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In this review, we summarize the number of scientific publications in the field of FP/FA sensor in recent five years, and
introduce the recent progress of FP/FA sensor based on nanomaterial. The various analytical applications of FP/FA sensor based
on nanomaterial are discussed. We also provide perspectives on the current challenges and future prospects in the promising
field.
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ABSTRACT

As a promising signaling transduction approach, fluorescence polarization (FP)/fluorescence anisotropy (FA), provides a powerful
quantitative tool for the rotational motion of fluorescently labeled molecules in chemical or biological homogeneous systems. Unlike
fluorescence intensity, FP/FA is almost independent the concentration or quantum of fluorophores, but they are highly dependent on
the size or molecular weight of the molecules or materials attached to fluorophores. Recently, significant progress in FP/FA was made,
due to the introduction of some nanomaterials as FP/FA enhancers. The detection sensitivity is thus greatly improved by using
nanomaterials as FP/FA enhancers, and nanomaterial-based FP/FA is currently used successfully in immunoassay, and analysis of
protein, nucleic acid, small molecule and metal ion. Nanomaterial-based FP/FA provides a new kind of strategy to design fluorescent
sensors and establishes innovative analytical methods. In this review, we summarize the scientific publications in the field of FP/FA
sensor in recent five years, and first introduce the recent progress of FP/FA sensor based on nanomaterial. Subsequently, the various
analytical applications of FP/FA based on nanomaterial are discussed. Finally, we provide perspectives on the current challenges and
future prospects in this promising field.
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1. Introduction



Fluorescence polarization (FP)/anisotropy (FA) is a powerful and reliable signaling transduction approach that provides quantitative
information on molecular mobility, rotational motion, interaction process [1,2]. In principal, FP/FA value can be easily obtained by
detecting the fluorescence intensities from two polarization planes. The FP (P) value can be defined according to the equation P = (I, —
1L)/(1y + 1.). Similarly, the FA (r) value is given by the equation r = (I, — 1.)/(1; + 21.), where 1, stands for the fluorescence intensities
with parallel polarization to the excitation plane, 1. represents the fluorescence intensity with perpendicular polarization to the
excitation plane [2-6]. The FP (P) and FA (r) values can be interchangeable by means of r = 2P/(3-P) [2,3]. The polarization and
anisotropy are independent of the total intensity of the sample and the fluorophore concentration, which mainly depends on intrinsic
properties of the fluorescently labeled molecules, such as molecular weight (molecular volume), shape as well as the strength of the
binding interaction, and by environmental factors, such as the solution viscosity and temperature [7-10]. Namely, if fluorescent
molecule is free in solution, it will rotate fast and thus will exhibit a small P/r value. On the contrary, when the fluorescent molecule is
bound with another substance to form a large molecule, its rotational rate will decrease and will display a high P/r value [11,12].
Furthermore, the anisotropy and polarization are less sensitive to the fluorescence fluctuation and the photobleaching than other
fluorescent assay method [13,14]. Up to now, FP/FA has been widely introduced for the detecting various targets in a variety of
application fields including environmental monitoring, food safety, and clinical diagnosis due to its automated high-throughput
capability, homogeneous-phase, accuracy, and speed [15-21]. But just as a coin has two sides, conventional FP/FA inevitably has its
disadvantage, poor detection sensitivity and substantial background owing to the lack of an efficient amplification mechanism. To
solve the above limitations, different paths have been established for FP/FA signal amplification determination [22-24]. Of these paths,
mass-augmented amplification strategies have been usually used for increasing the sensitivity of FP/FA measurement in a series of
recent studies. For example, large biomolecules (e.g. oligonucleotides [25] and proteins [16]), and a variety of nanomaterials [26-31].
Check out the number of scientific publications in the field of FP/FA (Fig. 1), we can see the number of articles published in the field
of FP/FA was basically stable in recent five years. In order to further promote the development of FP/FA technology, the careful
summary of the essentials of the FP/FA assay based on nanomaterial for is highly desired.
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Fig. 1. The number of scientific publications about FP/FA was sorted by year. Data were obtained from the ‘“Web of Science’’. The words ‘‘fluorescence
polarization” or “‘fluorescence anisotropy’’ were keyed into the “‘topic’” search box.

In this present review, we highlight recent progress about nanomaterial-based FP/FA technology, and their applications in
immunoassay, and highly selective, excellently sensitive detection of protein, nucleic acid, small molecule and metal ion.

2. Nanomaterial-based FP/FA

The emergence and significant advance of nanotechnology and nanoscience provide new opportunities for the use of nanomaterials
in analytical chemistry [32-39]. Recently, a number of nanomaterial, such as carbon nanoparticles (CNPs), gold nanoparticals
(AuNPs), metal-organic frameworks (MOFs), SiO, nanoparticals (SiO, NPs), graphene oxide (GO), quantum dots (QDs), carbon
nanotubes (CNTSs), 2D transition metal dichalcogenide nanosheets (TMD NSs), MnO; nanosheets were introduced into FP/FA sensor
system, has brought revolutionary effect for greatly improving detection sensitivity and application range of FP/FA, due to its unique
structure and extraordinary properties such as simple/controllable synthesis and modification, different sizes, large volumes and
masses, chemical compositions and morphologies, excellent optical and chemical properties [26-31,40-44]. Table 1 lists various targets
of interest, FP/FA enhancer and signal amplification methods, analytical performance, and so on [40-43,45-60].

3. Sensor application of nanomaterial-based FP/FA

At present, nanomaterial-based FP/FA is widely applied for immunoassay, protein analysis, nucleic acid analysis, small molecule
and metal ion analysis, and so on.

3.1 Immunoassay
FP immunoassay (FPIA) that combines FP and competitive immunoassay is a widespread homogeneous technique, with no washing

or separation steps, which meets the requirements of a reliable, simple, cost-effective and fast analysis [61]. The analytical signal of
FPIA is also proportional only to molecular size and does not depend on intensity changes. Up to now, the use of this approach for the



determination of various compounds, including pesticides [62], therapeutic drug [63-66], toxins or antibiotics [67-73], etc. [74-76],
have been reported in literatures. Zhang et al. [70] developed a dual-wavelength FPIA for simultaneous determination of total
aflatoxins and family zearalenones in maize. This strategy provided higher efficiency, higher throughput, more information in one test
and less assay time derived from the design of dual-wavelength fluorescence signals. Meanwhile, it was successfully used for
screening naturally contaminated maize flour samples, and the results of the analysis were similar to those reported by HPLC-MS/MS.
It is worth mentioning that Tian et al. [77] combined the high stability and sensitivity of CdTe/CdS QDs and the advantage of the FPIA
resulting in a rapid, and portable, competitive immunoassay tool for selective and sensitive multiplexed determination of a-fetoprotein
(a-AFP) and carcino embryonic antigen (CEA). The sensitivity of the detection was 0.28 ng/mL for a-AFP and 0.36 ng/mL for CEA.
Furthermore, the proposed approach could also be extended to detect other antigen-antibody immune complexes by using the
respective antigens and corresponding antibodies. Subsequently, the same group demonstrated another ultrasensitive CdSe/CdS QDs-
based FPIA system [78] for adenosine triphosphate (ATP) detection by means of anti-digoxin-Au NPs amplification. As demonstrated
in Fig. 2, DNA hybridization was formed when ATP presented in the system containing the DNA conjugated CdSe/CdS QDs and anti-
digoxin-Au NPs, leading to the volume of the fluorescence molecule get bigger. Meanwhile, the fluorescence molecule rotated slower
and thus produced a larger FP value. Under the optimal conditions, the limit of detection could reach picomolar level (1.8 pmol/L).
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Fig. 2. Schematic illustration of the anti-digoxin-Au NPs-based FP platform and its use in detecting ATP. Reproduced with permission [78]. Copyright 2013,
Elsevier Publishing Group.

3.2 Protein analysis

Protein plays a critical role in regulating various physiological functions. Extremely sensitive and accurate detection of protein at
ultra-trace level is essential to biomedical diagnostics and clinical therapy [79].

The group of Zhao reported a series of sensing strategies using nanomaterials as FP enhancers for protein detection [40,46,47]. In
2015, Zhao et al. [46] introduced a new kind of amplified FP aptasensors for the determination of thrombin (Tb) based on GO
enhancement effect as well as nicking enzyme-assisted signal amplification (NESA). As presented in Fig. 3, in the absence of model
analyte Th, FAM-labeled DNA and two aptamer subunits (aptamer subunit-1 and aptamer subunit-2) could be adsorbed onto the GO
surface, making FAM-labeled DNA exhibited a high FP value because of the extraordinarily large volume of GO. However, after the
introduction of Tb into the system, two aptamer subunits would assemble into Th/aptamer complex, and formed a duplex region. This
resulted duplex region containing the recognition sequence and cleavage site of enzyme Nb.BbvCl. This triggered selective cleavage of
FAM-labeled DNA by means of Nb.BbvCl, leading to the release of a short DNA carrying dye FAM and the Th/aptamer complex
from the surface of GO, the decrease of the FP value. The released complex of Th/aptamer then hybridized with another FAM-labeled
DNA associated with GO, and the cleavage cycle started anew, generating substantial decrease of FP value. By monitoring the changed
FP value, the detection of Th could be achieved successfully. This approach exhibited high specificity, low sensitivity (1.0 fmol/L) and
wide dynamic ranges over 6 orders of magnitude.
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Fig. 3. Schematic illustration of the FP atasensor based on GO and nicking enzyme-catalyzed amplification for Th assay. Reproduced with permission [46].
Copyright 2015, Elsevier Publishing Group.
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In order to further improve the sensitivity of detection, the same group demonstrated [47] another new kind of amplified FP sensor
based on polystyrene nanoparticle (PS NP) enhancement and allostery-triggered cascade strand-displacement amplification (CSDA) for
attomolar determination of Th. As exhibited in Fig. 4, compared with the homogeneous aptasensors in the previous work [45], the
determination sensitivity (28 amol/L) could be improved at least 2 orders of magnitude.
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Fig. 4. Schematic illustration of the CSDA and PS NP enhancement-based amplified FP aptasensor for Tb determination. Reproduced with permission [47].
Copyright 2015, American Chemical Society.
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Furthermore, Zhao et al. [41] also described layered tungsten disulfide nanosheet (WS;) and exonuclease 111 (Exo I1l) co-assisted
cyclic amplification strategy for excellently sensitive and desirable selective FP detection of the activity of DNA glycosylase.
Furthermore, this approach was successfully applied to measure uracil-DNA glycosylase (UDG) activity in cell extracts and the study
of the inhibition of UDG.

Similar to other two-dimensional (2D) graphene analogues, TiS, nanosheet also exhibited the capability of discriminating ssSDNA
versus dSDNA [80]. Inspired by this facts, Li et al. [42] developed a general FP strategy by using TiS, nanosheet as FP enhancer,
combined with Zn?*-dependent DNAzyme-assisted signal amplification and terminal protection of single molecule-linked DNA for
highly efficient determination folate receptor (FR) and Th. The analysis results were in good agreement with those obtained by
enzyme-linked immunosorbent assay.

Chen et al. [49] designed a novel bivalent FP aptasensor for rapid determination of lactoferrin (Lac) in milk based on silver
decahedral nanoparticals (AgioNPs) enhancement, metal-enhanced fluorescence (MEF) effect and split aptamers enlargement. In this
system, two split aptamers bound to different sites of Lac and assembled into a split aptamers-target complex, thus narrowing the
distance between AgicNPs and dye FITC, resulting in a high FP valve. This strategy substantially broadened the perspective for FP
amplified strategies.

Recently, Zhao et al. [50] firstly described that Cu-based metal-organic gel (Cu-MOG) was capable of acting as mass amplifier in
FA for quantitative prostate specific antigen assay. This FA mode was based on z-z stacking interaction and electrostatic
incorporations between the FAM-labeled aptamer sequence and Cu-MOG, resulting in the rotation of fluorophore was restricted
apparently, and generating a high FA value. However, in the presence of target PSA, FAM-labeled aptamer sequence specific
combined with PSA, which made the detachment of FAM-labeled aptamer sequence from Cu-MOG and FA value was reduced.

3.3 Nucleic acid analysis

The specific sequence determination of nucleic acid has attracted numerous research interests because of its widespread applications
in environmental monitoring, medical diagnostics, genetics therapy, drug discovery, and early screening of cancers. It is highly
establish to develop highly sensitive, selective, cost-effective determination approach for specific nucleic acid sequences, especially for
low-abundant nucleic acid. Chen et al. [81-84] designed various strategies for the dermination of nucleic acid at ultra-low levels. FP
sensor based on nanomaterial has also been reported for the determination of nucleic acid target. Our group [51] described a new type
of FP sensor based on the FP enhancement effect of the SiO, NP—-DNA/silver nanocluster sandwich structure by using hepatitis B virus
(HBV) DNA as a model analyte. As shown in Fig. 5, Ag-DNA and Biotin-En-DNA were used in this study. Firstly, SiO, nanoparticles
modified with streptavidin (streptavidin-SiO, NPs) was chosen as a model of nanoparticle amplifier. In the absence of HBV DNA, a
relatively weak FP value could be obtained owing to the small molecular volume of DNA/silver nanoclusters (DNA/Ag NCs). When
HBV DNA was introduced, the aforementioned sandwich structure would be formed at SiO, NPs surface, leading to a notable increase
of the FP value owing to the enlargement of the molecular volume of the formed SiO, NP-functionalized DNA/Ag NCs sandwich
structure with slow rotation. This assay protocol was successfully used to detect HBV levels in human serum, and the approach has
significant advantage of excellent specificity with the capability of discriminating differentiate mismatched DNA. In addition, this
strategy could be easily extended to other DNA or RNA assay by simply switching the corresponding sequences of nucleic acids
substrates.
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Fig. 5. (A) The process for the preparation of the functionalized streptavidin—-SiO, NPs. (B) Scheme of the established amplified FP sensor for HBV DNA assay.
Reproduced with permission [51]. Copyright 2015, Royal Society of Chemistry.

In addition, Zhao et al. developed a lot of amplified FP system for the determination of DNA or miRNA based on hybridization
chain reaction (HCR) and SiO, NPs [52], T7 exo-assisted target recycling amplification and GO [53], T7 exo-assisted quadratic
recycling amplification and GO [85], dendrite-modified Au NPs [86], T7 exo-assisted dual-cycle signal amplification and PS NP [87],
respectively. These amplification strategies are not limited to the particular DNA but are perceived to provide universal platforms for
highly sensitive determination of a wide spectrum of nucleic acids.

GO has been widely proven as an outstanding FP/FA enhancer due to its unique 2D nanosheet structure with a much slow rotation
rate as well as a large surface area to interact with various probes [46]. Zhen et al. [54] reported a new FA strategy for the
determination of microRNA-21 (miRNA-21) on the base of enzyme-free DNA circuit assisted GO amplification and target-catalyzed
hairpin assembly (CHA). As illustrated in Fig. 6, upon addition of miRNA-21, the CHA was initiated, continuously generating
numerous H1—-H2 duplexes. The resulted HI-H2 duplex could induce the formation of a dye-modified H1—-H2—probe DNA complex
by means of toehold-mediated strand exchange reaction, which led to the dye-modified H1—-H2—probe DNA complex leave away from
the surface of GO, producing a decreased FA value. By monitoring the change of FA value, miRNA-21 could be determined in the
range from 0 to16 nmol/L. The experimental result indicated that the limit of detection (47 pmol/L) was about 200 times lower than
that without CHA. Recently, Zhang’s group [88] introduced a FP platform for ligand-RNA interaction detection using GO as a
“nanoamplifer” to obtain the signal amplification. In this system, proflavine was used as FP signal readout. Before and after the
introduction of Rev antagonist to the preformed proflavine-RRE complex, the release of proflavine only induced slight change of FP,
while in the presence of GO, a dramatically increase of FP could be observed.
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Fig. 6. Principle of the proposed amplified Enzyme-Free FA sensor for the determination of miRNA-21. Reproduced with permission [54]. Copyright 2017,
American Chemical Society.

3.4 Small molecule and metal ion analysis

The determination of small molecule and metal ion is associated with many diseases and biological process [89,90]. A great deal of
small molecules and metal ions, e.g., silver ions [43], adenosine [48], toxin [48,59,91], mercury (1) ions or biothiols [56,58], copper
(1) ions [57], ATP [60], organophosphorus pesticide [92], and so on [55], were highly sensitively measured by nanomaterial-based
FP/FA. For example, Tian’s group [56] constructed a simple, highly selective and sensitive FP assay based on CdTe/CdS QDs using a
K*-mediate G-quadruplex as a FP enhancer for the determination of biothiols and Hg?* in complex biological matrix. Another example,



Qi and co-workers [43] demonstrated a MnO, nanosheet-assisted ligand-DNA interaction-based FP sensor for the determination of Ag*
using proflavine as a FP indicator. As displayed in Fig. 7, the introduction of Ag* to the preformed proflavine-DNA complex induced
the leave away of proflavine, which led to weak change of FP value. The subsequent introduction of MnO; nanosheet amplified the
observed change, making it a viable approach for Ag* determination. This amplified strategy exhibited a detection limit of 9.1 nmol/L
with a linear range of 30—240 nmol/L. Furthermore, the proposed method could be potentially used for other types of target analytes by
means of simply changing the sequence of nucleic acid to a specific target.
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Fig. 7. Schematic illustration of principle of MnO, nanosheet-assisted ligand-DNA interaction-based FP sensing for Ag* assay. Reproduced with permission
[43]. Copyright 2017, Elsevier Publishing Group.

4. Conclusions and future perspectives

This review summarizes the recent research progress in the development of FP/FA sensor platform mainly based on various
nanomaterials in the past five years. FP/FA is a fast homogeneous analysis technique, and less affected by environmental interferences.
Nanomaterials have extraordinary physicochemical properties that can significantly improve detection sensitivity through enhancing
the signals of FP/FA.

The combination of FP/FA with nanomaterials has enabled the reliable and efficient determination of a large number of target
analytes in medical diagnosis, food and drug safety, environmental monitoring. Notwithstanding so great progress in the area have
been made, there are still challenges that need to be addressed. Firstly, the variety and quantity of nanomaterials are still quite limited.
Hence, exploring and constructing more novel nanomaterials based on different family members is necessary. Secondly, it is still a
rather difficult task to measure multiple target analytes in a single solution simultaneously. Up to now, there is few article focusing on
the multiple determination of biomarkers based on multicolor QDs [77]. It is important to fabricate more advanced nanomaterials with
multiplexed signaling reporters to detect the existence of different biomolecules. Thirdly, FP/FA sensors based on nanomaterials
applicable for living cell analysis are still fairly few, although FP/FA is less sensitive to the fluorescence fluctuation and the
photobleaching than other fluorescent assay method. It is highly desired to establish FP/FA sensors based on nanomaterials with low
toxicities, desirable stability, etc. In addition, almost all the established FP sensors based on nanomaterials so far still stay at the stage
of proof-of-principle. These works rarely reach commercial level. This is because that the real biological matrix is very complex,
which makes the detection result susceptible to the influence of unexpected events. In response to these challenges and opportunities, it
is highly demanded to prepare more new nanomaterials with superior physicochemical properties combined with other paths as FP/FA
enhancers. Last but not the least, the analytical field only measures the overall FP/FA response of the sensors, and quantitative analysis
of the origin of the values has yet to be demonstrated. This is especially important in systems with strong quenchers such as GO. The
adsorbed molecules may not contribute much to the fluorescence signal. Theoretical advancement in this front will also further the
development of the analytical field.

Along with the great progress in the field of nanoscience as well as sensing-technology, we believe that nanomaterial-based FP/FA
sensor will bring about promising future and play a critical role in various applications in the coming years.
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Table 1

Summary of nanomaterial-based FP/FA assay for biomolecule with respect to target, FP enhancer and amplification technique, dynamic range, limit of detection

(LOD) and application.

Target FP enhancer and amplification technique Dynamic range LOD Application Ref.

DNA MTase Multiwalled carbon nanotube — 0.1U/L Human serum [40]

Thrombin Silica nanoparticle 0.6—100 nmol/L 0.20 nmol/L Human plasma [45]

Thrombin GO, Nicking enzyme-catalyzed 2 fmol/L-200 nmol/L 1.0 fmol/L Human plasma [46]
amplification

Thrombin TiS, nanosheet, Terminal protection of 0.05 pmol/L—100 nmol/L 0.01 pmol/L Human plasma [42]
biomolecule bound DNA, Zn?-
DNAzymes-assisted amplification

Thrombin PS NP, CSDA 50 amol/L—100 pmol/L 28 amol/L Human plasma [47]

PDGF-BB PS NP, T7 exo-assisted signal — 75 amol/L — [48]
amplification

VEGFis PS NP, CSDA 150 amol/L—1000 pmol/L 86 amol/L — [47]

DNA glycosylase WS; nanosheet, Exo-111 co-assisted 0.00080—0.40 U/mL 0.00030 U/mL Cell extracts [41]
amplification

Folate receptor TiS; nanosheet, Terminal protection of 0.01-20 ng/mL 0.003 ng/mL Human serum [42]
small-linked DNA, Zn*-DNAzymes
assisted amplification

Lactoferrin Ag1oNPs 0.2 ng/mL~25 pg/mL 0.1 ng/mL Milk [49]

Prostate specific Cu-based metal-organic gel 0.5-8 ng/mL 0.33 ng/mL Human serum [50]

antigen

Hepatitis B virus DNA  SiO, NP-DNAV/silver nanocluster 1-800 nmol/L 0.65 nmol/L Human serum [51]
sandwich structure

nucleic acid SiO; NPs, HCR 0—2.5 nmol/L 35 pmol/L Human serum [52]

HIV DNA GO, T7 exo-assisted target recycling 50-2000 pmol/L 38.6 pmol/L Human serum [53]
amplification

MicroRNA CHA, Enzyme-free DNA circuit-assisted 0—16 nmol/L 47 pmol/L Cell extracts [54]
GO

Pyrophosphate CdTe nanostructure 0.2 pmol/L-1.0 nmol/L 0.8 nmol/L Human urine [55]

Adenosine GO, Nicking enzyme-catalyzed 4 pmol/L—-10 pmol/L 2.0 pmol/L — [46]
amplification

Hg?* CdTe/CdS QDs, K*-mediated G- 10—800 nmol/L 8.6 nmol/L — [56]
quadruplex

Cys CdTe/CdS QDs, K*-mediated G- 50-2000 nmol/L 9.9 nmol/L — [56]
quadruplex

Cu? DNAzyme self-assembled gold nanorods 0.016—40 nmol/L 9.83 pmol/L — [57]

Hg? Silver nanoparticles 10 nmol/L—0.4 umol/L 6.6 nmol/L — [58]

Cysteine Silver nanoparticles 20 nmol/L—0.7 pmol/L 11 nmol/L — [58]

Ochratoxin A PS NP, T7 exo-assisted signal — 250 amol/L — [48]
amplification

Adenosine PS NP, T7 exo-assisted signal — 10.2 fmol/L — [48]
amplification

Ricin-B chain GO, Exo Ill-aided target recycling 1.0-13.3 ug/mL 400 ng/mL Orange juice [59]
amplification

Ag* MnO, nanosheet-assisted ligand-DNA 30—240 nmol/L 9.1 nmol/L Environmental [43]
interaction water sample

ATP MoS; nanosheet 0.067—26.7 umol/L 34.4 nmol/L Human serum [60]

—: Not mentioned; DNA MTase: DNA methyltransferase; PS NP: Polystyrene nanoparticle; CSDA: Allostery-triggered cascade strand-displacement
amplification; AgioNPs: Silver decahedral nanoparticles; HCR: Hybridization chain reaction; HIV: Human immunodeficiency virus; CHA: Target-catalyzed
hairpin assembly; QDs: Quantum dots; ATP: Adenosine triphosphate.



