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ABSTRACT

The spread of COVID-19 has caused huge economic losses and irreversible social impact. Therefore, to
successfully prevent the spread of the virus and solve public health problems, it is urgent to develop
detection methods with high sensitivity and accuracy. However, existing detection methods are time-
consuming, rely on instruments, and require skilled operators, making rapid detection challenging to
implement. Biosensors based on fluorescent nanoparticles have attracted interest in the field of detection
because of their advantages, such as high sensitivity, low detection limit, and simple result readout. In
this review, we systematically describe the synthesis, intrinsic advantages, and applications of organic
dye-doped fluorescent nanoparticles, metal nanoclusters, up-conversion particles, quantum dots, carbon
dots, and others for virus detection. Furthermore, future research initiatives are highlighted, including
green production of fluorescent nanoparticles with high quantum yield, speedy signal reading by inte-
grating with intelligent information, and error reduction by coupling with numerous fluorescent
nanoparticles.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Viruses are infectious pathogens that can cause significant in-
fectious diseases by destroying cells, tissues, and organs [1]. A wide
range of human diseases are brought on by viruses, including
common illnesses like influenza and chickenpox identified, as well
as devastating diseases such as smallpox, Acquired Immune Defi-
ciency Syndrome (AIDS), Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), Ebola hemorrhagic fever, and avian
influenza [2—5]. The SARS-CoV-2, which has killed more than 6
million individuals since its discovery in late 2019 (as of 6:58 p.m.
CEST, 7 September 2022), is currently spreading and changing
throughout the world, and the number of new cases is continuously
rising quickly (Fig. 1). Numerous viruses have killed billions of
people, caused tremendous economic losses, and had a permanent
negative impact on society. Viruses are not immutable and may
mutate [6], which may reduce the effectiveness of a vaccine, mak-
ing a challenging and complex process of a successful drug or
vaccine [7,8]. On the other hand, timely detection and prevention of
the virus are efficient ways to successfully block it [9]. Therefore, it
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is critical to develop rapid and effective virus detection technolo-
gies [10].

Traditional virus detection methods include virus culture,
reverse transcription-polymerase chain reaction (RT-PCR), and
enzyme-linked immunosorbent assay (ELISA) [11,12]. When it
comes to nucleic acid amplification using a fluorescent reporter for
the diagnosis of new coronaviruses, RT-PCR has been regarded as
the gold standard. RT-PCR experiments are typically separated into
three steps: the first step is the extraction of viral RNA, the second
step is a reverse transcription into complementary DNA (cDNA),
and the third step is the amplification of cDNA for detection using
the polymerase chain reaction (PCR). The RT-PCR technique is
highly sensitive and accurate, but it requires expensive specialized
equipment and complex sequence comparison primer construc-
tion, which takes time and should be performed in a well-trained
laboratory [13]. ELISA is a rapid assay for identifying viral anti-
gens, but its low sensitivity and the requirement for high-quality
sample preparation limit its application in point-of-care testing
[14]. Furthermore, virus culture is a time-consuming job that ne-
cessitates the use of trained individuals and precise methodologies,
these have restricted its use in the field of rapid virus detection.

To overcome the problems associated with conventional diag-
nostic techniques, alternative reliable virus detection with high
sensitivity and accuracy should be developed. Among the various
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The form of the global epidemic of COVID-19

Globally, as of 6:58 pm
CEST, 7 September 2022,
more than 200 countries
and regions recorded a
total of 6,484,136 deaths.
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Fig. 1. COVID-19 deaths by region and country. The data source: World Health Organization (WHO).

methods of detecting viruses, fluorescent assays are popular [15].
Due to their great sensitivity, simplicity of use, and real-time,
emerging fluorescence techniques are extensively used in medical
diagnostics and other sectors [16]. Considering their unique phys-
icochemical characteristics, numerous nanomaterials have made
significant developments and breakthroughs in bioanalysis [17].
Nanostructure-based biosensors benefit from flexible sensing
mechanisms, high specificity and sensitivity, label-free and quick

real-time detection, and other features that have sparked wide-
spread interest in nanotechnology and biosensor research [18].
Studies integrating fluorescent biosensing devices with nanotech-
nology have increased in recent years. The benefits of fluorescence
biosensors that enable early diagnosis and better healthcare out-
comes are listed below due to their intrinsic properties: (1) High
sensitivity and low detection limit. (2) Naked eye readout can be
created for quick diagnosis and simple readout. (3) Low detection
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cost.

However, the majority of fluorescent biosensors are associated
with organic dyes [19], metal nanoclusters [20], up-conversion
particles [21], and quantum dots [22], many of which may have
flaws in their development such as being expensive, toxic, chal-
lenging to synthesize, or having high background interference.
Therefore, it would be essential to create inexpensive fluorescent
reporters with minimal toxicity that may be employed for the quick
detection of viruses. Given the tremendous potential of fluorescent
nanoparticles in virus detection, some relevant virus detection re-
views have previously been published. However, they are either
outdated or insufficiently comprehensive [18,23], and there is a
strong demand for a comprehensive and systematic review paper
covering various types of fluorescent nanoparticles and their ap-
plications in virus detection. In this paper, we review literature of
the last decade and briefly introduce various types of fluorescent
nanoparticles, primarily organic dye-doped fluorescent nano-
particles, metal nanoclusters, up-conversion particles, quantum
dots, and carbon dots, with a focus on the synthesis, intrinsic ad-
vantages, and applications of fluorescent nanomaterials for virus
detection (Fig. 2). Finally, present obstacles and potential future
study areas are explored. Table 1 and Table 2 summarize the ad-
vantages and disadvantages of various fluorescent nanoparticles
and common virus detection methods, respectively. Table 3 sum-
marizes the application of fluorescent nanoparticles in the detec-
tion of the emerging virus.

2. Organic dye-doped fluorescent nanoparticles

Organic fluorescent dyes, which frequently formed of benzene
or heterocyclic rings with conjugated double bonds. Cyanine dyes
[24], rylenecarboximide (RI) dyes [25], boron dipyrromethene
(BODIPY) [26], coumarins [27], and other fluorophores are now the
most common. These materials are favored by individual fields due
to their tiny size, a wide range of colors, and biocompatibility [28].
However, conventional fluorescent dyes often have low
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Fig. 2. Schematic illustration for fluorescent detection of emerging virus based on
nanoparticles.
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luminescence intensity and poor photostability under aqueous
conditions, which limits their development for biomedical appli-
cations including high-quality fluorescence imaging, in vitro di-
agnostics, and biotherapeutics [29]. A more reliable and sensitive
output of fluorescent signals may be made possible by the encap-
sulation of organic dyes into nanoparticles. Owing to their
distinctive features, organic dye-doped fluorescent nanoparticles
(ODFNSs) have shown significant potential for applications. In virus
detection, their employment as fluorescence-enhanced signal re-
porters has been extensively employed. Therefore, in this section,
we will focus on the synthesis methods of organic dyes and dye-
based nanoparticles and their application in virus detection.

2.1. Synthesis and modification

In recent years, organic dyes have been chemically modified to
increase their water solubility, stability, optical characteristics, and
so on. The primary preparation techniques include chromophore
modification, nanoscale self-assembly, supramolecular assembly,
etc [30]. On the one hand, probe molecules with high fluorescence
quantum yield (QY), photodynamic and photothermal capabilities
can be prepared by modifying the framework of organic dyes [31].
On the other hand, functionalized alteration of the periphery of
organic dyes can confer water solubility, biocompatibility, and
targeting characteristics [32].

There are three primary methods for obtaining high-
performance ODFNs (Fig. 3). Firstly, the chromophore skeleton is
one of the keys to the application of organic dyes. Through chemical
modification of organic dyes, the energy conversion pathway of
dyes can be controlled, which is expected to be suitable for appli-
cation scenarios. After the chromophore absorbs light, energy is
released in a variety of ways, including fluorescence, thermal en-
ergy, and chemical energy. For example, by inserting the donor-
acceptor (D-A) structure or expanding the conjugate, the dye's
absorption wavelength can be red-shifted [33]. Chen et al. designed
organic dyes with significant red-shift absorption and emission
spectra through the construction of D-A structures and conjugate
extension [34]. Secondly, because of their massive, conjugated
structures, organic dyes have poor hydrophilicity. There are two
primary strategies for increasing water solubility. One is modifi-
cation employing hydrophilic functional groups (such as carboxyl,
amino or amphibian groups) or hydrophilic polymers (such as
dendrites, hyperbranched arms, PEG chains, and polyamine acids)
[35—38]. Based on this, poly(2-aminoethyl methacrylate) and
poly(2-(dimethylamino)ethyl methacrylate) are used as external
polymer arms to improve the water solubility of perylene diimide
through electrostatic interaction [36]. The another involves
creating a topological “core-shell” macromolecular structure with
hydrophilic molecules acting as the shell and organic dyes acting as
the core. This technique not only safeguards the organic dyes' cores
but also successfully prevents the core from aggregating and
interference of the outside environment, enhancing the optical
characteristics and stability [39]. Among them, sol—gel derived
silica was reported as an excellent host material for creating fluo-
rescent NPs with the covalently attached organic chromophores.
For example, Qiu et al. used an unimolecular fluorescent hyper-
branched conjugated polymer (HCP-star-PDMAEMA) as soft tem-
plate and isolated them with a silica shell to fabricate highly
fluorescent core-shell hybrid NPs HCP@SiO; [40]. Finally, because of
their unique size and surface effects, nanomaterials have become a
study hotspot. Encapsulating the dye in a polymer carrier is one
method of producing nanoparticles. Controlling assembly can also
be used to tune the characteristics of nanoparticles [41]. Similarly,
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Table 1
Summary and comparison of advantages and disadvantages of various fluorescent nanoparticles.
Fluorescent Advantages Disadvantages Synthetic Reference
nanoparticle methods
ODFNs Low cost Simple and straightforward acquisition Various categories Fluorescence dye quenching Low sensitivity Chromophore  [31,33]
Easy surface modification High fluorescence quantum yield Poor stability High native background modification
Supramolecular [32,34-38]
assembly
Nanoscale self- [41,43]
assembly
MNCs Simple and easy to synthesis Large Stokes shift Good biocompatible Low quantum yield Difficult to surface Monolayer- [91]
Remarkable photophysical properties modification Poor stability protected
method
Template [75,80,82,84—87]
method
Chemical [93]
etching method
Microwave- [72]
assisted method
UCNPs Excellent up-conversion ability Strong signal penetration Adjustable Expensive instrument Poor chemical stability = Thermal [118—121]
optical No background fluorescence interference Good photostability Low luminescence efficiency Difficult to decomposition
Easy to surface modification synthesis method
Coprecipitation [122—126]
method
Hydrothermal [128—131]
method
QDs High fluorescence quantum yield Broad excitation peak tunable Poor chemical stability Low sensitivity Strong  Organic phase [150—154]
emission Superior photostability Diverse surface modification intrinsic toxicity Great environmental harm synthesis
Background interference Aqueous phase [155—159]
synthesis
CDs Wide range of raw materials Excellent biocompatibility High specific Small particle size leads to fluorescence Top-down [186,187,192,195]
surface area Outstanding photostability Low toxicity Good water quenching easily Difficult to synthesize the CDs method
solubility High quantum yield with long wavelengths Bottom-up [204,207,209]
method
Table 2
Summary and comparison of common virus detection methods.
Detection method Detection Advantage Disadvantage Reference
time
Virus culture Days to  Broad spectrum Time-consuming [49]
weeks Inexpensive Complex steps
High accuracy Contamination problems
RT-PCR Hours High sensitivity Accurate detection result Expensive equipment Highly skilled analysts Time- [19]
consuming Extremely liable to contamination
ELISA Hours Only one incubation step No hook effect at high analyte Poor sensitivity Depend on specialized equipment [59]
concentrations
ECL Hours Simple device requirement Low background noise High sensitivity Sensitive to sample matrix effect Small temperature [96]
Wide dynamic range range Short service life
High-throughput =~ Minutes Simultaneous detection Save reagents and specimens Poor sensitivity High material requirements [145]
multiplex coding
MRSw Minutes  Simplify the assay steps Achieve closed-loop detection Enable near Non-specific aggregation of MNPs Unsatisfactory [181]
background-free sensing High signal-to-noise ratio sensitivity
LFA Minutes User-friendly operation Rapid delivery of results Low cost Easy Low sensitivity High false negative rates [168]

scalability to high-volume production

Sauer et al. combined surface activity, polymerizability, and fluo-
rescent property into a single molecule to create a luminous
surfmer (surfactant monomer). Fluorescent surface-labeled poly-
styrene (PS) NPs were produced using miniemulsion polymeriza-
tion employing the fluorescent surfmer. By employing certain
polymerization, this method could have the ability to produce
fluorescent NPs with controllable size. Additionally, while
designing a material and analyzing its characteristics, the steric
hindrance of polymeric nanoparticles should be considered [42].
Additionally, drug-loaded micelles, host-guest complexes, and
metal-organic frameworks (MOFs) structures can be formed
through the supramolecular assembly of organic dyes with other
molecules, indicating considerable potential in drug delivery, virus
diagnostics, and virus imaging, among other applications [43].

2.2. Application of virus detection

When organic fluorescent dyes are brought back to their ground
state from their excited state, energy is released in the form of light
emission. Organic fluorescent dyes may be employed as fluorescent
signal reporters in a variety of sectors thanks to their emission in-
tensity, color, and responsiveness, which can be achieved by careful
structural design. Encapsulating a single fluorophore in a nano-
material and combining two or more fluorophores with various
emission colors are the two basic methods used to create an organic
dye-based fluorescent signal reporter [44]. This section will
concentrate on recent breakthroughs in conventional organic dye-
doped fluorescent nanoparticles, aggregation-induced emission
luminophore (AlEgens)-doped fluorescent nanoparticles (AIEFNs),
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Table 3
Summary of the application of fluorescent nanoparticles in the detection of the emerging virus.
Analyte Fluorescent Ex Em Size (nm)  Detection method Detection range Limit of detection ~ Reference
nanoparticle (nm) (nm)
HON2 AV RuSi NPs NA NA 64 +3 ECL 25 fg/mL-25 ng/mL 14 fg/mL [49]
Rabies virus Ru@DMSNs NA 612 242 + 17 ECL 0.10 pg/mL-10 ng/mL 88 fg/mL [51]
SARS-CoV-2 MB@AUNPs 633 NA 20+ 6 SERRS NA 0.046 ng/mL [52]
SARS-CoV-2 AlEg10NP 680 810 310+ 4 LFA NA IgM 0.236 pg/mL [19]
IgG 0.125 pg/mL

EV71 virus TPE-APP NA NA NA Immunoassay platform 1.3 x 103-2.5 x 106 copies/uL 1.4 copies/uL [59]
SARS-CoV-2 SWCNT 721 1130 NA Optical sensing 0.005-5 pM 12.6 nM [66]
Influenza A PS-NIR-II microspheres 750 1100 NA LFA NA 0.015 ng/m [67]
Influenza B 0.037 ng/mL
HPV AuNCs NA NA NA ECL 1072-108 M 0.48 pM [96]
HBV AuNCs NA NA NA ECL 0.1 pM-0.1 pM 0.1 fM [97]
HIV AuNCs NA NA 14+03 ECL 0.1 fM-100 nM 30 aM [99]
H5N1 AgNCs NA 480 <2 Fluorescent detection 500 pM-2 pM 500 pM [20]
HPV AgNCs 550 570 3 Ratiometric fluorescent 5 nM—-100 nM 2 nM [106]

565 630
SARS-CoV-2 CuNCs NA NA NA PCR 50 ng/uL-0.5 pg/uL 0.1 pg/uL [110]
HBV CuNCs 340 650 23 Fluorescent detection 0.5-100 pM 0.54 pM [111]
SARS-CoV-2 LNPs NA 615 NA LFA NA NA [21]
HBV UCNPs NA 540 67 LFA 0—-10 nM 0.103 nM [135]
AV UCNPs 980 800 30 LFA 10'4° EID5o/mL-10>37 EIDso/ H5N2: 102 EIDso/mL [136]

mL H5N6: 103 EIDsg/
mL
H7N9 UCNPs 808 540 5 Fluorescent detection 100 x 10712-1 x 107° M 67 fM [138]
Ebola virus UCNPs 980 540 14 Fluorescent detection 50-700 fM 300 fM [139]
H5N1 SWUCNPs 980 541 NA Fluorescent detection 0.1-15 ng/mL 60.9 pg/mL [140]
HPV16 TA-UCNPs 808 660 21.25 + 0.83 Fluorescent detection NA NA [143]
HPV18 550
475
H1IN1 UCNPs 980 550 30—-40 Fluorescent detection NA NA [145]
H5N1 470
Adenovirus
PRRSV CdSe/ZnS QDs NA 640 10 Fluorescent detection 10'-3.5 x 10* TCIDso/mL 0.55 TCIDsp/mL [162]
Human Serum  QBs 370 NA NA FLISA 0.005—40 ng/mL 4 pg/mL [164]
1gG

AV MQBs 365 625 NA LFA NA 22 pfu/mL [166]
SARS-CoV-2 QBs NA 618 180 LFA NA NA [168]
SARS-CoV-2 SiTQD NA 618 240 Immunochromatographic 0.01-100 ng/mL 5 pg/mL [169]
H1N1 assay 100-10° pfu/mL 50 pfu/mL
SARS-CoV-2 QDMs NA NA 100 CFNS NA 1 copy/mL [22]
EBOV ENs NA 604 268 £ 8 ECL 0.02—30 ng/mL 5.2 pg/mL [174]
HBV CdTe QDs NA 551 NA ECL 0.0005—-0.5 nM 0.082 pM [176]
HCV 607 0.001-1.0 nM 0.34 pM
SFTSV CdTe@CdS QDs NA 690 NA ECL 0.01 fg/mL-100 pg/mL 0.0014 fg/mL [177]
SARS-CoV-2 GPG NA NA 41 ULF NMR 0.5 fg/mL-5 pg/mL 0.5 fg mL [181]
HIV CDs NA NA <5 ECL 100 fM—1 uM 30 fM [210]
HPV 1 pM—100 nM 0.32 pM
HIV CNPs NA NA 25-40 Fluorescent detection 1-50 nM 0.4 nM [212]
HIV CDs 350 461 34 Fluorescent detection 50.0 fM-1.0 nM 15 fM [214]
HTLV-1 CDs 38 460 1.5 Fluorescent detection 10—320 nM 10 nM [216]
SARS-CoV-2 MB-CDs NA NA 8 ECL NA 2.00 aM [219]
SARS-CoV-2 CDs NA NA 6.5+ 0.5 ECL NA 514 aM [221]
HIV BN-CDs 340 44 2.0-4.0 ECL 100 aM-1 nM 18.08 aM [222]
SARS-CoV-2 CNDs 320 405 15 ECL NA 1.2 pg/mL [224]
Zika virus FCS NA NA NA LFA NA 10 pg/mL [226]
SARS-CoV-2 RCS 580 634 1.1 LFA NA 10 pg/mL [227]
FAdVs GQD NA 405 20 Photoelectric sensor NA 8.75 PFU/mL [228]
HAV COFs NA NA NA Fluorescent detection 0.1-10 nM 75 pM [229]
HBV 0.5—10 nM 150 pM
HIV MOFs NA NA NA Fluorescent detection NA 10 pM [230]
ASFV TRFNPs NA NA NA TRFIA 0.24-500 ng/mL 0.015 ng/mL [232]

NA: Not available.

and near-infrared (NIR) dye-doped fluorescent nanoparticles

(NIRFNs) (Fig. 4).

2.2.1. Conventional organic dye-doped fluorescent nanoparticles-

based sensors

Conventional fluorescent dyes have certain drawbacks, such as
low quantum yield, poor photostability, and photobleaching. Ex-
amples include fluorescein isothiocyanate (FITC), rhodamine b

(RhB), and coumarin. Due to their chemical inertness, thermal
stability, optical clarity, and superior biocompatibility, nano-
particles are the perfect carriers for organic fluorescent dyes and
provide the possibility of addressing the aforementioned funda-
mental flaws of fluorescent dyes [45]. As shown in Fig. 4(a), silica
nanoparticles (SNPs) [46], polystyrene nanoparticles [47], and
MOFs [48] are often utilized carriers. The fluorescence signal of
organic dye-doped fluorescent nanoparticles is substantially
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Design and Synthesis of Fluorescent Nanoparticles
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improved and made possible by the integration of tenfold, hun-
dredfold, thousandfold, or even ten-thousandfold organic fluores-
cent dyes in one nanomaterial, which allows the highly sensitive
detection of the target. For example, Luo et al. successfully prepared
functional silica nanospheres (RuSi NPs) by covering Ru (BPY)3*

silica nanoparticles. Compared to Ru (BPY)3*, the same concen-
tration of RuSi NPs could amplify Electrochemiluminescence (ECL)
signals by about 10°-fold, significantly improving the sensitivity.
This RuSi NPs was used as an amplified fluorescent signal tag in
combination with immunomagnetic separation (IMS) and electro-
chemical analysis to detect low abundance HON2 AIV with a limit of
detection (LOD) of 14 fg/mL [49]. In comparison to SNPs, dendritic
mesoporous silica nanoparticles (DMSNs) can expose more active
sites due to their open 3D dendritic shape and large specific surface
area, which allows for easier access by other substances to the re-
action and their participation. DMSNs doped with Ru (BPY)3" is

used for the quantitative detection of rabies virus (RABV) with LOD
as low as 88 fg/mL [50]. Additionally, the double signal mode, which
uses ECL emissions as the first signal and DPV signals as the second
signal, overcomes the drawback of the high false alarm rate of
single signal output by increasing the precision and reliability of the
detection [51]. For the detection of SARS-CoV-2, surface enhanced
resonance raman scattering (SERRS) using methylene blue doped
gold nanoparticles as a signal tag is superior to RT-PCR in terms of
detection time, sensitivity, and convenience [52].

2.2.2. AlEgens-doped fluorescent nanoparticles-based sensors
Conventional organic fluorescent molecules are typically rigid
planar molecules with large conjugation systems that can emit
strong fluorescence in dilute solution. However, in high-
concentration solutions or aggregated states, the fluorescence in-
tensity of organic fluorescent dyes will be drastically reduced due
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to strong intermolecular interaction (7-7 stacking) [53] and large
amounts of non-radiative deactivation, namely aggregation cause
fluorescence quenching. Because of the aggregation-caused
quenching (ACQ) effect of conventional organic fluorescent dyes,
it is difficult to prevent the aggregation of fluorescent molecules in
practical applications. This makes it difficult to design high-
concentration cladding and organic dye-doped fluorescent nano-
particles [54]. It's interesting to note that in 2001, Prof. Ben-Zhong
Tang's group discovered that silicon heterocyclopentadiene de-
rivatives essentially exhibited no luminescence in diluted solution
but displayed extremely bright fluorescence emission in the
aggregated state, referring to this phenomenon as aggregation-
induced emission (AIE) [55]. Because of their special molecular
stacking mode, fluorescent dyes with AIE effect can reduce inter-
molecular interaction and inhibit the non-radiative inactivation
process of single molecules, resulting in much higher fluorescence
intensity in the solid state or aggregate state than in dilute solution.
Therefore, AIEgens not only successfully solves the ACQ problem,
but also has significant Stokes shift, excellent photostability, robust
photobleaching resistance and high signal-to-noise ratio, which has
considerable promise in the field of ultrasensitive virus detection
(Fig. 4(b)). Currently, based on the exceptional features of AlEgens,
it has now attracted the attention of researchers via a range of
diverse synthesis techniques, including nanoprecipitation [56],
microemulsion self-assembly [57], template expansion [19], and
precipitation polymerization [58]. For example, Chen et al. used an
organic solvent method to package the BPBT molecule into PS
nanoparticles and combined with the lateral flow immunoassay
(LFA), successfully detected SARS-CoV-2. More importantly, the
AlEg1oNP-based test strip can identify IgM or IgG 1—7 days after the
onset of signs, whereas the AuNP-based strip cannot (8—15 days)
[19]. Another water-soluble multifunctional AlEgen (TPE-APP) was
degraded to TPE-DMA by the ALP enzyme, increasing the fluores-
cence intensity by 380 times. After antibody functionalization, the
LOD for EV71 virus was 1.4 copies/uL. Unlike PCR, this approach
does not necessitate extensive sample preparation or expensive
instruments [59].

2.2.3. NIR dye-doped fluorescent nanoparticles-based sensors
Traditional fluorescence sensors display excitation or emission
spectra in the ultraviolet to the visible light range. However,
detection findings in this range may be disturbed by background
signals from biological samples, such as light scattering [60].
However, biological samples typically display ultra-low NIR fluo-
rescence signals (NIR I 700—900 nm, NIR I 900—1700 nm) [61—64].
In contrast to short-wavelength dyes, NIR dyes with longer emis-
sion wavelengths have a high signal-to-noise ratio, which can
effectively reduce interference from light scattering from biological
materials and improve detection sensitivity [65]. Therefore, NIR
dye-doped fluorescent nanoparticles are an outstanding assay for
detecting viruses in Fig. 4(c). Based on non-photobleaching and
ease of functionalization, single-stranded carbon nanotubes
(SWCNTs) can be minimally absorbed and scattered by bio-
molecules in the field of NIR dye-doped fluorescent nanoparticles,
which has proven to be extremely useful in bioanalyte sensing.
Furthermore, SWCNTSs can be easily integrated into portable mor-
phofactors to detect near-infrared SWCNT signals using Raspberry
PI and charge-coupled device camera systems, which are shaped
similarly to cellphones. Pinals et al. employed SWCNTs as signal
transducers and demonstrated a 73% fluorescence on-off response
within 5 s after being exposed to 35 mg/L SARS-CoV-2 virus-like
particles, achieving a rapid and label-free detection of SARS-CoV-2
Spike Protein [66]. In principle, increasing the number of NIR dye-
radiative radiations for a single target or replacing gold nano-
particles (AuNPs) with a new fluorescence signal reporter are both
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viable ways to boost LFA sensitivity. A highly sensitive NIR-based
LFA platform that encapsulates a second near-infrared (NIR-II)
fluorescent dye in polystyrene (PS) nanoparticles and integrates it
into a lateral flow detection platform for quantitative detection of
influenza A/B was recently developed, with LODs of 0.015 ng/mL
and 0.037 ng/mL, respectively. The sensitivity of this strip is
approximately 16 times that of the Au-based lateral flow test strip,
and the stability is good [67].

3. Metal nanoclusters

Metal nanoclusters (MNCs) are made up of metal atoms and
ligands and have a size that corresponds to the electronic Fermi
wavelength. They are becoming more popular in the production of
nanomaterials due to their ultra-small size (<2 nm) [68],
outstanding photophysical characteristics, strong biocompatibility,
and huge specific surface area [69,70]. However, due to its poor QY,
it did not initially attract the interest of researchers. In recent years,
novel techniques for manufacturing metal nanoclusters, particu-
larly metal (Au, Ag, Cu, etc.) nanoclusters, have been developed
[71]. Metal nanoclusters have tunable fluorescence and are easier to
manufacture than conventional organic dyes, making them more
promising in the field of virus detection. Therefore, in this section,
we focus on MNCs synthesis methods and its application in virus
detection.

3.1. Preparation and synthesis

The preparation techniques of metal nanoclusters determine the
diversity of sizes and properties that are directly related to the
particle size, morphology, and internal structure of the particles.
The template method (also known as the ligand-preserving
method), monolayer-protected method, and others (chemical
reduction method, seed growth method, ultrasonic method, mi-
crowave method, and chemical etching method) are some of the
preparation techniques that are accessible [72—74]. The primary
synthetic techniques will be discussed in this section (Fig. 3).

3.1.1. Template method

The template method is also one of the synthesis methods of
metal nanoclusters, which are further classified as Thiolate-
protected MNCs [75], Polymer-protected MNCs [76], Proteins or
enzymes-protected MNCs [77], DNA-protected MNCs [78,79], and
so on. Varied types of templates can give different spatial stereo-
scopic structures or functional chains, resulting in metal nano-
cluster surface functionalization. Thiolate-protected MNCs are
based on the strong affinity of sulfur atoms in sulfhydryl com-
pounds for metals such as gold, silver, and copper. Yin et al. rapidly
obtained aqueous thiolated Ag@Au nanoclusters with a QY of ~18%
(~12 min) [75]. Isozaki et al. prepared gold nanoclusters (AuNCs)
functionalized with peptide dendritic thiolate ligands to form
hydrogen-bonded supramolecular reaction fields [80]. Polymers
are also commonly used as ligands containing a large number of
charged and hydrophobic groups, such as polyethyleneimine (PEI),
chitosan, polyvinylpyrrolidone (PVP), and so on. Nakal-Chidiac et al.
synthesized silver nanoclusters protected by chitosan-containing
polyamine moieties. Chitosan provides a polydentate macromo-
lecular scaffold for the clusters, which can reproducibly and con-
trollably stabilize the silver nanoclusters in aqueous media [81].
Zhou et al. prepared PEI-protected silver nanoclusters using form-
aldehyde as a reducing agent. Compared with thiol ligands, PEI, a
branched polymer, has multiple interactions with metal nuclei,
improving the stability of the clusters [82]. Proteins or enzyme-
protected MNCs have an advantage over other methods in that
they are easy to synthesize, usually using one-pot and “green”
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synthesis methods. It has been demonstrated that AuNCs co-
functionalized by two proteins of different sizes exhibit consider-
ably greater fluorescence intensity than AuNCs stabilized by a sin-
gle protein [83]. Based on this, gold nanoclusters with intense red
fluorescence and high stability were quickly created using bovine
serum albumin (BSA), lysozyme (LYZ), and HAuCly [84]. Besides,
other protein molecules such as papain [85] and pepsin [86] were
also used as ligands to prepare metal nanoclusters. Furthermore,
DNA-protected MNCs can change the wavelength of fluorescence
emission and the particle size of nanoclusters by changing the
sequence of nucleotides. The production of NIR-emitting DNA-
stabilized silver nanoclusters (DNA-AgNCs), with an extraordinarily
high fluorescence QY, was proposed by Neacsu et al. [87]. Addi-
tionally, Chai et al. synthesized poly-thymidine single-stranded
protected fluorescent copper nanoclusters for label-free and cost-
free detection of H,0, in serum samples [88].

3.1.2. Monolayer-protected method

The monolayer-protection method refers to MNCs that have a
particular function and may be created by layering molecules on
their surface. Thiols often include —SH, which easily attaches to
metals via metal-sulfur bonds (M — S), generating more stable
metal nanoclusters. When these metals encounter thiol com-
pounds in solution, the sulfur atoms in the thiol compounds form
coordination bonds with the metal, generating a monomolecular
layer with a passivation-like effect on the metal surface. Therefore,
sulfhydryl compounds are commonly used as ligands to protect
metal nanoclusters [89,90]. Doping gold into an unstable copper
nanocluster (a  glutathione-capped  bimetallic  copper),
CuAuNCs@GSH, increased the photoluminescence stabilization
duration to 7 days and yielded a quantum yield of 22% [91].

3.1.3. Other methods

Aside from the methods described above, there are various
methods to synthesize MNCs. For instance, the chemical etching
method has caught the interest of researchers due to its capacity to
sculpt nanomaterials at the atomic level [92]. By using thiol-
induced chemical etching, Shu et al. created oligomer shells for
silver nanoclusters of the AIE type that showed enhanced water
storage stability (over 3 months) [93]. Unfortunately, some research
has indicated that the QY of MNCs made via chemical etching is
unsatisfactory [94]. Unlike chemical etching, the microwave-
assisted method has received a lot of praise for enhancing the ef-
ficiency of nanomaterials production because of its unique benefits
of consistent heating, low energy consumption, cost-effectiveness,
and environmental friendliness [74]. The microwave-assisted
method, which is frequently used to reduce reaction times, uses
electromagnetic fields to speed up chemical processes and raise
system temperature. Yue et al. employed BSA as a reducing and
stabilizing agent to manufacture high-fluorescence AuNCs with 16
gold atoms by microwave-assisted method and control the micro-
wave power to shorten the reaction time from several hoursto 1 h
[72].

3.2. Application of virus detection

Metal nanoclusters are effective probes for fluorescence and
chromaticity signals due to their outstanding fluorescence and
catalytic characteristics [69]. Similarly, the interaction of metal
nanoclusters with analytes might generate changes in the metal
core, ligand shell layer, or surrounding microenvironment, result-
ing in property changes. Consequently, metal nanoclusters act as
both recognition elements and signal conversion elements,
providing excellent selectivity and sensitivity for virus detection.
Nowadays, metal nanoclusters such as gold nanoclusters (AuNCs),
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silver nanoclusters (AgNCs), and copper nanoclusters (CuNCs) have
been widely produced and have obtained excellent achievements
in the fields of biomarkers, biosensing, bioimaging, and bioassays
[71]. This section concentrates on the usage of the three metal
nanoclusters mentioned above in the field of virus detection

(Fig. 5).

3.2.1. AuNCs-based sensors

AuNCs have superior electrical characteristics in comparison to
AgNCs and CuNCs, which have become more popular in the field of
ECL. As illustrated in Fig. 5(a), Liu et al. developed a Cas12a-based
ECL biosensor employing L-methionine-stable gold nanoclusters
(Met-AuNCs) as effective ECL emitters to detect human papilloma
virus (HPV) with a LOD of 0.48 pM, significantly lower than prior
research [95], and the detection can be completed within 70 min
[96]. The AuNCs-based electrochemical impedance biosensor can
detect hepatitis B virus (HBV) in serum with great sensitivity, no
label, and a low LOD of 0.1Fm, and the sensor's relative standard
deviation (RSD) was as low as 1.39%, demonstrating strong
repeatability and reproducibility [97]. However, the materials
employed as templates for nanoclusters, such as BSA, glutathione
(GSH), polyamylamine dendrimers (PAMAM), or DNA, are often
non-conductive and restrict the delivery of electrical biosensors
[83,84]. Research has shown that AuNCs and graphene hybrids have
increased the electrocatalytic activity and stability of redox pro-
cesses [98]. Wang et al. effectively identified human immunodefi-
ciency virus (HIV) with a LOD of 30 aM using a one-step synthesis of
graphene stabilized AuNCs (GR/AuNC) paired with an electro-
chemical biosensor [99].

3.2.2. AgNCs-based sensors

AgNCs have stronger fluorescence than AuNCs and CuNCs,
which have the same stable ligands. For instance, the red fluores-
cent dihydrolipoic acid stabilized Ag NCs (DHLA-AgNCs) (QY: 3.3%)
[100] are brighter than both DHLA-AuNCs (QY: 2.9%) [101] and
DHLA-CuNCs (QY:2.8%) [102]. Owing to their relatively simple
conformation, precise chemical recognition characteristics, and
customizable sequence structures, DNA oligonucleotides are good
scaffolds for the manufacture of metal nanoclusters. AgNCs pre-
pared with DNA as a template not only has good photostability,
biocompatibility, and high QY, but they also maintains the molec-
ular recognition function and efficiently avoids complex labeling
[103]. C-rich DNA is the most suitable template for AgNCs synthesis
[104]. Zhang et al. developed a new label-free fluorescence sensing
technology for H5N1 virus detection based on DNA template silver
nanoclusters (DNA-AgNCs), with a LOD of 500 pM, the insertion of a
three-segment branching DNA structure with a C-rich loop resulted
in brilliant fluorescence and a wide range (500 pM-2 uM) of H5N1
detection [20]. Following the formation of nanocluster dimer (NCD)
with another AgNCs, the fluorescence of AgNCs is either improved
or shifted. The distance between two AgNCs or the changeover
between dimer and non-dimer might affect the intensity or hue of
the fluorescence [105]. Using C-rich DNA templates, Yan et al.
created fluorescent Probe 1-AgNCs and non-fluorescent Probe 2-
AgNCs that produced bright yellow and weak red, respectively.
The primary fluorescence color of AgNCs shifted from yellow to red
when HPV-16 DNA was hybridized with ProBe1-AgNCs and ProBe2-
AgNCs to form NCD, enabling the ratio detection of HPV. Based on
this, it can detect HPV in human serum with a LOD of 2 nM and a
detection range of 5 nM—100 nM [106].

3.2.3. CuNCs-based sensors

CuNCs exhibit higher biocompatibility, less toxicity, and good
cost performance in contrast to AuNCs and AgNCs [107]. More
importantly, by varying the amounts of A/T base pairs, it is possible
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Fig. 5. The application of metal nanoclusters in virus detection. (a) Metal NCs based on ECL, (b) Blosensing based on Metal NCs.

to advantageously regulate the size and fluorescence intensity of
CuNCs [108,109]. Additionally, various properties of copper ions
and copper nanoclusters can be used to modify the luminescence
state of the sensor devices (Fig. 5(b)). Du et al. created CuNCs using
AT-rich primers as a template to identify the SARS-CoV-2 Delta
virus via PCR. This approach not only distinguishes single nucleo-
tide deletion virus from wild-type coronavirus, but it also allows for
precise visualization [110]. Interestingly, researchers have
compared the sensitivity of different metal nanoclusters to lumi-
nescent nanoprobes. They combined AuNCs, AgNCs, and CuNCs
made with DNA as a template with the CRISPR-Cas12a enzyme to
create a fluorescence biosensor for HBV detection. The CuNCs-
based nanosensor was discovered to be more sensitive (AuNCs:
162.41 pM, AgNCs: 78.24 pM and CuNCs: 0.54 pM). Moreover, the
fluorescence response of CuNCs to HBV detection was much quicker
(AuNCs: 12 h, AgNCs: 2 h, and CuNCs: 25 min) [111].

4. Up-conversion nanoparticles

Up-conversion nanoparticles (UCNPs) can transform low-
energy photons into high-energy photons by adhering to the
anti-Stokes luminescence law. UCNPs have the advantages of
strong signal penetration, no background fluorescence interfer-
ence, good photostability, and easy surface modification that are
significantly better than conventional fluorescent dyes [112,113],
and have been widely used as an excellent fluorescent signal output
element in the fields of sensing detection and medical imaging. The
synthesis methods of UCNPs and their applications in virus detec-
tion will be the main topics of discussion in this section.

4.1. Synthetic methods

Typical up-conversion luminous materials may be divided into
three primary categories: triplet-triplet annihilation (TTA) based
up-conversion nanomaterials [114], rare-earth doped (RED) up-
conversion nanomaterials [115] and two-photon absorption (TPA)
up-conversion nanomaterials [ 116]. Among them, rare-earth doped
up-conversion luminescence (UCL), which is currently the most
effective and widely used UCL system, primarily exploits the energy
transfer between lanthanide rare earth ions (such as Yb>* and Er*™)
to create up-conversion luminescence. UCNPs are typically pro-
duced using one of three methods: co-precipitation, hydrothermal,

or thermal degradation. This section will describe the above syn-
thetic methods in detail (Fig. 3).

4.1.1. Thermal decomposition method

Thermal decomposition method is the dissociation of organo-
metallic precursors (e.g., acetate, trifluoroacetate) by heating at
high temperature in a high boiling point organic solvent medium.
Generally, the organic solvent is high boiling point octadecene
(ODE), and the surface inert ligands in the reaction system are
oleamine (OM) and oleic acid (OA), which chelate with the released
lanthanide ions to control the formation of nanocrystals [117].
Therefore, to prepare high-performance UCNPs, it is crucial to
choose the suitable precursors, ligands, control of the nucleation
and development phases. To produce high-quality UCNPs, Ye et al.
used a thermal decomposition method with CF3COONa and
RE(CF3COO0)3 as precursors to prepare UCNPs in various shapes
(spheres, rods, hexagonal prisms, and plates) by varying the reac-
tion duration and sodium to lanthanum trifluoroacetate ratio [118].
Many researchers have refined the synthesis conditions and
created more advanced materials because of this pioneering effort
[119,120]. However, the yield of UCNPs was only around 100 mg,
which was inadequate. You et al. prepared NaYF4 UCNPs by solid-
liquid thermal decomposition, after adjusting the reaction tem-
perature and adding the amount of CH3COONa, the yield of UCNPs
with different sizes and phases reached 67 g [121]. Although the
thermal decomposition method is frequently employed, it produces
poisonous compounds (such as HF, oxyfluorocarbon, and so on)
during the preparation process, which is harmful to human health.

4.1.2. Coprecipitation method

To avoid the fatal shortcoming of thermal decomposition
method, researchers sought a gentler method of preparing UCNPs,
and the coprecipitation method was born. The coprecipitation
method involves adding the precipitant to a soluble salt solution
containing a range of ions, causing all the ions to precipitate out the
insoluble products, and then washing and heating to obtain
nanomaterials. The synthesis process is simple to use, and the in-
strument is inexpensive. Stephen et al. utilized coprecipitation to
synthesize UCNPs with 1-adamantanecarboxylic acid as the ligand
[122]. Yi et al. created NaYF4: Yb, Er UCNPs ethylene diamine tet-
raacetic acid (EDTA) as the ligand without using pyrolysis [123].
However, none of them succeeded in producing UCNPs with
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homogeneous shape and size. To solve this issue, Li et al. used a
moderate coprecipitation method to generate 3-NaYF4: Yb, Er and
B-NaYF4: Yb, Er series UCNPs. To achieve high-quality and uni-
formly dispersed UCNPs, this method included the precipitation of
amorphous UCNPs formed at ambient temperature prior to incu-
bation at high temperature [124]. This strategy has now become
one of the most popular methods for synthesizing UCNPs [125,126].

4.1.3. Hydrothermal method

As we all know, water is a fantastic solvent for a wide range of
chemicals, including acids, bases, salts, ionic complexes, and so on.
Nevertheless, due to high temperature environment required for
the nucleation process, water has a low boiling point and is not the
best solvent for the synthesis for UCNPs. Since the boiling point of
water increases with pressure, the researchers have designed the
hydrothermal method, in which water or organic solvents are used
as the reaction medium to generate high temperature and pressure
by heating in a closed vessel (such as a autoclave), and then the
reactants undergo various chemical reactions to produce dispersed
nanomaterials [127]. For instance, Wu et al. used a straightforward,
one-step hydrothermal method to produce homogenous, almost
spherical AgBi(Mo0O4),-based phosphor particles without the need
for a surfactant [128]. It has also been proposed to use hydrother-
mal synthesis to create very homogenous UCNPs of various shapes
(from the tube, plate, and rod, to highly complicated flower-like
structures) [129]. Adding low-boiling solvents like cyclohexane or
methanol can also effectively alter the size of UCNPs. Furthermore,
other UCNPs have been synthesized using this method [130,131].

4.2. Application of virus detection

Based on the following benefits, up-conversion fluorescence
technology is becoming more and more popular in areas such as
environmental monitoring, biomarkers analysis, medication ther-
apy, food detection, etc. To begin with, UCNPs have high photo-
stability, are not easily accepted by the external environment (such
as acidity and temperature), do not contain harmful chemicals, and
have negligible toxicity to cells. Secondly, UCNPs are emitted by
low-energy excitation and high-energy emission, which can pre-
vent the detection process from being hampered by the sample's
background spontaneous fluorescence and increasing detection
sensitivity. Thirdly, UCNPs are dimmable, and by varying the kind
and percentage of doping elements, fixed wavelength excitation
and multi-band emission can be obtained. Fourthly, excitation light
is a near-infrared light source with excellent tissue penetration. Up-
conversion nanomaterials detect viruses primarily using fluores-
cent tagging, energy transfer, and two-dimensional encoding
(Fig. 6).

4.2.1. Fluorescent labeling

Compared with traditional fluorescent materials, UCNPs are a
new class of fluorescent materials that can overcome the disad-
vantage of fluorescence background interference, light scattering of
traditional fluorescent detection and become one of the best fluo-
rescent markers due to their special up-conversion luminescence
properties. In particular, Fig. 6(a) shows the basic principle of LFA
detection, which is a simple, disposable, and affordable diagnostic
tool that may be optimal for the rapid and accurate identification of
certain viral infectious diseases [132]. When combined with UCNPs,
LFA provides excellent photostability, enhanced signal-to-noise
ratio, and highly sensitive detection of various samples [133].
Chen et al. used LFA to detect SARV-CoV-2 IgG using lanthanide-
doped polystyrene nanoparticles (LNPs) as a signal label. The
complete test takes about 10 min, suggesting that it might be a
quick and easy immunodiagnostic technique for COVID-19 to
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supplement the gold standard method [21]. In general, static im-
aging UCNP-LFA can better satisfy POCT requirements, particularly
when combined with information and tiny devices, such smart
phones [134]. Gong et al. created a tiny portable HBV detection
platform employing an LFA detection device, a UCNP-LFA reader,
and a smart phone. The LOD was as low as 0.103 nM, which was
approximately 5—10 times lower than the clinical cut-off value
[135]. To pursue a lower LOD, Kim et al. designed an LFA platform
for identifying the Avian influenza virus (AIV) using NIR to NIR up-
conversion. The addition of Ca?* increased the up-conversion
photoluminescence (PL) emission peak intensity of UCNPs, allow-
ing for the detection of AIV within 20 min, with a LOD that was ten
times lower than that of the commercially available GNP-based AIV
LFA [136].

4.2.2. Energy transfer

Fluorescence resonance energy transfer (FRET) is a non-
radiative energy transfer process based on donor-acceptor dipole
interactions. The excited donor transfers energy to the acceptor
before returning to the ground state. The acceptor accepts energy
and produces certain changes in the surrounding electrons,
resulting in the FL signal changing. FRET-based sensor designs
typically need to meet the following requirements: (1) the distance
between the donor and acceptor must be smaller than 10 nm. (2)
the donor's emission spectrum must overlap with the acceptor's
absorption spectrum [137]. Unfortunately, FRET-based sensors are
disturbed by background fluorescence interference, which affects
the detection accuracy. The up-conversion function of UCNPs
compensates for this shortcoming. Consequently, researchers pre-
fer UCNPs-based FRET sensors with two main modes, turn on and
turn off (Figure (6b)). AuNPs are often used as fluorescence re-
ceptors due to their superior extinction coefficient and good pho-
tostability. A FRET sandwich assay for the detection of H7N9 was
devised, with up-converted nanoparticles and gold nanoparticles
serving as donors and acceptors, respectively. The hybridization
time is roughly 40 min, making it particularly attractive for appli-
cation in field-based fast influenza screening [138]. The same re-
searchers have previously suggested heterogeneous analysis of
UCNPs and AuNPs using the nanoporous alumina (NAAO) solid-
phase technology to detect the Ebola virus at the femtomolar
level [139]. However, the size of the UCNPs is a critical component
in this system to assure the fluorescence effect. UCNPs, which are
sandwich structures created via a layer-by-layer seed-mediated
shell growth strategy, can increase signal intensity. Based on ©-7
stacking between the aptamer and GO, the sensor is successfully
implemented for H5N1 detection [140].

4.2.3. Two-dimensional encoding

With the development of detection technology, the method that
can only detect one analyte at a time has limited its application
because of the high consumption of reagents and specimens. High-
throughput multiplex coding is a powerful tool for virus diagnosis
by simultaneously detecting and identifying multiple analytes in a
single sample with minimal volume [141]. The two primary cate-
gories of spectral coding based on UCNPs are the time domain and
frequency domain in Fig. 6(c). While maintaining the same crystal
structure and shape, varied doping ion concentrations can produce
nanoparticles with varying lifetimes that are less influenced by
ambient background, differing collecting efficiency, and other fac-
tors [142]. By creating a core/multi-shell structure, adjusting the
emission color, and regulating the decay lifetime of UCNPs, the
time-resolved imaging scanning system comprising a spectrometer
and a time-correlated single photon counting (TCSPC) coupled
fluorescence microscope can successfully distinguish between
HPV16 and HPV18. Compared to the traditional color/intensity
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Fig. 6. The application of up-conversion particles in virus detection. (a) fluorescent labeling, (b) energy transfer, (c) two-dimensional encoding.

methods, this novel color/lifetime binary scheme has exponentially
scalable encoding capacities (>10°) and is three orders of magni-
tude better than traditional methods [143]. Similarly, using the
frequency domain as a coding dimension is also useful in detection
[144]. It is possible to simultaneously identify and detect serum IgG
and IgM antibodies against the human adenovirus and influenza A
virus by using the distinctive green and blue emission bands of Er
and Tm doped UCNPs [145].

5. Quantum dots

Quantum dots (QDs), also known as semiconductor quantum
dots, are nanocrystals made up of inorganic nuclei and organic
molecules that cover the nucleus's surface. They are mostly
constituted of II-VI, IlI-V, and IV-VI elements, with particle sizes
ranging from 1 to 10 nm [146]. QDs' superior performance com-
pensates for the absence of conventional organic dyes, such as high
fluorescence quantum yield, broad excitation peak tunable emis-
sion, superior photostability, and diverse surface modification
[147]. Because of their excellent optical properties, QDs can be used
as a good fluorescent signal label in detection [148], biological
imaging [ 147], optical devices [ 149], and other fields. In this section,
we focus on the synthesis methods of QDs and their application in
virus detection.

5.1. Synthetic methods

The synthesis of QDs is the fundamental requirement for their
use, and different synthesis methods can lead to changes in the
shape and properties of QDs, which can affect their subsequent
application. Therefore, researching how to manufacture QDs with
excellent quality and quantum yield is critical for future application
research. At present, QD synthesis methods are mostly classified
into two methods: organic phase synthesis and water phase syn-
thesis (Fig. 3).

1

5.1.1. Organic phase synthesis

Organic phase synthesis is the process of rapidly pyrolyzing a
precursor in a high boiling point organic solvent under high-
temperature conditions, followed by gradual development to QDs
of the chosen size. This method was first proposed by Bawendi
et al., who successfully prepared CdE (E = S, Se, Te) QDs with good
dispersion and crystallization using dimethyl cadmium (Cd(CHs))
as the precursor and trioctylphosphine/trioctylphosphine oxide
(TOP/TOPO) as the ligand solvent, but the QY was pessimistic [150].
Furthermore, several research groups enclosed QDs in shells, which
not only preserved the QDs' unique optical properties but also
increased the QY [151]. However, the major weakness of QDs made
with Cd (CHs3); as the precursor is that they are extremely
poisonous. Subsequently, some researchers proposed using CdO,
which is less hazardous, as the precursor for the green synthesis of
quantum dots in place of Cd(CHs),. This method is more reliable
and straightforward than Cd(CHj3),-related systems [152]. With the
in-depth research of QDs synthesis method, the prerequisite ma-
terials of organic phase synthesis are expanded from group II-VI to
group III-V and group IV-VI, and from single-type QDs to tetradic
and doped QDs [153,154]. The development of these new QDs in-
creases the variety of QDs available, enhances their functionality,
satisfies research demands, and broadens the scope of applications
for QDs.

5.1.2. Aqueous phase synthesis

Compared with organic phase synthesis, aqueous phase syn-
thesis has the advantages of low cost, low toxicity, simple opera-
tion, and green security. To obtain good water solubility,
biocompatibility, and chemical stability of QDs, Weller et al. first
applied aqueous phase synthesis method. Aqueous CdTe was syn-
thesized by using Cd as the precursor and sulfhydryl compounds as
the stabilizing agent. In this process, QDs with different particle
sizes and characteristics can be obtained by regulating the con-
centration of precursor substances, the reference of Cd and Te, pH,
etc [155]. Obviously, it is known that precise experimental
parameter optimization is essential for enhancing QDs synthesis in
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the aqueous phase. Studies have shown that polyacrylic acid (PAA)
can interact strongly with CdTe nanoparticles via the coordination
of carboxyl groups and cadmium ions on the particle surface. In
other words, the acidic range improves the luminescence efficiency
of CdTe nanoparticles stabilized by thiol carboxylic acid [156]. Since
then, more and more people have further improved the water
phase synthesis method and derived some new water phase syn-
thesis methods for QDs, such as hydrothermal method [157], ul-
trasonic radiation method [158], and microwave radiation method
[159]. Of these, hydrothermal method not only has all the advan-
tages of aqueous phase synthesis method, but also shortens the
synthesis time, reduces the surface defects of QDs and improves the
luminescence of QDs, which has become the most popular method
for QDs preparation.

5.2. Application of virus detection

Compared with conventional organic dyes, the fluorescence
intensity and stability of QDs are 20 times and two orders of
magnitude higher, respectively, which can improve the sensitivity
of the method for probe labeling. Importantly, QDs are highly
biocompatible and their surface may be chemically changed with
antibodies, nucleic acids, and other macromolecules without
affecting their biological capabilities, facilitating virus detection
[160]. This section focuses on three mainstream applications of
quantum dots in virus detection: Immune magnetic separation-
QDs fluoroimmunoassay, QDs-based lateral flow assay, and QDs-
based biosensors (Fig. 7).

5.2.1. Immune magnetic separation-QDs fluoroimmunoassay

As shown in Fig. 7(a), immune magnetic separation is a simple
pretreatment method based on the interaction of antigen and
antibody, which is characterized by excellent anti-interference
ability, rapid speed, good stability, and can rapidly enrich the
target from the complicated mechanism [161]. Combination with
quantum dots enables virus detection and quantification. Based on
immunomagnetic separation, a new FRET assay for the detection of
Porcine reproductive and respiratory syndrome virus (PRRSV) was
constructed using CdSe/ZnS as fluorescence donors and AuNPs as
fluorescence receptors, which enable the detection of low
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concentrations of PRRSV in pig serum in a wide range (10'-3.5 x 10*
TCIDso/mL) [162]. However, in complicated samples, single QDs
exhibit inadequate luminescence intensity and poor photostability.
The stability and fluorescence intensity of quantum dot nanobeads
(QBs) are substantially higher than those of quantum dots due to
the doping of numerous quantum dots, which can significantly
increase the sensitivity of the detection method [163]. Therefore,
the fluorescent linked immunosorbent assay (FLISA) based on
magnetic Fe304 nanospheres and QBs is an excellent choice for
detecting IgG in human serum and may be expanded to detect
SARS-CoV-2 specific IgM and IgG in serum [164]. Given the com-
plementary advantages of QDs and magnetic nanoparticles (MNPs),
magnetic quantum dot nanobeads (MQBs) composed of QDs and
MNPs have been developed to achieve immune enrichment and
fluorescent labeling [ 165]. Bai et al. constructed the LFA of MQBs for
magnetic enrichment and fluorescence detection of Influenza A
virus (IAV) in clinical specimens, with the LOD (22 pfu/mL) about
2200 times lower than that of traditional gold nanoparticle color-
imetric LFA (5 x 10% pfu/mL) [166].

5.2.2. QDs-based lateral flow assay

Lateral flow assay is a well-established, straightforward,
portable, affordable, and user-friendly technology that has become
an ideal candidate for on-site virus detection in a variety of
matrices. It is also widely used in food safety, supervision clinical
diagnosis and other fields [167]. The following benefits make the
LFA-based respiratory virus detection approach an excellent choice
for enhancing SARS-CoV-2 infection detection: (i) without sample
preparation processes, the approach may be used immediately on
respiratory specimens, and results are quick (typically 10—20 min)
and (ii) the LFA test strip is suited for quick viral screening of
infected individuals and utilized in hospitals, communities, schools,
and any other public locations. As shown in Fig. 7(b), for the
detection of total SARS-CoV-2 antibodies in human serum, an LFA
based on QBs synthesized with numerous quantum dots embedded
in a polymer matrix (QB-LFA) was created. Compared with AuNPs-
LFA, the proposed method's sensitivity is enhanced by almost an
order of magnitude [168]. Following that, a similar method was
described, in which the triple-QD shell (SiTQD) was used as a signal
probe to construct a dual-channel platform for simultaneous
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Fig. 7. The application of quantum dots in virus detection. (a) Immune magnetic separation-QD fluoroimmunoassay, (b) QD-based lateral-flow assay, (c) QD-based biosensors.
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detection of SARS-CoV-2 and IVA (within 15 min), with the LOD as
low as 5 pg/mL and 50 pfu/mL, respectively. The novel method
improves the sensitivity of the standard AuNP-based LFA method
by two orders of magnitude and is more sensitive than the prior
method [169]. However, because of problems with sensitivity and
cross-reactivity, serological testing can only be used as an adjuvant
to the diagnosis of viral infections. Based on this, nucleic acid
detection is still the method of choice for finding SARS-CoV-2, and
several nucleic acid-based detection methods have been created.
Zhang et al. first combined Cas13-based nucleic acid detection
strips with quantum dot microspheres (QDMS) for the detection of
SARS-CoV-2. The method costs less than $1.50 for a single test, and
the fluorescent nanoprobes and nucleic acid test strips can be
stored at room temperature for at least 3 months, which has the
potential to be used in site-directed detection [22].

5.2.3. QDs-based biosensors

Biosensors are recognized by their molecular recognition and
signal transduction abilities, which enable them to convert
biochemical data into optical or electrical signals. Up to now, many
biosensors have been proposed for virus detection, such as surface
plasmon resonance (SPR) [170] and surface enhanced raman scat-
tering (SERS) [171]. In addition to the methods mentioned above,
ECL is a superior detection and analysis technique because of its
high sensitivity, easy optical setup, strong temporal and spatial
controllability, minimal background signal, and lack of a light
source. QDs and ECL integration-based detection methods have
attracted a lot of interest since Bard et al. published their initial
study on the ECL of Si QDs in 2002 [172]. However, the effectiveness
of ECL based on quantum dots is rather low when compared to
conventional ECL reagents, such as Ru (BPY)3* and luminol, which
restricts the practical applicability [173]. As a result, signal ampli-
fication strategies are required to increase detection sensitivity.
Currently, as shown in Fig. 7(c), signal amplification methods are
classified into three types: (1) loading QDs on carrier materials with
a high specific surface area or with a robust carrier structure (silica
nanoparticles, carbon nanomaterials, metal-organic skeletons,
etc.). An amount of CdSe/ZnS QDs was embedded into copolymer
nanospheres by simple ultrasound to produce uniform electrolu-
minescent nanospheres (ENs). On this basis, MNPs were combined
for ultrasensitive EBOV detection, which could detect EBOV as low
as 5.2 pg/mLin 2 h [174]. (2) using co-reactive catalysts (solid metal
alloys, oxides, and novel nanoparticles) to speed up the formation
of free radicals. It has been demonstrated that H>O0, and K;S,0g
double coreactants can increase ECL strength by more than 100-
fold [175]. Liu et al. employed K;S;0s to increase the intensity of
ECL and constructed an electrochemical sensor based on the fluo-
rescent internal filtering effect between CdTe QDs and gold nano-
particles (AuNPs) for the detection of hepatitis B and C viruses, with
LOD of 0.082 pmol/L and 0.34 pmol/L, respectively [176]. (3) using
an effective matrix for indirect signal amplification. Photonic
crystal (PC) is a novel form of microstructure material in which
materials with varying dielectric constants are placed in a periodic
pattern. Because of its light collecting and light amplification
properties, PC is frequently employed to increase biosensor signals.
Because the electrode modified with SiO, photonic crystal nanofilm
could successfully boost the ECL strength by nearly 7-fold, an
enhanced NIR-ECL biosensor with the LOD as low as 0.0014 fg/mL
was constructed for ultrasensitive SFTSV diagnosis [177]. However,
in the above method, the tube must be opened during testing,
which may result in aerosol contamination and further virus
spread. Consequently, avoiding opening the test tube during the
testing process to prevent aerosol contamination can effectively
reduce the risk of infection of testing personnel. Fig. 7(c) shows
mgnetic relaxation switch (MRSw) based on the nuclear magnetic
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resonance (NMR) phenomenon can be applied to biomarker
detection, significantly simplifying detection steps, realizing
closed-loop detection, and achieving low background and high
simplicity sensing [178]. Recent research has shown that the Gd>*
probe can improve MRSw sensitivity [179]. Meanwhile, ultra-low
field (ULF) NMR can double the relaxation of Gd>* complexes
compared to 1.5 T, which is beneficial to biomarker identification
[180]. In the ULF NMR method, Gd>* loaded polyethylene glycol
(PEG) modified GQDs (GPG) was employed to detect SARS-CoV-2
pseudovirus, which the detection time was less than 2 min and
the total cost of a single GPG test is only $1.25 [181]. Even though
numerous QDs-based biosensors for virus detection have been
established, they have not yet been fully commercialized, most
likely because the LOD has not yet reached an acceptable level, or
the repeatability and stability of the method still need to be
improved. To satisfy the demands for detection, researchers must
improve biosensors that are more reliable, portable, fast, and
environmentally friendly.

6. Carbon dots

Carbon dots (CDs) are zero-dimensional fluorescent carbon
nanostructures with particle sizes of 10 nm [182]. CDs have many
unmatched advantages over conventional heavy metal quantum
dots and organic dyes, including low cost and low environmental
impact synthesis, a straightforward synthesis route, a variety of
fluorescence characteristics, better water solubility, good biocom-
patibility, and strong resistance to photobleaching [183]. CDs with
different forms have distinct names due to their complicated
structure and great variation, primarily graphene quantum dots
(GQDs) and carbon quantum dots (CQDs). Furthermore, the surface
of CDs is rich in hydroxyl, carboxyl, carbonyl, and epoxy groups,
making carbon quantum dots easier to functionalize and expanding
the application spectrum of carbon quantum dots [184]. CDs
combine the optical capabilities of quantum dots with the physi-
cochemical properties of carbon nanomaterials to provide greater
benefits [185]. Consequently, CDs research has been involved in
biomedicine, environmental pollution detection, and photo-
catalysis, and has achieved outstanding results. In this section, we
will focus on the synthesis methods of CDs and the application of
virus detection.

6.1. The synthetic methods

To date, various synthetic methods have been described to
synthesize CDs with varying physical and chemical characteristics,
which may be readily tuned by modifying reaction variables such as
feedstock, temperature, pH, and so on. The available synthetic
methods for CDs are broadly classified as top-down method and
bottom-up method (Fig. 3).

6.1.1. Top-down method

Top-down method refers to the cutting of larger precursors
(such as graphene, activated carbon, carbon nanotubes, etc.) into
small-sized nanomaterials by physical or chemical methods, such
as arc discharge method, laser etching method, electrochemical
oxidation method, etc., which the principle of preparation is pri-
marily the large size of carbon material decomposed into micron,
eventually forming carbon quantum dots. CDs were first discovered
using arc discharge method when researchers discovered fluores-
cent carbon materials in the process of purifying single-walled
carbon nanotubes produced by arc discharge soot [186]. However,
the CDs obtained by arc discharge method are generally complex in
composition and have low QY [187]. Surface passivation is one of
the most effective methods for increasing QY. Sun et al. developed a
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two-step procedure for manufacturing high CDs with a QY close to
60% employing PEG159on (passivating agents, help in the generation
of fluorescence by introducing surface defects and they provide
active sites for further modifications) as a surface passivator based
on this finding [ 188]. Similarly, using graphene oxide (GO) and low-
cost commercial activated carbon as carbon sources, HNOs3 as an
oxidant, and amine-terminal compounds as surface passivation,
Shen [189] and Qiao [190] et al. combined chemical oxidation and
surface functionalization to make CDs with high QY. Although the
above method produces CDs with excellent QY, the operation is
laborious, the yield is poor, and the PL is not changeable. After that,
Peng [191] and Liu [192] et al. manufactured CDs by oxidative
cutting using carbon fibers (CFs) as carbon sources. More impor-
tantly, by varying the reaction temperature, the emission wave-
length of CDs may be controlled. To decrease costs, coal has also
been used to chemically oxidize carbon to create CDs. By varying
the coal's oxidation cutting conditions or graphite crystal structure,
CDs size and optical qualities may be changed [193]. The laser
ablation method can directly synthesize CDs without additional
passivation by carefully selecting the appropriate carbon target or
its medium, which attracts the attention of researchers. To bypass
the time-consuming preparatory procedure, a one-step laser
ablation technique was developed by optimizing the experimental
conditions. The graphite powder dispersed in PEG200 N was irra-
diated with a Nd: YAG laser for 2 h while being assisted by ultra-
sound, and the synthesis and surface modification happened
concurrently to produce CDs with a QY of 5% [194]. Contrarily, Yu
et al. avoided the usage of passivation agents like PEG by synthe-
sizing CDs instead of bulk carbon materials by using toluene as a
carbon precursor [195]. The laser ablation technique has the ad-
vantages of being simple to use and having a variable PL. However,
the method has some inherent difficulties such as low yield, short
wavelength of CDs, expensive equipment, and few applications.
Fortunately, Li et al. generated a series of CDs with size-dependent
PL by varying the current intensity of the base aided electro-
chemical system, resulting in a color shift from blue to brown with
sizes ranging from 1.2 to 3.8 nm [196]. In contrast to the methods
mentioned above, the electrochemical synthesis method has been
widely employed since it is easy to use, and the equipment is easily
accessible, which generally uses carbon materials with good con-
ductivity as the working electrode and carbon sources. After a
certain voltage is applied, the oxidation reaction takes place in the
anode, thereby shedding the CDs on the carbon source. In 2007,
Sham first used this method to synthesize blue CDs with a QY of
6.4%, which used multiwalled CNTs (MWCNTs)-covered carbon
paper as the working electrode and carbon source, a Pt wire as the
counter electrode, Ag/AgClO4 as a reference electrode, and tetra-
butylammonium perchlorate (TBAP)-containing acetonitrile solu-
tion as the electrolyte [197]. Later then, the researchers achieved
the electrochemical preparation of CDs by switching to a more cost-
effective carbon source, such as petroleum coke and graphite rod
[198,199]. Furthermore, Li et al. obtained three GQDs with different
optical properties by electrochemical oxidation using aqueous
phosphate buffer solution, aqueous NaOH solution and aqueous KCI
solution as electrolytes, respectively, verifying that changing the
electrolyte can affect the morphology and fluorescence properties
of GQDs [200]. However, top-down electrochemical synthesis has
been criticized for its low QY. Inspired by the bottom-up method,
proposed a facile bottom-up preparation strategy of CDs by elec-
trochemical carbonization of ILs-containing nitriles as both pa-
rameters and carbon sources, which provide new ideas for the
improvement of electrochemical methods [201].

6.1.2. Bottom-up method

Bottom-up method primarily employs tiny molecules
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containing carbon as precursors (sucrose, citric acid, glucose, and so
on) to self-assemble CDs, which the most often utilized methods
include hydrothermal methods, pyrolysis methods, microwave
methods, and so on. Compared with the top-down method, the
proposed method showed high QY and strong photoluminescence
intensity [202]. Hydrothermal method is the most efficient way to
synthesize CDs, which is primarily a carbonization process at quite
a high temperature and pressure. Small molecule precursors are
more beneficial in the hydrothermal synthesis of CDs. The tiny
molecule L-ascorbic acid was processed for 4 h at 180 °C in a
combination of deionized water and ethanol to create homoge-
neously and scattered blue luminous CDs, but the QY was lower
(6.79%) [203]. On the other hand, under the same hydrothermal
synthesis conditions, nitrogen-containing CDs from chitin and
chitosan exhibited greater QY and bigger sizes than nitrogen-free
CDs from glucose, demonstrating significant effects on the QY and
morphology of CDs [204]. Besides, using citric acid and ethyl-
enediamine (EDA) as carbon and nitrogen sources, respectively,
blue luminous CDs with a QY of 80% and a high output of 58% were
synthesized, demonstrating that the modification of CDs with
heteroatoms could effectively change its physical and chemical
properties, particularly enhance QY [205]. The hydrothermal
method is simple to use, offers a diverse variety of carbon sources,
and does not demand the use of specialized equipment. More
significantly, CDs with multicolor emission may be made by
adjusting the reaction conditions, which is beneficial for biomedi-
cine, sensing, optoelectronics, and other applications. Pyrolysis
method, which is separated into liquid phase pyrolysis and solid
phase pyrolysis, is another method for producing CDs with high QY.
Wang et al. used pyrolysis for the first time to create high QY (53%)
oil-soluble CDs with varying properties by carbonizing anhydrous
citric acid (carbon precursor) in a hot mixture of uncoordinated
solvent octadecene and surface passivator 1-hexadecylamine at
300 °C by varying the reaction solvent or reaction time [206].
Subsequently, Pan et al. devised a one-step solid-phase pyrolysis
process for producing high-blue luminous CDs with QYs ranging
from 31.6 to 40.6% without the need for any solvent [207]. This
method can obtain CDs with high QY, but it is difficult to obtain
uniform CDs due to the cumbersome process. In particular, it is
difficult to prepare long-wavelength CDs by pyrolysis method,
which greatly limits the application of CDs. Unlike hydrothermal
and pyrolytic methods, the microwave method can reduce reaction
time to a few minutes, allowing for the quick production of CDs. By
employing the microwave method and inexpensive citric acid and
urea as carbon and nitrogen, respectively, N-doped CDs with QY up
to 14% were created [208]. Later on, the QY of N-doped CDs rose to
40.2% when EDA was employed as a nitrogen source instead of urea
[209]. This method has the potential for extensive industrialization
since it is more time-efficient and cost-effective.

6.2. Application of virus detection

As previously mentioned, CDs have a variety of interesting
properties, including good stability, simplicity of surface modifi-
cation, minimal cytotoxicity, and excellent biocompatibility [185].
Researchers have given CDs a lot of consideration as viable candi-
date material for biosensing. In recent years, virus detection has
seen significant efforts and advances. Appropriate incorporation of
CDs as a significant component of viral genome detection tech-
niques appears to increase viral identification sensitivity and
specificity. Therefore, this section makes an appropriate summary
based on the optical sensors, electrochemical sensors, lateral flow
assays, and microfluidic analysis of CDs (Fig. 8).
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Fig. 8. The application of carbon dots in virus detection. (a) CDs-based optical biosensor, (b) CDs-based electrochemiluminescent sensors, (c) Other biosensors.

6.2.1. CDs-based optical sensors

Combining optical discs with technological tools can result in
accurate, quick, and sensitive virus identification. CDs can operate
as energy donors or acceptors and have variable elemental com-
positions, converting optical changes into measurable signals like
fluorescence intensity, colorimetric wavelength, or longevity. This
allows us to categorize optical sensors based on CDs into two major
groups in Fig. 8(a): on-off and off-on. On the one hand, the on-off
strategy, namely fluorescence quenching, is the most typical
sensing design for CDs-based optical sensors, and this technique
has been used to detect a variety of cations, anions, tiny com-
pounds, pathogenic bacteria, and viruses. Zhao et al. designed an
electrochemiluminescence biosensor with an “on-off” signal for the
dual detection of HIV and HPV. Namely, the biosensor was incu-
bated with HIV DNA and CDs-labeled SNA ECL luminescence mass
before obtaining the “on” ECL signal. To acquire the “off” ECL signal,
the biosensor was incubated with helper DNA, CDs-labeled SNA,
and Cas12a/crRNA/HPV-16 dsDNA complex. The benefit of this
method is that it can perform equivalent detection in under 2 h
without the need for extra nucleic acid amplification stages or
numerous Cas protein effectors [210]. On the other hand, the off-on
strategy enables the measurement of the analyte concentration by
bringing the quenched CDs back to the emission state. For FRET-
based biosensing, a variety of carbon-based materials are
frequently utilized because of their almost ubiquitous, long-range,
and highly efficient photoluminescence quenching characteristics.
Due to their significant light absorption windows, CNPs have
distinguished themselves as superior materials for use as energy
acceptors [211]. CNPs were used as the fluorescence acceptor and
two-probe fluorescent AgNCs as the fluorescence donor in the
construction of a FRET-free biosensor for HIV detection, in which
the LOD was 0.40 nM [212]. Graphene is also a promising substrate
for the immobilization of inorganic nanoparticles. The combination
of 2D GO with zero-dimensional AuNPs produces AuNPs/GO
nanohybrids that not only combine the qualities of each component
but also have fascinating structures and properties that the indi-
vidual components do not have [213]. Inspired by this, a FRET-
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based HIV detection platform was developed using hydrothermal
production of CDs of uniform size and AuNPs/GO composites as
quenches. This approach offers substantially higher selectivity and
sensitivity for detecting HIV gene-related DNA in the femtomole
concentration range than the previously published method [214].
In recent years, MNPs have been quickly produced and have had a
revolutionary influence on food safety, environmental monitoring,
biomedicine, and other fields [215]. Another study found that
adsorption of the CDs-probe on the surface of Fe304@Au in the
absence of a target reduced CDs fluorescence emission, which was
recovered in the presence of the target because double-stranded
DNA could not be adsorbed on Fe304@Au. The detection of Hu-
man T-lymphotropic virus type 1 (HTLV-1) was made possible as a
result of this [216].

6.2.2. CDs-based electrochemical sensors

Electrochemical detection system has the advantage of fast
response, high sensitivity, simple setup, wide detection range,
flexibility, low cost, and compact structure [217]. Compared with
other analysis methods based on optics, ECL has some incompa-
rable advantages. One is that ECL does not need an external light
source for light emission. In other words, there is no background
signal for sample fluorescence. Secondly, the ECL emission can be
controlled by the potential on the electrode. Thirdly, some of the
ECL reactants can be electrochemically regenerated on the elec-
trode, which greatly improves the detection sensitivity. Therefore,
the integration of CDs into this assay technology and its integration
into composite nanomaterials can increase the detection limit and
thus integrate point-of-care devices into personalized medicine.
CDs-based electrochemical sensors have three main mechanisms in
Fig. 8(b): signal indicators, co-reactants, and surface modifiers.
Although the ECL mechanism of CDs is not completely understood,
there is evidence that the intensity of CDs luminescence is directly
connected to its surface condition. Firstly, a novel synthetic
approach is now being developed that enhances the ability to
integrate certain groups into nanostructured carbon-dimensional
networks and endows them with specified functionality. For
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example, M. Prato et al. have shown how to choose appropriate
precursors for CDs production by introducing particular electro-
active groups into carbon dot nanostructures and changing their
electrical and electrochemical characteristics [218]. In particular, an
electrochemical indicator of methylene blue (MB) functionalized
CDs paired with gold nanostructures of various shapes was syn-
thesized to establish a sensing platform for SARS-CoV-2 detection
with a detection limit as low as 2.00 aM [219]. Secondly, Co-
reaction mechanisms have been created, such as the CDs-S;0%",
CDs-SO%, and CDs-SO3 systems, which can improve the ECL
response and sensing sensitivity of CDs by encouraging the creation
of an initiator [220]. For example, CDs synthesized using a green
chemical method were utilized as a co-reactive agent of
[Ru(BPY);]** anodic electrochemiluminescence, and SARS-CoV-2
was identified by a change in ECL signal when [Ru(BPY)3]**/CDs
was mixed with AuNMs nanostructures [221]. Similarly, Guo et al.
developed a new triadic ECL system for ultrasensitive HBV-DNA
detection by accelerating the co-reactant S;0§-with boron and
nitrogen co-doped CDs (BN-CDs) and platinum nanoflower (Pt
NFs). which the detection ranges from 100 aM to 1 nM [222].
Thirdly, CDs are perfectly suited for usage as electrode surface
modifiers due to their large surface area features. However, the
conductivity of CDs is lower than that of common metals, which
restricts the passage of electrode current. As a result, CDs are
frequently mixed in certain composites to boost electrical con-
ductivity and improve adsorption characteristics [223]. Guerrero-
esteban et al. modified electrodes with synthetic nitrogen-rich
CNDs (rich in aromatic primary amines) and utilized them as
antibody carriers and ECL amplifiers to detect SARS-CoV-2 along a
wide range, effectively applying them to SARS-CoV-2 detection in
rivers and municipal wastes [224].

6.2.3. Other sensors

In addition to the above applications, CDs also plays an impor-
tant role in lateral flow assay and fluorescence probe. Among the
various biosensor platforms, paper-based biosensors are commer-
cially attractive alternatives due to their simple preparation, ease of
operation, availability, and transportability, coupled with low cost
and efficient manufacturing, thus outperforming screen-printed
glass carbon-based electrodes [225]. Lateral flow assays do not
require complex instrumentation, but their sensitivity is often
criticized. Commercial test strips generally use gold nanoparticles
as signal reporters, but it has been shown that the LOD of silanized
CDs-based LFA is lower than that of AuNPs-based LFA in Fig. 8 (c).
Combining fluorescent CDs-based silica (FCS) colloids with LFA
platform achieved the LOD as low as 10 pg/mL for the Zika virus,
which is 100 times lower than AuNPs-based LFA [226]. Later on, a
similar technique using red emission enhanced CDs-based silica
(RCS) with a sensitivity of 10 pg/mL was employed to detect SARS-
Cov-2. Once more, this approach has the potential to be employed
in the future as a fresh, affordable, and straightforward detection
tool, particularly in underdeveloped nations [227]. In addition, the
photoelectric sensor is a rapid diagnostic tool that can provide ac-
curate, reliable, field-portable low-cost equipment for practical
applications. For example, Ahmed et al. reported a photoelectric
sensor for fowl adenoviruses (FAdVs) detection that enhanced the
local electric field through the interaction of GQD with gold
nanobundles (AuNBs) to achieve highly sensitive detection, which
is 100 times more sensitive than conventional ELISA methods [228].

7. Others
In addition to the five more frequent kinds of fluorescent

nanoparticles described above, other advanced fluorescent nano-
materials, such as organic frameworks and time-resolved
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fluorescence nanoparticles (TRFNPs), have been broadly acknowl-
edged as the choice for virus-sensing applications. The organic
framework mainly includes covalent organic frameworks (COFs)
and MOFs. COFs are porous polymer nanostructures with excep-
tional heat stability and density. However, COFs have only been
employed once for virus identification due to the scarcity of high-
energy electrons. In one research, COFs were combined with
AuNPs and DNA that had been tagged with an Ag nanocluster to
detect HAV and HBV [229]. In contrast, MOFs are the most
commonly employed organic nanomaterials for virus detection.
MOFs are coordination polymers with large specific surface areas,
high porosity, fluorescence quenching, high loading efficiency, and
tunable porosity that are primarily made of organic linkers and
inorganic metals. The quenching performance of planar MOFs is
superior to that of stereo MOFs due to their planar structure with
the extensively exposed surface, rich functional groups, metal ions
(positive charge), and huge conjugate system. Importantly, planar
ligands may also lessen the MOFs steric hindrance, which would
promote probe adsorption and hybridization. Zhao et al. created a
variety of new water stable Zn?* pterionic MOFs with the LOD of 10
pM for the selective and sensitive detection of HIV sequences.
Compound 2 (Zn** and Cbdcp?®~) had the highest quenching per-
formance due to its adequate pore size and planar shape [230].
Time-resolved fluorescence immunoassay (TRFIA) is a revolution-
ary detection method that uses the unique fluorescence features of
lanthanides and offers greater sensitivity, reduced matrix inter-
ference, and a broader dynamic range than ELISA [231]. Chen et al.
developed a TRFIA approach that uses a double antibody sandwich
to detect African swine fever (ASFV) antigen which has equivalent
performance to currently available ELISA assays [232]. Besides,
there are other fluorescent nanoparticles in the detection field. For
example, persistent luminescence nanoparticles (PLNPs) absorb the
energy of ultraviolet, visible, near infrared and X-ray light and store
it in lattice defects. When the excitation light goes out, the energy
from the light source is slowly released and the light source con-
tinues to shine for seconds, hours, or days [233]. This continuous
near-infrared light significantly reduces biological tissue self-
fluorescence, effectively improves sensitivity and signal-to-noise
ratio, and causes PLNPs to have a longer lifetime and stronger
photostability than lanthanide fluorescent particles, making them
highly potential probes [234]. However, no evidence of PLNPs being
used in virus detection has been discovered. The study of PLNPs-
based sensors is still in its early stages, and the creation of mono-
disperse and high-luminescence PLNPs has a lot of unexplored
territories.

8. Conclusions and future perspectives

Due to the current global spread of viruses such as SARS-CoV-2
and monkeypox, there is an urgent need to improve the accuracy,
sensitivity, specificity, and speed of virus detection. Also, there is an
interest in developing alternative methods to conventional virus
detection systems (e.g., PCR, ELISA). Fluorescent nanotechnology
has great potential for rapid virus detection and identification,
genomic analysis, and serological studies. The incorporation of
nanomaterials provides multiple benefits for improved perfor-
mance of viral sensors, such as increased sensitivity, specificity, and
response time. On the one hand, in terms of the current state of
application of fluorescent sensors for virus detection, the method
has long been widely used, such as the FDA-approved fluorescence-
based real-time reverse transcription polymerase reaction tech-
nique and the fluorescence-based immunochromatographic
method for SARS-Cov-2 detection. On the other hand, in terms of
the current state of fluorescent sensor virus detection machines,
QPCR instruments are commonly used for the rest of the laboratory
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for the quantitative detection of viruses, and antigen detection Kits
are more suitable for home screening. In addition, ECL, high-
throughput multiplex coding and MRSw have also been devel-
oped. In this work, we discuss various methods of synthesis of
fluorescent nanoparticles and recent developments in the appli-
cations of virus detection. Despite the development of fluorescent
biosensors in the field of detection, there are still many issues and
challenges that need to be addressed.

Firstly, the optical properties of fluorescent nanoparticles
determine their analytical performance. The development of fluo-
rescent nano biosensors needs to consider issues such as back-
ground fluorescence, fluorescence stability, and phototoxicity. In
addition, issues such as toxicity and reproducibility of the biosensor
should be addressed. Therefore, the synthesis of fluorescent
nanoparticles must be further optimized to give high quantum
yield, optical stability, low toxicity, and good dispersion of fluo-
rescent nanoparticles by green synthesis methods.

Secondly, since viruses have a certain incubation period and are
highly transmissible, coupled with the movement of people which
expands their transmission range, on-site screening of viruses
generally requires advantages such as high throughput, portability,
and short detection time. However, most of the existing reported
fluorescent biosensors are not suitable for in situ detection.
Therefore, incorporating nanosensors into an affordable paper strip
or smartphone system expands the range of “guaranteed” criteria
(affordable, sensitive, specific, user-friendly, rapid, device-free, and
delivered to the end-user) for nanomaterials for POCT of viral
pathogens. This will not only improve the efficiency of the test
analysis but also reduce the cost of the test and save manpower.

Finally, from the development of advanced fluorescent nano-
materials, near-infrared fluorescent materials with longer emission
wavelengths can effectively shield complex biological matrices
(e.g., biological proteins and pigments) from background interfer-
ence and improve the accuracy of actual sample analysis. By
coupling with other fluorescent materials to create dual-emission
ratio fluorescent probes, built-in calibration can be provided to
reduce systematic errors from the instrument and environmental
effects, improve the signal-to-noise ratio, and make the platform
suitable for commercialization.
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AgNCs: silver nanoclusters

AuNCGs: gold nanoclusters

AuNPs: gold nanoparticles

BODIPY: boron dipyrromethene

BSA: bovine serum albumin

cDNA: complementary DNA

CDs: carbon dots

CFs: carbon fibers

COFs: covalent organic frameworks

CQDs: carbon quantum dots

CuNCs: copper nanoclusters

DMSNs: dendritic mesoporous silica nanoparticles
ECL: electrochemiluminescence

EDA: ethylenediamine

EDTA: ethylene diamine tetraacetic acid
ELISA: enzyme-linked immunosorbent assay
ENs: electroluminescent nanospheres

NCD: nanocluster dimer

NIR: near-infrared

NIRFNs: near-infrared dye-doped fluorescent nanoparticles
NMR: nuclear magnetic resonance

OA: oleic acid

ODFNs: organic dye-doped fluorescent nanoparticles
PAA: polyacrylic acid

PAMAM: polyamylamine dendrimers

PC: photonic crystal

PCR: polymerase chain reaction

PEG: polyethylene glycol

PEI: polyethyleneimine

PL: photoluminescence

PLNPs: persistent luminescence nanoparticles
PRRSV: respiratory syndrome virus

Pt NFs: platinum nanoflower

PVP: polyvinylpyrrolidone

QBs: quantum dot nanobeads

QDs: quantum dots

QDMS: quantum dot microspheres

QY: quantum yield

FAdVs: fowl adenoviruses

FLISA: fluorescent linked immunosorbent assay
FRET: fluorescence resonance energy transfer

22

Trends in Analytical Chemistry 161 (2023) 116999

FITC: fluorescein isothiocyanate

GQDs: graphene quantum dots

GSH: glutathione

HBV: hepatitis B virus

HIV: human immunodeficiency virus

HPV: human papilloma virus

HTLV-1: human T-lymphotropic virus type 1

IMS: immunomagnetic separation

IAV: Influenza A virus

LFA: lateral flow immunoassay

LNPs: lanthanide-doped polystyrene nanoparticles
LOD: limit of detection

LYZ: lysozyme

MB: methylene blue

MNCs: metal nanoclusters

MNPs: magnetic nanoparticles

MOFs: metal-organic frameworks

MQBs: magnetic quantum dot nanobeads

MRSw: magnetic relaxation switch

NAAO: nanoporous alumina

RABV: rabies virus

RED: rare-earth doped

RhB: rhodamine b

RI: rylenecarboximide

RSD: relative standard deviation

RT-PCR: reverse transcription-polymerase chain reaction
SARS-CoV-2: severeacute respiratory syndrome coronavirus 2
SERRS: surface enhanced resonance raman scattering
SERS: surface enhanced raman scattering

SNPs: silica nanoparticles

SPR: surface plasmon resonance

TBAP: tetrabutylammonium perchlorate

TCSPC: time-correlated single photon counting
TPA: two-photon absorption

TRFIA: Time-resolved fluorescence immunoassay
TRENPs: time-resolved fluorescence nanoparticles
TTA: triplet-triplet annihilation

UCL: up-conversion luminescence

UCNPs: up-conversion nanoparticles

ULF: ultra-low field
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