetric materials, offering higher sensitivity or
multi-target discrimination [90,91]. Silver staining enhances AulNP color intensity by 10 to
100 folds via silver shell formation on aggregated AuNPs, as demonstrated in a colorimetric
silver detection method coupled with linker-PCR for DNA methylation detection, which
can detect as low as 0.1 fmol of target DNA amplicons [92].

LF materials (mainly LF strips) integrate sample loading, reaction and readout, with
signal output as visible test (T) and control (C) bands, driven by capillary action to transport
samples and trigger reactions on the strip. Nucleic acid LF strips adopt a sandwich structure
with AuNPs as labeling materials: target amplicons bind to AuNP-conjugated probes,
then are captured by T-band probes to form red bands (positive), while unbound probes
bind to C-band probes (validity indicator). No target results in only a C-band, realizing
simple qualitative detection. For instance, a RT-LAMP-LFA platform using biotinylated
DNA probes for SARS-CoV-2 detection achieves 98.11% sensitivity and 96.15% specificity,
with a total detection time of 35 min (Figure 6c) [93]. For LF signal output, nucleic acid
amplification increases amplicon quantity to enhance T-band intensity; DNAzyme-assisted
RCA and oriented probe immobilization further reduce background and improve specificity.
As shown in Figure 6d, Yu et al. designed a novel MPXV POCT kit integrating RPA-LFA,
with a closed design to reduce contamination, achieved 25 min visual readout, 100%
consistency with RT-qPCR, and high sensitivity (41 copies/mL in clinical samples) [94].
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Figure 6. Signal transduction materials for molecular POCT: (a) Workflow of evaluating AuNPs—
ssDNA-ALP conjugation and target DNA responsiveness; (b) Schematic of plasmonic cross-linking
colorimetric PCR (PPT-ccPCR) assay by integrating plasmonic magnetic nanoparticle (PMN)-based
PPT-PCR with AuNP-based cross-linking colorimetry; (c) Conceptual schematic of the RT-LAMP-LFA
point-of-care platform for viral RNA detection in clinical swab sample. (d) Conceptual diagram of
the LFA-RPA POCT assay for MPXV detection: principle and operation workflow. Figure 6b original
figure reproduced with permission from Ref. [89]. Copyright © Year American Chemical Society.
License Number: 6291741078029, License Date: 18 June 2026. Other figures are reproduced from
refs. [87,93,94].
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6. Representative Platforms and Regulatory Perspectives

We herein foucus on high efficiency, user-friendly sample preparation system and
field system implementation strategies, alongside the comparative analysis of typical
commercial molecular POCT platforms based on the performance, materials characteristics
and regulatory status summarized in Table 1.

Table 1. Summary of commercial molecular POCT products for pathogen detection. Analytical sensi-
tivity refers to the limit of detection (LOD) evaluated using standard reference materials. Diagnostic
sensitivity represents the true positive rate tested with clinical specimens. * Represents diagnostic
sensitivity (%), others are analytical sensitivity of the product. Key materials * are categorized into
housing, substrate and sensing components. Sensing modality indicates the signal readout principle
of each system. EUA: Emergency Use Authorization; temporary FDA authorization for the use during
public health emergencies, based on limited but promising evidence; CLIA-waived: designation
for tests simple and with low risk of error, allowing use in non-laboratory settings like clinics and
pharmacies; CE-IVD: certification that an in vitro diagnostic device meets EU safety and performance
standards and can be sold in the European market.

Diagnosis Diagnosis - —_— Sensing Approval
Product. Method Time (min) Sensitivity Key Material Modality Status
The BIOFIRE®
®
SPOTFIRE Flexible plastic Fluorescent 510(k) cleared,
System RT-PCR ~15 0.985 * . . .
O film detection CLIA-waived
(BioMérieux,
USA)
CLEO™ Q16 Fluorescent
(Wizbiosolu- RT-PCR ~30-40 / / . CE-IVD
. detection
tions, KR)
Q-POC™ Fluorescent
(QuantuMDx, RT-PCR ~30 ~97% * Thermoplastic . CE-IVD
detection
UK)
Convergys®
POC Fluorescent
(Convergent RT-PCR ~120 ~98% * Thermoplastic . CE-IVD
. detection
Technologies,
DE)
Flu B: 5000
CEID50/mL
Cov-19 HKU1:
4.0 x 10* copies/mL
Parainfluenza virus 3:
I({gisAsitrZ[t_(]):zx 2.3 TCID50/mL. Fluorescent
P y RT-PCR ~60 Rhinovirus: / . 510 cleared
Panel Plus detection
(Qiagen, DE) 8.9 TCID50/mL
’ Adenovirus B3:
4993 TCID50/mL
Mycoplasma
pneumoniae:
1.0 CCU/mL
QIAstat-Dx 1.0 3 g . Fluorescent
(Qiagen, DE) RT-PCR 60-75 / Thermoplastic detection 510(k) cleared
ID NOW™ . . Fluorescent
(Abbott, USA) NEAR 46,185 ~125 copies/mL Thermoplastic detection 510(k) cleared
Cobas Liat . Fluorescent
(Roche, USA) RT-PCR ~15 / Thermoplastic detection EUA, CE-IVD
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Table 1. Cont.
Diagnosis Diagnosis e s A— Sensing Approval
Product. Method Time (min) Sensitivity Key Material Modality Status
H3N2:
. 0.295 TCID53/mL,
cobas liat ’
H1NT1: 0.00325
SARS-Cov-2/ RT-PCR ~20 TCIDso/mL, Influenza ~ Thermoplastic | uoTescent EUA
FluA/B/RSV detection
(Roche, USA) B: 0.979 TCIDgy/mL,
oches SARS-CoV-2:
65.1IU/mL
SARS-CoV-2:
Xpert Xpress 138 copies/mL,
CoV-2/ Flu A Victoria: . Fluorescent
Flu/RSV plus RT-PCR 25-36 0.05 TCIDgy/mL, FluB; | Permoplastic detection EUA
(Cepheid, USA) 2.4 TCIDs5p/mL, RSV B:
0.37 TCIDsp/mL
Xpert Xpress
SARS-CoV-2/ . Fluorescent 510(k) cleared,
Flu/RSV RT-PCR 19~36 250 copies/mL Polypropylene detection CLIA-waived
(Cepheid, USA)
ePlex .dlglta.l .
Respirat microfluidic
esprratory (electrowet- SARS-CoV-2: Gold electrodes  Electrochemical
Pathogen Panel . ® ~90 - - EUA
ting) eSensor 0.01 TCIDsp/mL & thermoplastic detection
2 (GenMark/ .
Roche, USA) electrochemi-
! cal detection
Liaison® NES 6000 Clc;niljsl/: swab,
SARS-CoV-2/ Real-time H%NZ- '
Flu A/B/RSV Multiplex 18 8000 copies /S\'Nab Flu Polvpropvlene Fluorescent 510(k) cleared,
(Diasorin RT-PCR . p1es/ ! YPTopy detection CLIA-waived
Molecular, (Cartridge) B: 5000copies/swab,
USA ¢ SARS-CoV-2:
) 1000 copies/swab
Visby Medical . HINI: 106
. . copies/swab, H3N2:
Respiratory Disposable 125 copies/swab, Flu B: Fluorescent
Health Test microfluidic ~30 pies/ ! " Polypropylene . EUA
. ) 778 copies/swab, detection
(Visby Medical, PCR
UsA) SARS-CoV-2:
100 copies/swab
fully
FilmArray automatic
Pneumonia nested Fluorescent
Panel plus multiplex ~60 <103~10* copies/mL  Polypropylene detection 510(k) cleared
(BioMérieux, RT-PCR
USA) melting
curves

6.1. PCR-Based Platform and Regulatory Benchmarking

From a regulatory science perspective, the analytical performance of molecular diag-
nostic assays is strictly constrained by multiple technical and material factors. Analytical
sensitivity is directly determined by the surface area of extraction materials and their
binding kinetics, while analytical specificity relies on both probe sequence selectivity and
material induced interference, including cross reactivity of capture elements and non-
specific reporter adsorption. Assay reproducibility further necessitates rigorous control
over nanoparticle size distribution, surface functionalization density, and lyophilization
stability. As shown in Table 1, mainstream commercial PCR-based POCT devices pre-
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dominantly adopt thermoplastic and polypropylene substrates, while a small number of
ultra-rapid detection platforms apply flexible plastic film materials. Both thermoplastic
and polypropylene cartridges feature excellent mechanical stability, controllable batch
consistency, which conform to industrial mass production requirements. Benefiting from
standardized material preparation processes, these platforms such as Cobas and X pert
achieve stable diagnostic sensitivity and reliable reproducibility thus obtaining FDA 510K
clearance and EU CE-IVD or even CLIA-waived qualification with complete regulatory
documentation. In contrast, flexible plastic film based POCT systems represented by the
BIOFIRE system leverage the ultrathin, low thermal mass structural characteristic of flexible
substrates. Compared with rigid thick-walled thermoplastic chips, flexible films possess ex-
tremely low heat capacity and rapid thermal response, enabling ultra efficient heat transfer
and fast heating/cooling cycling. This unique material derived thermal advantage funda-
mentally supports ultra-rapid detection within 15 min. However, such flexible thin film
structures are more susceptible to dimensional deviation and material deformation during
fabrication, bringing higher technical barriers in large-scale standardized manufacturing
and demanding more stringent batch quality control to guarantee consistent detection
performance. Beside the mentioned commercialized substate technologies, the emerging
QUICK-PCR platform realized further accelerated POCT amplification via innovative
thermal control functional material design. Unlike the conventional plastic substrates,
this platform integrates ITO Joule heating films and phase change materials (PCMs) to
realize active and precise temperature regulation, breaking the thermal response limits.
These heating-related functional materials serve as core auxiliary components to optimize
temperature cycling efficiency. However, such customized composite material structures
lack unified manufacturing specifications and standardized stability evaluation criteria,
raising potential risks in batch consistency and long-term storage stability. Such material
specific uncertainties introduced distinct regulatory challenges, requiring systematic per-
formance validation to support the clinical translation and market approval of ultra-fast
POCT devices.

To secure marketing authorization from regulatory bodies including the FDA and
CE-IVD, direct clinical performance comparisons with currently approved commercial
products are essential. In terms of clinical indicators, regulatory compliance typically
requires clinical positive percent agreement (PPA) and negative percent agreement (NPA)
of no less than 95%, together with reliable limit of detection performance [95,96].

In FDA regulatory practice, most ultra-rapid molecular amplification platforms tend to
avoid explicit “bedside” or “POCT” labeling in official indications and are instead indicated
for rapid qualitative detection with matched dedicated instruments. There point-of-care
applicability is validated through clinical testing in near-patient settings rather than relying
on labeled terminology. Notably, the FDA adopts a risk-stratified, tiered regulatory frame-
work, and multiple authorized molecular assays are explicitly indicated for POCT use with
CLIA-waived status. Representative products include the Cepheid Xpert Xpress series and
Roche cobas Liat multiplex panels, which are fully approved for near-patient clinical de-
ployment. Certain platforms have even obtained authorization for over-the-counter home
testing, demonstrating the flexibility of current FDA labeling conventions. Additionally,
home-use diagnostics comply with independent and stricter regulatory specifications. Early
adherence to unified global standards is therefore essential to accelerate the clinical transla-
tion of innovative QUICK-PCR technology. The Cepheid GeneXpert system exemplifies the
typical integration of functional materials within a regulatory-cleared molecular POCT plat-
form [67]. Its cartridge combines silica-coated magnetic bead extraction, inhibitor-tolerant
RT-PCR with TagMan probes, and real-time fluorescence detection, supporting clinical
applications including tuberculosis, HIV viral load monitoring, SARS-CoV-2, and multiple
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respiratory panels. The global regulatory authorizations, including FDA clearances, NMPA
Class III (Code 6840) approval, and WHO prequalification, are fundamentally underpinned
by well documented material quality attributes. Strict lot-release specifications for magnetic
bead binding capacity, polymerase activity and probe hybridization kinetics are enforced
throughout manufacturing fully complying with the ISO 13485 quality management sys-
tem [97]. This standardized material control and regulatory validation framework provides
a practical and authoritative template to address the translational and regulatory challenges
of emerging ultra-fast POCT.

6.2. Isothermal Platforms: Regulatory Risk Profile

Commercial isothermal POCT platforms including RPA-based Abbott ID NOW, Eiken
LAMP systems, and CRISPR-integrated systems present distinctive regulatory risk profiles
compared to PCR-based platforms. The primary concern is non-specific amplification.
Unlike PCR with temperature-dependent specific amplification constraints, LAMP and
RPA lack inherent pre-reaction inhibition mechanisms [98,99]. Hot-start polymerase formu-
lations and physical separation of amplification and detection zones via wax valves have
been adopted to mitigate false positive generation and carryover contamination [100]. Batch
variability in isothermal functional materials, including UvsX recombinase lyophilization
uniformity, Bst polymerase unit activity, and AuNP particle size distribution necessitates
well defined lot-release protocols with quantitative acceptance criteria linked to assay key
performance indicators. Relevant NMPA guidance documents covering COVID-19, HBV,
HCYV, tuberculosis, and influenza specify raw material performance specifications aligned
with CLSI EP series guidelines [101-106].

6.3. Microfluidic Integration: Material Selection

It was reported that a retrospective validation study assessed the STANDARD M10
Fast Assay, a rapid, multiplex real-time RT-PCR kit by SD Biosensor designed for POC detec-
tion of Influenza A /B, RSV, and SARS-CoV-2 in nasopharyngeal swabs, utilizing archived
specimens collected during Italian respiratory surveillance and adhering to STARD guide-
lines [107]. Microfluidic chip material selection exerts significant impacts on both analytical
performance and regulatory compliance. PDMS, which dominates academic research, tends
to absorb hydrophobic amplification reagents, thereby reducing effective enzyme concen-
tration and introducing batch-to-batch variability. Cyclic olefin copolymer (COC) together
with polystyrene (PS), polycarbonate (PC) and polyethylene terephthalate (PET), features
minimal reagent adsorption and favorable dimensional stability, which well matches the re-
quirements of injection molding for large-scale manufacturing. All cartridge materials that
directly contacting patient samples require biocompatibility evaluation to exclude toxic or
interfering extractables, with particular attention to nanoscale leachable residues released
from polymetric substrates [7,66,98]. Ambient temperature stability is a core requirement
for field-deployable POCT. Accelerated stability studies (40 °C/75% RH for 6 months, used
as a surrogate for 2 years shelf life) must demonstrate that extraction efficiency, enzyme
activity, probe hybridization kinetics, and nanoparticle optical properties remain within
pre-defined specifications.

6.4. Requlatory Harmonization and Material Standardization

As shown in Table 1, most routine POC infectious disease molecular assays are
regulated as IVD devices by the FDA. Following successive official risk reclassification
adjustments, the vast majority of conventional nucleic acid-based POC tests have been
downgraded to Class II devices and formally authorized through the 510(k) premarket
notification clearance pathway [108,109]. At present, Class III Premarket Approval (PMA)
and temporary Emergency Use Authorization (EUA) are no longer adopted for commer-
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cially available conventional diagnostic products; EUA is reserved exclusively for emerging
pathogens and acute public health emergency scenarios. For POC testing manufactur-
ers, acquiring Clinical Laboratory Improvement Amendments (CLIA) waiver qualifica-
tion has become a core development goal, permitting widespread deployment beyond
high-complexity clinical laboratories. To obtain this waiver, products must demonstrate
straightforward operation and an extremely low risk of erroneous results, even under
suboptimal conditions or when operated by non-specialized personnel. Key validation
requirements include human factors assessment, stability and robustness testing, and inte-
gration of error-prevention design features [110]. Notably, diagnostics cleared for home
use or over-the-counter (OTC) sale automatically qualify for CLIA waiver, expanding
market accessibility while imposing stricter usability and labeling standards. Regulatory
frameworks differ significantly across regions in terms of classification rules, clinical evi-
dence requirements, and post-market surveillance. As a result, developers should establish
region-specific evidence strategies early in the product development process. For POC tests
to be distributed globally, they must comply with the distinct regulatory frameworks of
different regions. Within the European Union (EU), under the IVDR 2017 /746, most POC
infectious disease assays fall into Class B or C. These require third-party conformity assess-
ment by notified bodies as well as thorough evidence of clinical performance. The WHO
Prequalification Program for In Vitro Diagnostics (PQDXx) assesses assays for global health
procurement, prioritizing their alignment with target product profiles (TPPs), usability,
and performance in resource-constrained settings. While efforts to harmonize regulations
internationally led by the International Medical Device Regulators Forum (IMDRF) and
the WHO Global Model Regulatory Framework are ongoing. This situation arises mainly
from different official naming rules, rather than a lack of applicable products. In China, the
NMPA has approved a range of molecular POC nucleic acid detection kits, which are based
on technologies such as real-time fluorescence PCR, isothermal amplification, and microflu-
idics. Although official naming conventions prohibit the use of “POCT” or “point-of-care
testing” on labels, these systems are specifically designed to meet core POC characteristics:
rapid testing, full automation, and applicability at the patient’s bedside. Most of these
kits deliver results within 30 to 60 min, making them suitable for on-demand nucleic acid
testing in fever clinics, community healthcare facilities, and at the bedside. Classified as
Class III IVDs under NMPA regulations, these molecular POC products require premarket
technical review and comprehensive characterization of raw materials. Manufacturers must
declare all critical raw materials including magnetic bead extraction systems, amplification
enzymes, and fluorescent probes with strict specifications for their composition, binding
capacity, activity, purity, and uniformity. Any modifications to key raw materials or their
suppliers require re-validation and notification to regulatory authorities to ensure traceabil-
ity and batch-to-batch consistency. The NMPA also mandates systematic screening of raw
materials and comparative performance evaluations, covering aspects such as extraction
efficiency, inhibitor resistance, analytical sensitivity and specificity, signal stability, and
matrix compatibility. These preclinical data are a crucial component of the regulatory
dossier, justifying the selection of materials before clinical studies commence.

The global commercialization of molecular POC tests requires navigating these diver-
gent regulatory frameworks, with a growing focus on material standardization to simplify
access to international markets. Regulatory and governance models for POC tests vary con-
siderably across jurisdictions, differing in accreditation requirements and implementation
practices. While global regulators share the core objectives of ensuring diagnostic quality
and patient safety, their implementation methods differ significantly. Beyond regulatory ap-
proval, the effective deployment of POC tests faces notable practical challenges, including
the need for robust data management and integration with medical information systems.

https://doi.org/10.3390/chemosensors14070163


https://doi.org/10.3390/chemosensors14070163

Chemosensors 2026, 14, 163

17 of 23

For manufacturers, these requirements are increasingly reflected in NMPA submissions,
which now incorporate documentation related to software, data handling, and material
quality. Internationally, WHO IVD Prequalification and ISO 13485/15189 certification pro-
vide aligned quality frameworks that support the integration of global supply chains. The
adoption of standardized reference materials for extraction efficiency, polymerase activity,
and probe performance would further enhance the comparability of validation data across
jurisdictions, reduce regulatory uncertainty, and facilitate simultaneous global submissions
for molecular POC developers.

7. Future Directions and Conclusions

The advancement of infectious disease molecular POCT is mainly fueled by four
major material research directions: stimuli-responsive systems, multifunctional integrated
composites, eco-friendly biodegradable carriers, and intelligent sensing materials. Stimuli-
responsive materials, such as temperature-sensitive PNIPAM hydrogels enable thermally
controlled nucleic acid capture and release, simplifying pretreatment procedures and
omitting independent elution operations. DNA nanotechnology, including DNAzyme
hydrogels and DNA origami, supports customizable microscale structures for integrated
multi-step biochemical reactions. Integrated composite materials integrate nucleic acid
extraction, amplification and detection into one platform, minimizing manual operation and
assay duration, and greatly improving the stability and practicability of POCT systems. To
reduce environmental waste caused by disposable diagnostic consumables, biodegradable
substrates including paper microfluidics, natural biopolymers and composite hydrogels
have attracted extensive attention. Currently, global regulators have gradually incorporated
life cycle assessment into device development requirements, making sustainability an
essential consideration for IVD design.

The combination of novel intelligent sensing materials and artificial intelligence (AI) en-
ables in-depth processing of colorimetric, fluorescent and electrochemical signals. Beyond
simple digital conversion, Al algorithms perform real-time signal denoising, background
correction and automatic result classification to eliminate interference derived from com-
plex clinical matrices and material defects. This collaborative mode significantly improves
the accuracy and repeatability of POCT interpretation. Translating material innovations
into commercial IVD products requires interdisciplinary collaboration and standardized
regulatory management. Early communication with regulatory authorities, such as NMPA
pre-submission consultation and FDA Q-Submission, facilitates standardized material char-
acterization and meets regional compliance. Rigorous quality control including systematic
assessment of non-specific amplification, batch variability and matrix instability is essential
for reducing regulatory barriers for market approval.

Advanced functional materials have fundamentally addressed the core technical
drawbacks of traditional POCT platforms. Optimized nucleic acid capture carriers im-
prove sample purification and extraction efficiency, while anti-inhibition amplification
systems, phase change thermal control materials, and CRISPR-assisted detection tools
effectively narrow the performance disparity between point-of-care and central laboratory
testing. Such advances enable robust, reliable detection in resource-limited environments.
Meanwhile, diverse signal conversion materials support both rapid qualitative screening
and high-precision quantitative analysis, greatly expanding the applicable scenarios of
infectious disease POCT. While these material innovations have greatly upgraded the tech-
nical performance of molecular POCT, their translational maturity and commercialization
potential differ drastically. This review delivers explicit take-home messages regarding
the industrial applicability of mainstream POCT materials. Currently, thermoplastic and
polypropylene-based composites dominate translational research as the most commercially
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viable options, owing to mature manufacturing techniques, reliable batch consistency, and
complete ISO-standardized quality control systems that support scalable clinical deploy-
ment. In contrast, emerging functional materials including responsive hydrogels, DNA
nanomaterials, and biodegradable substrates remain confined to laboratory research, as
their unstable batch performance and immature industrial verification systems hinder
large-scale clinical transformation.

Beyond differentiated commercialization prospects, material-intrinsic flaws and incon-
sistent regulatory frameworks represent major translational obstacles. Widespread issues
including non-specific amplification, unstable biomaterial activity and matrix interference
frequently lead to clinical validation failures and regulatory rejection under FDA, CE-IVD
and NMPA supervision. To standardize raw material management for the IVD products,
NMPA has issued dedicated guiding principles that clarify standardized technical require-
ment for the research, characterization and quality control of core raw materials, filling
part of the domestic regulatory gap. Even so, emerging POCT functional materials lack
globally unified characterization and quality specifications, while regionally divergent
evaluation criteria further restrict synchronized large-scale industrial promotion. Balancing
technological innovation and standardized supervision is therefore the central priority for
future POCT development. The iterative optimization of China’s NMPA Class III IVD
system has aligned with international regulatory norms, offering a standardized commer-
cial pathway for high-risk molecular diagnostics. Future technological upgrading will
focus on the integration of intelligent nanomaterials, DNA nanotechnology, Al analysis and
green materials to achieve precise, accessible global infectious disease detection. Targeted,
region-adaptive verification strategies in early R&D stages are essential to break current
translational limitations and realize compliant industrial transformation of innovative
POCT materials.
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