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ARTICLE INFO ABSTRACT

Keywords: The pandemic of the novel coronavirus disease 2019 (COVID-19) is continuously causing hazards for the world.
SARS-CoV-2 Effective detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can relieve the impact, but
NIR

various toxic chemicals are also released into the environment. Fluorescence sensors offer a facile analytical
strategy. During fluorescence sensing, biological samples such as tissues and body fluids have autofluorescence,
giving false-positive/negative results because of the interferences. Fluorescence near-infrared (NIR) nanosensors
can be designed from low-toxic materials with insignificant background signals. Although this research is still in
its infancy, further developments in this field have the potential for sustainable detection of SARS-CoV-2. Herein,
we summarize the reported NIR fluorescent nanosensors with the potential to detect SARS-CoV-2. The green
synthesis of NIR fluorescent nanomaterials, environmentally compatible sensing strategies, and possible methods
to reduce the testing frequencies are discussed. Further optimization strategies for developing NIR fluorescent
nanosensors to facilitate greener diagnostics of SARS-CoV-2 for pandemic control are proposed.

Nanosensor

Green synthesis
Environmental-friendly
Low-toxic

1. Introduction long-term health problems after cure. [6] Effective analysis of
SARS-CoV-2 can relieve the damage of COVID-19. [7-9] Various

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is methods including molecular (such as ribonucleic acid (RNA)), [7,10,
the virus causing the respiratory illness of the novel coronavirus disease 11] antigen, [12-14] or antibody [15-17] tests have been developed for
2019 (COVID-19).[ 1] This virus can damage various organs including monitoring SARS-CoV-2 infections. [18] Especially, thanks to the gold
the lung, [2] heart, [3] kidney, [4] and brain, [5] which even cause standard Polymerase Chain Reaction (PCR) facilities, the burden for the

List of abbreviations: SARS-CoV-2, Severe acute respiratory syndrome coronavirus; COVID-19, The pandemic of the novel coronavirus disease 2019; NIR, Near-
Infrared; PCR, Polymerase Chain Reaction; RNA, ribonucleic acid; POC, point-of-care; RCA, rolling circle amplification; DPV, Differential pulse voltammetry; VIS,
visible; IgG, immunoglobulin G; IgM, immunoglobulin M; SWCNTs, single-walled carbon nanotubes; IgG A, IgG aggregation; NIR775, an HyS-inert fluorophore;
Cy7Cl, a cationic cyanine dye; FRET, fluorescence resonance energy transfer; IONPs, iron oxide nanoparticles.; P, FITC-labelled GzmB substrate peptides; LICOR,
IRDye-800CW; EB-NS, prepared by the layered pigment CaCuSi4010 (Egyptian Blue, EB) via ball milling and facile tip sonication into NIR fluorescent nanosheets;
DSNP, down shifting nanoparticles; DSNP@MY-1057-GPC-3, active targeting antibody glypican-3 (GPC-3) was conjugated with DSNP@MY-1057; HCC, hepato-
cellular carcinoma; Pb-Ag,S ODs, lead doped Ag,S quantum dots; SPNs., semiconducting polymer nanoparticles; R, R represents a common recognition element for
the target; HA1, hemagglutinin subunit.; HAS, serum albumin; N protein, nucleocapsid protein; S protein, spike protein; ACE2, Angiotensin-converting enzyme 2; S
RBD, SARS-CoV-2 spike receptor-binding domain; MERS, Middle East respiratory syndrome coronavirus; HA1., hemagglutinin subunit; VTM, viral transport medium;
pGOLD, plasmonic gold; AIE, aggregation-induced emission; PS, polystyrene; LED, light emitting diode; MCU, microcontroller unit; CdS, core/shell lead sulfide/
cadmium sulfide; QDs, quantum dots; PEG, branched by Polyethylene glycol; PEG1000 PE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)— 1000]; PEG2000 PE, (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)— 2000);; CF647, a cyanine-based far-
red fluorescent dye; CP-MNB, capture probe-conjugated magnetic bead particle; E, envelope; S, spike; M, membrane; N, nucleocapsid; Si-RP, silica-reporter probe;
SPNs, semiconducting polymer nanoparticles.; IONPs., iron oxide nanoparticles; ASOs, antisense oligonucleotides; FLU, an infectious disease caused by influenza
viruses; SAM, self-assembled monolayer; PBS, Phosphate-buffered saline; CoPhMoRe, corona phase molecular recognition; AlEg;oNP, an aggregation-induced
emission (AIE) nanoparticle (Aey, = 810 nm); 5 G, the fifth generation technology standard for broadband cellular networks; DCNPs, Down-conversion nano-
particles; AlEgens, AIE luminogens; ENMs, electrospun nanofibrous membranes; AuNP, Gold nanoparticle; QY, quantum yield.
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spread of the infections is significantly relieved based on the detection of
SARS-CoV-2 RNA. [19-21].

The virus genome of SARS-CoV-2 is a single positive-stranded RNA of
about 30,000 bases, which contains genes including replicas complex
(orflab), the 5' untranslated region, envelope (E), spike (S), membrane
(M), nucleocapsid (N) structural proteins, 3'-untranslated region, and
several unidentified non-structural open reading frames. [22,23] The
molecular tests have been developed to detect one or several of these
genes to recognize the virus. For instance, a setup that involved

Sensors and Actuators: B. Chemical 362 (2022) 131764

step-wise sandwich hybridization of rolling circle amplification (RCA)
amplicons with electrochemical sensors (Fig. 1) was designed. [24] This
sandwich was constructed by the capture probe-conjugated magnetic
bead particle (CP-MNB), the target, and the silica-reporter probe (Si-RP),
which were mixed in a single hybridization step and subsequently a
single washing step. Differential pulse voltammetry (DPV) showed
enhanced signals while interacting with the viral N or S genes of
SARS-CoV-2 with a detection limit of 1 copy/uL. This method accurately
evaluates 106 clinical samples through a simplified protocol compared
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Fig. 1. a, a scheme for the extraction and analysis of SARS-CoV-2 RNA from clinical samples using the electrochemical biosensors with RCA of the N and S genes. b,
The electrochemical analysis by using a portable potentiostat device connected to a laptop. Note: The N gene is the nucleocapsid protein for RNA packaging and viral

particle release.
Reprinted from ref.[24] with permission from Springer Nature (copyright 2021).
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to many methods that minimize contamination to optimized values.
However, the viral RNA has to be extracted for SARS-CoV-2 analysis,
which is required by most current techniques. [25-27] During the
extraction processes, necessary toxic RNA isolation reagents are needed.
[28-31] To better protect the environment, finding strategies to reduce
the release of toxic substances becomes the need for new strategies.

Outbreaks occur from time to time, but some methods may not be
sensitive or accurate enough. [32-35] Many diagnostic tests can give
false positive or negative results for complex reasons. [36,37] Then,
multiple repeat tests may be needed to confirm the positive or negative
cases. A sensitive test can not stop the frequent use of test kits because
diagnosis is mostly not dynamic. For instance, a patient’s viral infection
status may fluctuate between negative and positive. [38] This necessi-
tates an increase in the test frequency. Increased test frequency results in
more waste being generated. Therefore, flexible strategies to adapt to
dynamic viral infections may reduce the test frequency and the dispos-
able test Kkits.

Nanomaterial-based biosensors require affordable equipment and
simple operating procedures. These biosensors are promising to reduce
environmental hazards from synthesis to recycling. [39-41] For
instance, some nanomaterials-based biosensors match the accuracy,
sensitivity, and specificity for an RNA-extraction-free nano-amplified
test of SARS-CoV-2 using color readout. [42,43] Compared to the color
sensor, some fluorescence detection can be more sensitive without using
the amplification or extraction processes. [44-46] This may significantly
reduce the waste generated during analysis progresses.

The traditional fluorescent sensor detects analytes from ultraviolet
(UV) to visible (VIS) emission, but the signal at this UV-VIS range may
suffer interferences from the biological samples (e. g., the proteins in the
serum have green fluorescence). [47,48] On the other hand, biological
samples have ultra-low NIR (NIR I (ca. 700-1100 nm), NIR-II
(1000-1700 nm) fluorescence signals. [49-52] Then, the NIR fluores-
cent nanosensors may more accurately diagnose COVID-19 suffering
fewer interferences (Fig. 2), providing a promising platform to reduce
the misdiagnosis results. This will even reduce additional confirmed
tests.

Some NIR fluorescent nanosensors show potential from raw material
production to waste recycling. NIR fluorescent nanosensors can be
designed through green methods and low-toxic NIR fluorescent nano-
materials; [53] It can also be fabricated based on the loading of NIR
organic dyes on low-toxic but non-fluorescent nanomaterials (Table 1).
In combination with a bioreceptor (or biological recognition element),
the analytes could be detected by reading the NIR emissions with an
appropriate excitation. [54].

Though the reported NIR fluorescent nanosensors of SARS-CoV-2
detections are limited, several reports have already shown promise for
both accurate and environmental-friendly analysis, which covers the
detection of SARS-CoV-2 RNA, the recognition of the antigen of this
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Fig. 2. A promising platform for in-vivo sensing of SARS-CoV-2 using NIR
fluorescent nanosensor based on the employment of NIR fluorescent nano-
materials with environmental-friendly properties.
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virus, and the antibody test such as the analysis of human immuno-
globulin G (IgG), immunoglobulin M (IgM), and IgG avidity at different
infection stages. However, the hazard release during the life cycle of the
NIR fluorescent sensing is still expected to be modified for better envi-
ronmental protection. [66,67] Herein, we focused on presenting these
reported NIR fluorescent nanosensors for the potential detection of
SARS-CoV-2. To reduce long-term pollution, the green synthesis,
detection, and recovery for analysis of SARS-CoV-2 based on NIR fluo-
rescent sensors are discussed. The prospects toward designing more
environmental-friendly tests using NIR fluorescent nanosensing
methods are proposed for the sustainable diagnosis of COVID-19.

2. Molecular test

Molecular tests based on NIR fluorescent nanosensors detect genetic
material - the RNA - of the SARS-CoV-2. [68] For instance, antisense
oligonucleotides (ASOs) are single-stranded oligodeoxynucleotides that
can be used as a bioreceptor to target the viral RNA. [69] Moitra et al.
employed ASOs (50-CCAATGTGATCTTTTGGTGT-30) to conjugate
NIR-II fluorescent lead sulfide quantum dot (PbS QD) using a
UV-triggered thiol-ene (also called alkene hydrothiolation) -click
chemistry (Fig. 3a). The developed sensor (PbS QD-ASO) exhibits
aggregation-induced NIR-II emission specifically in the presence of RNA
(Fig. 3b-d) extracted from clinical SARS-CoV-2 positive samples. The
deep tissue penetration ability of NIR fluorescence ( 2-4 mm at
900-1900 nm) enabled the ex-vivo imaging (ca. 1000 nm) of the
infected lungs of BALB/c (BALB/c is an albino, which refers to the
immunodeficient laboratory-bred strain of the house mouse) mouse
model, showing excellent specificity due to the hybridization of the
ASOs (from PbS QD-ASO) with the viral RNA strands. PbS QDs are
semiconductors, which are popular for NIR fluorescent sensing appli-
cations due to their simple synthesis process, excellent light absorption
performance, low cost, and tunable band gap. [70] Though the
involvement of the toxic metal (Pb) from PbS QD may be a concern, it
was reported that PbS QD protected by an inner layer such as poly-
ethylene glycol (PEG) exhibited high aqueous stability, biocompatibility
and remained highly fluorescent for noninvasive, fast, real-time bio-
imaging. [71] The confinement of NIR fluorescent QDs by inner poly-
mers may be an effective way to reduce the release of the toxic Pb.
However, stable PbS QDs were mostly stabilized by a capped ligand,
which was not soluble in water. For instance, oleic acid capped PbS QD
requires phase transfer before biomedical applications. [72] In addition,
to modify the bioreceptor (ASO) on PbS QD for imaging of SARS-CoV-2
infected samples, UV-induced thiol-ene click chemistry was used, which
also required an organic chemical pollutant (dimethoxypropiophenone
(DMPA)). Similar to most tests, RNA extraction was a necessary pro-
cedure when the sensitivity could not meet the extraction-free analysis.
Thus, further modifications of PbS QD-based sensors for more
environmentally-friendly discrimination of SARS-CoV-2 infected sam-
ples are still expected.

3. Antigen test
3.1. Enzyme receptor

In the reported works, COVID-19 antigen tests mainly depend on the
detection of the nucleocapsid protein (N protein) or spike protein (S
protein) of SARS-CoV-2. [73] Bioreceptors are normally attached to the
NIR fluorescent materials in these sensors for recognizing the antigens.
Angiotensin-converting enzyme 2 (ACE2) is an enzyme that can attach
to the membrane of cells (mACE2) in the intestines, testis, kidney,
gallbladder, and heart. [74] ACE2 can be used as a bioreceptor to non-
covalently bind to S protein with high affinity. [75] Pinals et al.
employed ACE2 as a bioreceptor for functionalization of NIR fluorescent
SWCNTs, which could target recombinant coronavirus S protein. Excited
at 721 nm, the sensor showed brighter NIR fluorescence (1130 nm)
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Table 1
Examples of the NIR fluorescent nanosensors for the detection of various analytes.
Sensors Chromophores ~ Main hazard release Analysis target Readout Ref.
SWCNTs-R SWCNTs The organic reagents during the Bacteria; Serotonin; HyO,; IgG A; Cytometry; metal 900-1250 nm [55-59]
production ions, etc.
EB-NS-R EB-NS The release of Cu** Potential bioimaging for various analytes 910 nm [60]
Pb-Ag,S ODs-R Pb-Ag,S ODs The release of Pb** Hy04 1200 nm [61]
SPNs-R SPNs The ogrianic reagents during the Cancer 1300-1400 nm [62]
production
IONPs-P-LICOR LICOR The release of organic dyes GzmB activity about 800 nm [63]
NIR775/ NIR775, Cy7Cl  The release of organic dyes H,S 775-810 nm [64]
Cy7Cl@HyNPs (FRET)
DSNP@MY-1057-GPC-  MY-1057 The release of organic dyes HCC 1060 nm [65]
3

SWCNTs, single-walled carbon nanotubes; SWCNTs-R, SWCNTs in combination with a receptor (R); R in sensors represent the corresponding receptors; IgG A, IgG
aggregation; NIR775, an HoS-inert fluorophore; Cy7Cl, a cationic cyanine dye; HyNPs, hybrid micellar nanoparticles; NPs, nanoparticles; FRET, fluorescence resonance
energy transfer; IONPs, iron oxide NPs; P, FITC-labelled GzmB substrate peptides; LICOR, IRDye-800CW; EB-NS, prepared by the layered pigment CaCuSisO1¢
(Egyptian Blue, EB) via ball milling and facile tip sonication into NIR fluorescent nanosheets; DSNP@MY-1057-GPC-3, active targeting antibody glypican-3 (GPC-3)
was conjugated with DSNP@MY-1057; MY-1057, a common cyanine dye; HCC, hepatocellular carcinoma; DSNP, lanthanide downshifting NPs (DSNPs): -NaYF4
@NaYF4:1%Nd; Pb-Ag»S ODs, lead doped Ag»S quantum dots; SPNs, semiconducting polymer NPs.

response in the presence of the SARS-CoV-2 S protein (S)
receptor-binding domain (RBD), compared to the PBS solutions con-
taining SARS-CoV-1 S RBD, (Middle East respiratory syndrome corona-
virus) MERS S RBD, influenza viral hemagglutinin subunit (HA1), or
serum albumin (HSA) (Fig. 4a). On the other hand, due to the biofouling
effects, the NIR fluorescence response of this sensor in biological fluids
was significantly attenuated (Fig. 4b). This will make viruses indistin-
guishable from real samples. However, by surface passivation with hy-
drophilic polymers (Fig. 4c), this ACE2-SWCNT nanosensor maintained
its sensing capability in the biofluids exposed to 35 mg/L SARS-CoV-2
virus-like particles, exhibiting a 73% fluorescence-enhanced response
(Fig. 4d) within 5 s. After detection of recombinant proteins and their
validation in pseudovirus systems, this sensor is promising to detect real
SARS-CoV-2 virus. However, many better-developed approaches are still
expected to confirm the test effects.

The SWCNTs are one-dimensional (1-D) materials with a diameter
smaller than 2 nm, but the length can be tuned to as long as several mm
or even longer. Compared to common NIR fluorophores, the photo-
stability of SWCNTs tends to be exceptionally stable. [77] Although the
pollution of SWCNTs-based sensors to the environment is not avoidable
[78], optimization of synthesis methods for tuning the surface condi-
tions (such as surface passivation [79]), and other physical properties
(such as the longer length [80]) may reduce the environmental damage.

3.2. Promising nanobodies

Antibodies are widely used in biosensors as bioreceptors to target the
analytes. However, the size of the traditional antibody is relatively large,
and the corresponding steric hindrance is also large. This limits the high-
precision detection in some cases and causes the inaccuracy of the test
results. Nanobodies are normally smaller than 15 kDa and have sizes of
~2.5nm in diameter and ~4 nm in height. Compared to traditional
antibodies, they have advantages such as high stability, deep tissue
penetration, and quick clearance from circulation. The nanobodies can
be the recombinant variable domains of heavy-chain-only antibodies,
which have the potential to play a role as receptors for the NIR fluo-
rescent nanosensor, though no related work is reported. Guo et al. used
nanobody-functionalized organic electrochemical transistors with a
modular architecture for the rapid analysis of specific SARS-CoV-2 an-
tigens in complex bodily fluids (Fig. 5). The nanosensors combine a
solution-processable conjugated polymer and nanobody-SpyCatcher
fusion proteins on disposable gate electrodes by organic electro-
chemical transistors (OECT) signals. This nanobody is promising to be
extended as a bioreceptor detect SARS-CoV-2 antigen if the corre-
sponding specific nanobody is available to conjugate with the NIR
fluorescent nanomaterials. Nanobodies normally can target SARS-CoV-2

infections at ultra-low doses, [81] which will show advantages to
reducing the biohazard release from the sampling progress.

3.3. Artificial receptors

The specific sensing of SARS-CoV-2 is normally based on the surface
chemistry design of substrate and transducers using bioreceptors
including deoxyribonucleic acid (DNA)/RNA aptamers [83-87] or en-
zymes such as ACE2, etc. [88] However, these bioreceptors are not
cost-effective. During functionalization, the binding ability of a bio-
receptor to the virus may be unstable due to external processing such as
immobilization and device interface. Furthermore, the sensing cycle
involves complex manufacturing processing steps. This includes protein
synthesis/purification and washing steps that require extensive chemi-
cal reagents. On the other hand, nanomaterials or polymers are prom-
ising artificial bioreceptors based on self-organization and structural
adaptation, which can improve stability, reduce cost, and waste release.
By appropriately tuning the surface as a flexible array of radially aligned
organic molecules, the nanomaterials or polymers can be used as arti-
ficial receptors to SARS-CoV-2, where identification can be achieved
based on surface interactions. For example, the nanoparticle corona
interface can recognize SARS-CoV-2 proteins without any antibodies or
other biological receptors. Cho et al. developed a corona phase molec-
ular recognition (CoPhMoRe) system based on the adsorption of Poly
(ethylene glycol) (PEG)-phospholipid heteropolymers onto NIR fluo-
rescent SWCNTs to recognize the N and S proteins of SARS-CoV-2,
facilitating label-free NIR fluorescence sensing. [89] Different struc-
tures between PEGylated lipid heteropolymers and SWCNTs have been
investigated in search of optimized sensors (Fig. 6a,b). Among the
sensors, 18:0 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)— 1000] PEG1000 PE/SWCNT (nano-
sensor ii) and 14:0 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)— 2000) PEG2000 PE/SWCNT (nano-
sensor vi) had the most sensitive responses to N and S proteins,
respectively (Fig. 6¢). Both nanosensors showed up to 50% signal
response within 5 min of viral protein injection, with detection limits of
48 fM and 350 pM for N and S proteins, respectively, by using small
amounts of samples. The instrumentation was performed based on a
fiber-optic platform, which was effective for the analysis of SARS-CoV-2
in human saliva conditions. The development of nano/polymer re-
ceptors for recognizing SARS-CoV-2 is expected to simplify the func-
tionalization of the NIR fluorescent nanosensors and it may also benefit
environmental protection.
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Reprinted from ref.[72] with permission from Royal Society of Chemistry (copyright 2021).

4. Antibody test nanoscale gold islands with abundant nanogaps,[92] which can signif-
icantly enhance the fluorescence of dyes due to the plasmonic resonance
Antibodies including IgM, IgG, and IgA against the S protein and the and local electric field enhancements. Liu et al. developed an IRDye800

subunits can be tested within 1-3 weeks after SARS-CoV-2 infection.[90, (emission at ca. 800 nm, which is a common NIR fluorescent dye used
91] People who were infected by SARS-CoV-2 could have a positive for labeling oligonucleotides) labeled anti-human IgG and CF647 (a
antibody test result. NIR fluorescent nanosensors have been developed cyanine-based far-red fluorescent dye) (emission peak at ca. 660 nm)
based on the amplification of the NIR fluorescence of organic dyes. For labeled anti-human IgM for detection of IgG and IgM against S1 (Spike
instance, the plasmonic gold (pGOLD) substrate is composed of Glycoprotein (S1) is a recombinant antigen which contains amino acids
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Fig. 4. The selectivity and sensitivity of ACE2-
SWCNT NIR fluorescent nanosensor. (a)
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1-674 of subunit 1) and RBD antigens on pGOLD in human serum and
saliva at NIR and visible range simultaneously. [93] The enhanced sig-
nals and two-color readout facilitate discrimination of the different
antibodies, which is accurate to almost all investigated COVID-19 pa-
tients (collected more than 14 days after infection) and has a specificity
of 99.78% in detecting IgG and IgM subtypes against S1 antigen. The
increased signal-to-background ratio on pGOLD offers highly specific
antibody tests to avoid false-positive results. The combination of such
nano surfaces with NIR fluorescent dyes provides signal magnification
for sensitive detection of SARS-CoV-2. Notwithstanding, compared to
NIR fluorescent nanomaterials, organic dyes tend to be more toxic. To
improve this problem, Chen et al. developed a NIR emissive
aggregation-induced emission (AIE) dye (BPBT) loaded polystyrene (PS)
nanoparticle (AIE810NP: Excitation 680 nm; Emission: 810 nm)
(Fig. 7a), which were functionalized with SARS-CoV-2 antigen
(AIE810NP-SARS-CoV-2 antigen) (Fig. 7b). A portable reader was con-
nected to read the signal response (Fig. 7c) by fabricating the sensor as a
NIR-lateral-flow strip (Fig. 7d). The method achieves a diagnostic ac-
curacy of 78% and 95% for IgM and IgG, respectively. Compared to the
less accurately commercial gold nanoparticle (AuNP)-based test strip
(41% and 85% of accuracy after 8-15 days), this NIR fluorescent
nanodevice more accurately detected IgM and IgG against SARS-CoV-2
within 1-7 days after symptoms appear. It also facilitates more effec-
tive detection of IgM and IgG against SARS-CoV-2 in clinical samples
compared to the traditional optical strips. The development of organic
molecules as AIE materials not only reduces the toxic release due to the
larger size and higher stability but also may significantly enhance the
NIR fluorescence facilitating more sensitive detections. [94-96] The

more sensitive the method, the smaller the sample volume required, or
the simpler the sample handling process. Once the sensor is sensitive
enough, the RNA/protein extraction may even be avoided. [97] There-
fore, more sensitive detection strategies based on NIR fluorescent
nanosensors for the detection of SARS-CoV-2 are expected to benefit
environmental protection.

5. Emerging biomarkers

Many diagnostic methods are static and cannot differentiate between
live and non-live viruses. To confirm SARS-CoV-2 infections, multiple
patient samples are often collected at different times. The methods for
real-time diagnosis of SARS-CoV-2 are very important to decrease the
frequency of the test. Dynamic analysis of some biomarkers is a powerful
tool for real-time disease diagnosis. [99].

The 5’ two-thirds of the viral genome of SARS-CoV-2 encodes two
overlapping polyproteins, ppla and pplab, which generate replicate
polyproteins that are processed by two viral proteases, the papain-like
protease (PLpro) and main protease (Mpro). [100] The two proteases
are the basis for the replication of SARS-CoV, which can be used as
important biomarkers for the detection of SARS-CoV-2. Pu et al.
designed an activatable NIR fluorescence (NIRF) molecular probe
(SARS-CyCD) for the real-time detection of the protease in living mice
(Fig. 8). This sensor not only can sensitively detect Mpro in the lungs of
living mice after intratracheal administration but also can detect
SARS-CoV-2 infection through optical urinalysis. This study constructed
a low-toxic in vivo NIR fluorescent sensor for biomarker analysis, which
has the potential to reflect real-time SARS-CoV-2 infection.
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SARS-CoV-2 infection elicits inflammatory responses and triggers
various inflammatory biomarkers. Therefore, various inflammatory
biomarkers such as C-reactive protein, interleukin-6, procalcitonin, and
ferritin have been reported to be associated with this infection. [102]
Combined with the analysis of these biomarkers related to the viral
components by NIR fluorescent nanosensors, the low levels of
SARS-CoV-2 infections may be analyzed based on the inflammatory

response, which has been missed by many traditional testing. [103]
Although no NIR fluorescent nanosensors simultaneously analyze bio-
markers attributed to the inflammatory response and viral components,
the combination of these analyses in the diagnosis of COVID-19 will
hopefully realize real-time infection diagnosis avoid frequent testing of
the same case. [104].
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6. Potential improvement for the NIR fluorescent nanosensors
6.1. Promising diagnosis devices

Combined with point of care (POC) devices, the detection of SARS-
CoV-2 by NIR fluorescent nanosensors tends to be more accessible to
the public. Although such devices have not been designed for NIR
fluorescent nanosensors, VIS fluorescent nanosensors combined with
POC devices have already been investigated, which gives insight for
further research. Guo proposed a 5 G (5 G is the fifth generation tech-
nology standard for broadband cellular networks)-enabled VIS fluores-
cent sensor for quantitative detection of S and N protein of SARS-CoV-2
by using mesoporous silica (mSiO2) encapsulated up-conversion NPs
(UCNPs) as fluorescent labels (Fig. 9a, c), i.e., UCNPs@mSiO,. [105]
UCNPs@mSiO; show emissions around 542 nm and 657 nm under
980 nm NIR laser irradiation (1.3 W/cm?). The sensor detected S protein
with a detection limit of 1.6 ng/mL and N protein (NP) with a detection
limit of 2.2 ng/mL using a lateral flow device connected with a 5G
phone. The test results were expected to be transmitted to the fog layer
of the network and the 5 G cloud server for big data analysis (Fig. 9b).
Then, the monitoring results could be noticed by their families and

shared by others. Such a system may be extended for the NIR fluorescent
sensors by replacing VIS fluorescent labels with the NIR fluorescent
nanomaterials by appropriate excitations. [106] For example, opti-
mizing the NIR fluorescent nanomaterials in Table 2 may provide
excellent candidates for this alternative. However, some of these nano-
materials are not biocompatible after synthesis and require further
functionalization. On the other hand, some materials are directly ob-
tained by the green synthesis method, but the low quantum yield (QY)
may make it difficult to develop a sensitive sensor. Therefore, the syn-
thesis, application, and environmental impact of these materials should
be comprehensively considered.

6.2. Hybrobic NIR fluorescent nanomaterials from organic-phase
synthesis

Many NIR fluorescent nanomaterials are synthesized from organic
solvents. The release of large amounts of organic solvents is inevitable.
Furthermore, most of these nanomaterials obtained from organic phase
synthesis are hydrophobic. For example, most SWCNTs, rare-earth-
based NPs, inorganic nanoshells, and various semiconductor QDs/NPs
cannot directly dissolve in biocompatible media after synthesis.
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Table 2
Promising nanomaterials for designing NIR fluorescent sensors of SARS-CoV-2.
NPs Excitation ~ Emission QY Production Possible Previous applications Ref.
pollutants
SWCNTS 808 nm 1500-1700 nm 0.01% Laser vaporization synthesis; Susfactants In vivo imaging [107]
DSPEmPEG(5k) functionalization
SWCNTS 561 nm 990 nm, 0.6-1.3% CoMoCAT® process Susfactants Biosensing [108]
1130 nm

Rare earth based 980 nm > 1500 nm 0.27%— Solvent Thermal/Hydrothermal; Organic solvent Biological imaging [109-112]
DCNPs 0.73 Functionalization

Rare earth based 808 nm 1000-1700 nm Not Solvent Thermal/Hydrothermal; Organic solvent Tumor biomarker imaging [113,114]
DCNPs mentioned Functionalization

Rare earth UCNPs 980 nm 800 nm ~ 7.9% Sovent Thermal/Hydrothermal; Organic solvent Lateral flow detection of [115-117]

Functionalization avian influenza virus

Inorganic 808 nm 1064 nm Not Sonochemical Functionalized Cancer therapy [118]
Nanoshells mentioned Synthesis; Functionalizaiton agents

Polymers 1064 nm 940 nm Not Emulsions method; Functionalizaiton =~ Organic solvent PTT; Photoacoustic imaging ~ [119]

mentioned

Semiconductor 808 nm 1039-1600 nm 2.2-22% Organic phase synthesis; Organic solvent Fluorescence imaging [71,120]
QDs Functionalization

CDs 808 nm 900-1200 nm 0.4% Hydrothermal synthesis None PTT [121]

AuNCs 808 nm 1050 nm 0.11%— Green aquesous synthesis None Tumour or bone targeted [122,123]

0.27% imaging
AIE NPs 793 nm 1030-1600 nm 11.5% Nanoprecipitation method Organic solvent Blood vessel imaging [124]

Note: Down-conversion NPs, DCNPs; PEG-CSQDs, core/shell lead sulfide/cadmium sulfide (CdS) quantum dots (CSQDs) branched by Polyethylene glycol (PEG);
AuNGs, gold nanoclusters; AIE NPs, NPs with aggregation-induced emission; PTT, photothermal therapy; CDs, carbon dots; AuNCs, gold nanoclusters.

Necessary strategies are needed to increase their water dispersibility.
[125] Some of these hydrophobic nanomaterials can be covalently
attached to hydrophilic groups by phase transfer methods or other
protocols, but the processes may destroy the surface activity of nano-
materials, resulting in partial loss of properties such as fluorescence. On
the other hand, non-covalent methods may preserve the inherent

properties of these NIR fluorescent materials. For example, surfactants
such as sodium dodecyl sulfate (SDS) have been introduced to link with
hydrophobic SWCNTs in aqueous solutions through n-electron, van der
Waals, or electrostatic interactions, etc., resulting in bunching of
biocompatible nanomicelles in aqueous solutions. [126] The binding
between surfactants and SWCNTs does not depend on the breaking and
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reorganization of hydrogen bonds. The fluorescence properties may be
preserved. Notwithstanding, the increased surfactants increase the
waste release. Their safety during and after use for the detection of
SARS-CoV-2 in vitro/vivo remains an issue.

6.3. Hydrophilic NIR fluorescent nanomaterials from water-phase
synthesis

The non-toxic, biocompatible, water-soluble, and highly fluorescent
NIR fluorescent nanomaterials tend to reduce waste release. Many NIR
fluorescent semiconductor ODs/NPs are synthesized from toxic heavy
metal precursors, organic solvents, and/or high temperatures. These
conditions are not environmentally friendly enough. However, some
metal-semiconductor-based nanomaterials can be produced by green
methods and exhibit excellent biocompatibility. For example, Ag-AgsS-
based NPs can be prepared by a simple green synthetic route. [53] The
coordinating molecules are produced from aqueous extracts of roasted
coffee and the Ag-Ag>S are obtained from aqueous solutions at room
temperatures. Notwithstanding, the optimized reaction conditions only
produce weak fluorescent Ag-AgsS NPs (Emission:1250 nm; Excitation:
784 nm) with a QY of 0.1%. The fluorescence may not be bright enough
for satisfying the sensitive detection of SARS-CoV-2.

Metal nanoclusters (NCs) are ultra-small nanomaterials (<3 nm)
containing a small number of metal elements and stabilized by protec-
tive ligands. Most of them can be obtained by the green synthesis
method. Among the NCs, NIR fluorescent gold NCs (AuNCs) can be
obtained by a one-pot method in an aqueous solution at room temper-
ature or relatively low temperature (< 60 °C) simply by mixing metal
pressures, stable ligands, and reducing agents. For example, NIR fluo-
rescent glutathione-stabilized AuNCs (GSH-AuNCs) could be fabricated
by only glutathione (GSH), chloroauric acid (HauCls), and sodium
borohydride (NaBHy4) throughout the synthesis. No additional surface
functionalization is required, but the product is already biocompatible.
In the application process, there are negligible toxic effects. Li et al. have
developed NIR fluorescent GSH-AuNCs that show emission at 1050 nm
with 808 nm excitation and the QY is 0.27%.[122] The fluorescence
brightness may satisfy the detection of SARS-CoV-2 in vivo and in vitro.
However, to satisfy the sensitivity and accuracy of the diagnosis, it is
necessary to further improve the QY of NIR fluorescent NCs. We have
investigated a variety of effective methods to significantly improve the
QY of NCs emitting in the range from VIS to NIR(I) through element
doping, immobilization of surface ligands, AIE method, etc. [127]
Although these strategies have not yet been applied to NIR fluorescent
AuNGCs with relatively long emission wavelengths (>1000 nm), the
combination of these enhancement strategies with the synthesis of NIR
fluorescent NCs may significantly improve their QY.

Carbon nanodots (CDs) are small carbon NPs (<10 nm) with some
form of surface passivation. Many CDs can be produced directly in
aqueous solvents from green sources such as fruit juices or carbon-
containing natural products. These CDs can be directly biocompatible
after synthesis. On top of that, the materials tend to be degradable after
use, making them less harmful to the environment than nanomaterials
that contain toxic elements. [121] Li et al. fabricated a NIR-II-emitting
CDs-based nanosensor triggered by an 808 nm laser by a hydrother-
mal method from watermelon juice at 190 °C for 3 h. [128] The CDs
show emissions within the range of 900-1200 nm that possess QY as
high as 0.4%). These NIR fluorescent CDs have proven to be effective
probes for in vivo renal-excreted imaging. It may also satisfy the NIR
fluorescent imaging of SARS-CoV-2.

The water-soluble NIR fluorescent nanomaterials obtained by water-
phase synthesis, are relatively safe, cheap, and energy-saving. These
nanomaterials are worthy of continued research and investigation for
the green detection of SARS-CoV-2.
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6.4. Hydrophilic NIR fluorescent AIE NPs

Some AIE luminogens (AIEgens) emit intensely brighter fluorescence
after aggregation due to the restriction of the intramolecular motion
(RIM) mechanism, but most of these AlEgens were obtained from
organic molecules and cannot be dissolved in the aqueous solvent until
further modifications. [129] Li et al. constructed the
organic-solvent-soluble AlEgens into hydrophilic NPs (AIE NPs) by a
nanoprecipitation method using amphiphilic copolymers (DSPE--
PEG2000) as the doping matrix. [124] The biocompatible matrix enabled
the AIE NPs to exhibit excellent dispersibility in aqueous media and a
satisfactory blood circulation time due to the surface PEG. The AIE NPs
show excellent performance for NIR-IIb fluorescence (Excitation,
793 nm) imaging of brain vasculature in living mice. The biocompatible
AIE NPs may be extended for the detection of SARS-CoV-2 and improve
the sensing sensitivity. However, further investigation of greener re-
sources may still be required. In addition, many AIE materials based on
organic molecules exhibit relatively shorter NIR fluorescence
(<800 nm) and higher toxicity. The longer the wavelength, the fewer
the background value of the interferences exhibited. [130].

With proper design, NIR fluorescent nanomaterials can have longer
emission wavelengths and lower toxicity. Obtaining AIE fluorescent
nanomaterials from dispersed NIR fluorescent nanomaterials as alter-
natives for organic molecules, or utilizing the energy transfer of two
photons to obtain combinatorial systems with brighter fluorescence,
may be promising for the construction of NIR fluorescent nanosensors
for SARS-CoV-2 infection diagnosis.

6.5. Sensor regeneration

Reusability is important for developing sustainable sensors since it
can reduce waste release. However, most sensors are not reusable after
mixing with the target solution. Therefore, it is highly desirable to
develop a recyclable or regenerated NIR fluorescent nanosensor for
SARS-CoV-2 detection. Although the reusability of NIR fluorescent
nanosensors for the detection of SARS-CoV-2 had not been reported,
some other NIR fluorescent sensors were found to be reproducible. For
example, electrospun nanofibrous membranes (ENMs) with large sur-
face areas are ideal solid substrates for restoring and regenerating a NIR
fluorescent nanosensor. Wang et al. fabricated a reusable NIR fluores-
cence sensor for the detection of heme proteins based on conjugated
polymer-doped electrospun nanofibrous membranes. [131] Since heme
proteins were adsorbed on the nanofibers based on a non-covalent hy-
drophobic interaction, the sensor could be recovered by simply
immersing in 50 mL PBS solutions for 20 min. More than 90% signal
intensity of the nanosensor remained after 9 regeneration cycles, indi-
cating excellent reusability of this sensor. Zhang et al. developed a
reusable NIR fluorescent nanosensor based on recyclable
upconversion-fluorescence indicator papers consisting of upconversion
nanorods and plasmonic nanostructures, which were fabricated by
electrospinning. [132] Human-body fluids containing different con-
centrations of riboflavin are used as target solutions. After the detection,
the sensor can be regenerated by removing the target solution attributed
to its superhydrophobicity and flexibility, and this indicator paper is
stable after 100 cyclic tests. Among NIR fluorescent nanomaterials,
SWCNTs are known for their excellent thermal stability. [42] The
detachment of absorbed analytes from the SWCNTs can be realized by
heating, but the property of the SWCNTs-based sensor may not be
destroyed. This strategy has been successfully employed for the regen-
eration of the NIR fluorescent nanosensor after the detection of acetic
acid in the gaseous phase. [133] This inspired us that attaching NIR
chromophores on regenerated surfaces or employing thermally stable
NIR fluorescent nanosensors may hold promise to fabricate a regener-
ative sensor for the detection of SARS-CoV-2. Furthermore, If the viral
RNA, antigens, viral particles, or antibodies are broken down in certain
conditions without the sensor being affected, these conditions could be a
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way to study renewable sensors in the future.
7. Conclusions and prospects

The reported NIR fluorescent nanosensors and the corresponding
POC devices are promising to detect SARS-CoV-2 infections accurately.
These sensors were fabricated by chromophores originating from NIR
fluorescent nanomaterials or dyes loaded by nanomaterials. The bio-
receptors (or artificial receptors) are attached to these sensors for the
recognition of the virus. With the assistance of signal amplification using
specific nanostructures such as plasmonic gold, more sensitive and
convenient detections can be achieved. NIR fluorescent nanosensors are
expected to become home-sharing detection methods through internet
technology by the combination with POC devices.

Some of the methods have been validated by RNA, recombinant
protein, or/and pseudovirus detection. For real SARS-CoV-2 sample
analysis, continuing efforts are still needed for the modification of the
NIR fluorescent nanosensor more environmental-friendly. The im-
provements for NIR fluorescent nanosensors can be made from the
following aspects: (1) More fluorescence enhancement strategies can be
introduced to various green synthesis protocols for obtaining biocom-
patible and highly fluorescent NIR fluorescent nanomaterials. The
effective strategy will improve the sensitivity of the corresponding
sensor and reduce the waste release. (2) More regenerated strategies can
be studied for recovering the sensor after the detection of the virus.
Then, the disposable materials may be decreased. (3) Real-time and
complex analysis of SARS-CoV-2 biomarkers by NIR fluorescent nano-
sensors are not only promising to directly reflect the activity of the virus,
but also reduce the test frequencies. (4) The mutation of the virus
significantly interfered with accurate testing, which may invalidate the
recognition element. More flexible recognization elements, such as the
artificial receptors, which are tunable according to the new virus RNA,
antigen, or antibody should be investigated. Nanomaterials/polymers
can be designed to include chromophores and artificial receptors, which
may possess NIR fluorescence and tunable recognition capabilities for
SARS-CoV-2. For example, a new method may be designed to identify
mutant viruses by simply changing the sensor surface without altering
sensing strategies.

At present, the existing detection technologies are very necessary.
But from a long-term perspective, the development of sustainable
detection methods is our ultimate goal. By further improving the test
sensitivity, reducing material toxicity, increasing the reusability, and
decreasing the test frequency, it is reasonable to believe that the opti-
mized NIR fluorescent nanosensor for detecting SARS-CoV-2 can be
more sustainable.
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