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Abstract

The chemical composition of cells at the molecular level determines their growth, differentiation, 

structure, and function. Probing this composition is a powerful capability as it provides invaluable 

insight into chemical processes inside cells and, in certain cases, allows one to diagnose diseases 

based on molecular profiles. However, many techniques analyze fixed cells or lysates of bulk 

populations, in which information about dynamics and cellular heterogeneity is lost. Recently, 

nucleic acid-based probes have emerged as a promising platform for the detection of a wide 

variety of intracellular analytes in live cells with single-cell resolution. This review describes the 

recent advances in this field and discusses the common strategies for probe design, types of targets 

that can be identified, current limitations, and future directions.
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1. Introduction

Cells are primarily composed of metal ions, small molecules, proteins, lipids, and nucleic 

acids.[1] Over the past few decades, numerous methods have been developed for monitoring 

these analytes and correlating their abundances to fate and health status of the cells. 

Techniques ranging from microscopy and mass spectrometry to assays such as enzyme-

linked immunosorbent assay (ELISA) and reverse transcription polymerase chain reaction 

(RT-PCR) have vastly improved our understanding of fundamental processes associated with 

cells.[2–5]

Many techniques for cellular analysis such as northern blotting, western blotting, 

fluorescence in situ hybridization (FISH), RT-PCR, DNA microarrays, and electron 

microscopy rely on the fixation or lysis of cells.[5–11] Moreover, as the amount of material 

from one cell is often insufficient for accurate analysis, a bulk population of cells is used for 

methods that analyze cell lysates. Information about dynamics of various molecules inside 

cells and cell-to-cell heterogeneity is often lost in such cases due to ensemble averaging.

The ability to track molecules in live cells is important from a fundamental perspective as it 

can enable one to determine how the spatial distribution of cellular analytes impacts cellular 

function, monitor transient processes, and study the evolution of chemical signatures 

associated with the progression of disease. To highlight this point, Lichtman and Fraser have 
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put forth a useful sports analogy: reconstructing a game of American football and 

identifying its rules from a series of still snapshots taken at different timepoints from 

separate games would be a near impossible task.[12]

An indispensable tool for visualizing live cells is light microscopy.[13] However, as methods 

based on fluorescence typically have greater sensitivity than those based on absorbance, 

numerous fluorescent tools have been developed for analysis of cellular analytes in live 

cells.[14] For example, a prominent “zinc spark,” associated with the fertilization of human 

eggs, could be detected only because of advances in live cell imaging with fluorophore 

reporters.[15] Conventional light microscopes provide resolution down to 250 nm, while ~50 

nm resolution is regularly achieved using super-resolution techniques.[16] These capabilities 

allow one to not only observe sub-cellular organelles, but also can provide resolution down 

to the single-molecule level.[17]

Recently, nucleic acid-based probes have gained popularity for visualizing intracellular 

analytes due to several advantageous properties (listed in section 1.1). Through judicious 

selection of sequences, a wide variety of targets ranging from nucleic acids to ions, small 

molecules, and proteins inside living cells can be visualized. In this review, we present an 

overview of the current state of live cell imaging using nucleic acid-based probes. We begin 

by delineating why nucleic acid-based probes are attractive. We provide a brief description 

of the types of nucleic acid-based probes for detecting various analytes (Figure 1) and refer 

the readers to relevant literature on specific techniques. We then discuss the recent progress 

in the development of hybridization-based probes, which are primarily used in the detection 

of nucleic acids. We follow this section by describing how nucleic acids can be utilized to 

create probes that can detect other analytes, such as proteins, small molecule metabolites, 

and ions, through the development of aptamers and DNAzymes.[18] We then summarize the 

various methods used for probe delivery and conclude with a discussion of the current 

challenges and the areas that need future development.

1.1. Why nucleic acid-based probes?

Nucleic acid-based probes are desirable because of their programmable nature, a property 

that has led to key advances in several areas of nanotechnology.[19–21] DNA and RNA 

oligonucleotides (ONTs) can be synthesized across different length scales (1–1,000,000 nt) 

at relatively low cost, either through chemical or enzymatic processes.[22] Moreover, these 

probes are amenable to chemical modifications (e.g. with fluorescent tags or custom bases 

with specific functionalities) at any desired site. Single-stranded probes can be designed to 

detect other nucleic acids through complementary interactions (hybridization-based probes). 

They can also be evolved through combinatorial selection techniques such that they bind to 

any target molecule of interest (aptamers) or catalyze specific reactions (DNAzymes).[23–25] 

Importantly, these probes, being biopolymers, are biocompatible and non-toxic to cells. 

Finally, they can be assembled into spherical nucleic acids (SNAs) and taken into cells 

without the need for transfection agents, which are often toxic.[26] Taken together, these 

features make nucleic acids particularly attractive as probes.
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1.2. The nucleic acid structure

Nucleic acids are anionic polymers composed of nucleotide building blocks. Each nucleotide 

consists of three subunits: a nitrogenous base, a five-carbon sugar moiety, and a phosphate 

“backbone” (Figure 2). In this section, we briefly describe the common modifications that 

are made to nucleotides in the context of generating improved sensors (Figure 2).

Base modifications—Five bases form the foundational alphabet of genetic codes: 

adenine (A), thymine (T), uracil (U), cytosine (C) and guanine (G). These bases interact with 

each other through hydrogen bonds, resulting in specific and highly programmable 

interactions. In classical Watson-Crick base-pairing, A pairs with T while C pairs with G. In 

RNA, T is substituted by U. Several types of modifications can be made to these standard 

bases with the goal of increasing stability or functionality. For example, Lannes et al. 

demonstrated that i-motifs, which have pH-dependent secondary structures, can be 

engineered to switch their conformation at more acidic or more basic pH by replacing 

cytosine bases with 5-methylcytosines and 5-bromocytosines, respectively.[28]

Sugar ring modifications—In unmodified RNA, the 2’ position on the sugar is 

hydroxylated, but in DNA it is not (Figure 2). To impart nuclease resistance, the 2’ position 

is often modified.[29] Most commonly used modifications include the use of 2’-O-methyl 

(2’-OMe), 2’-O-methoxyethyl derivatives, and locked nucleic acids (LNAs).[30–32] These 

modifications can also impact the melting temperature of the nucleic acid duplexes. For 

example, LNAs have been used in developing probes that bind more strongly to their target 

nucleic acids.[33]

Backbone modifications—Phosphorothioates (PS), thiophosphoramidates, morpholinos, 

and peptide nucleic acids (PNAs) are common backbone-modified nucleic acids (Figure 2).
[34–37] These modifications influence the thermal and enzymatic stability as well as 

solubility of the probes. For example, morpholino-based probes for messenger RNA 

(mRNA) detection afford greater nuclease resistance and higher specificity towards their 

target, albeit at the cost of reduced solubility.[36,38]

1.3. Types of nucleic acid-based probes

Nucleic acid-based probes can be broadly classified into three groups: (i) hybridization-

based probes, (ii) aptamers, and (iii) DNAzymes (Figure 1).

Hybridization-based probes are designed by leveraging Watson-Crick base pairing to 

detect complementary sequences. Therefore, these probes are used in the detection of 

nucleic acids including mRNA, microRNA, and non-coding RNA.[39–41] Examples of this 

type of probe include those used with FISH, molecular beacons (MBs), and NanoFlares.
[42–44]

Aptamers are ONT sequences that can be designed to bind to any target of interest. These 

ONTs are generated through an in vitro process called systematic evolution of ligands by 

exponential enrichment (SELEX).[23] Aptamers are nucleic acid analogues of antibodies, 

and recent studies have shown that their performance (in terms of binding affinities, 
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detection limits), in several cases rivals that of antibodies at reduced cost and greater 

stability.[45] Moreover, aptamers can be evolved using secondary structures alone, without 

having detailed knowledge of tertiary folding. To date, over 500 aptamers have been 

generated for more than 100 different targets ranging from ions, small molecules, proteins, 

to whole cells.[46]

DNAzymes are synthetic DNA structures that can catalyze chemical reactions.[24] So far, no 

naturally occurring DNAzyme has been identified.[47] However, DNAzymes are obtained 

through an in vitro combinatorial process by screening a large library of ONTs containing up 

to 1015 distinct sequences.[48,49] These sequences can be evolved as long single-stranded 

ONTs to bind specific substrates and subsequently catalyze chemical reactions. The single-

stranded ONT is then converted into a two-stranded catalyst. One strand (the substrate 

strand) consists of a single ribonucleotide and other (the enzyme strand) contains the 

catalytic core. These two strands are hybridized together through complementary binding 

arms on either side of the ribonucleotide/catalytic core (Figure 1). The ribonucleotide can be 

catalytically cleaved, typically, in the presence of specific metal ions. DNAzymes have been 

used to detect a wide variety of metals,[22] although recent work has focused on detecting 

other analytes such as RNA.[50]

Combining the advantages of two or more of these classes of probes, hybrid probes can also 

be generated. Probes termed aptazymes have been designed wherein a DNAzyme is 

activated only upon aptamer-ligand binding.[51] We further note that the reporting 

mechanism of a few select nucleic acid-based probes solely take advantage of the 

nanostructures formed by DNA and cannot be categorized into any of the above mentioned 

categories. For example, fluorophore-labeled dextran molecules encapsulated within DNA 

icosahedrons enable the tracking of specific endocytic pathways as the icosahedrons are 

taken up by the anionic ligand binding receptor pathway.[52] For the purposes of this review, 

the probes reported in the literature have been classified into one of the three broad 

categories described above based on our perspective of where the probe design can be most 

effectively described.

In Table 1, we list selected structures/specific sub-classes of probes that are most commonly 

used along with example targets that have been visualized using these probes. Additionally, 

we enumerate the methods of probe delivery, type of signal readout, as well as advantages 

and disadvantages of each probe type.

1.4. Common sensing strategies

Although numerous strategies relying on nucleic acids as probes have been developed for 

imaging intracellular analytes, most of the techniques employ one or more of the sensing 

strategies enumerated below:

Single fluorophore label—ONTs labeled with a single fluorophore can be used for 

detecting intracellular analytes of interest. Examples include probes labeled with 

commercially available fluorescein isothiocyanate or forced intercalation dyes of the 

thiazole orange family.[53,124]

Samanta et al. Page 5

Adv Mater. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Förster resonance energy transfer (FRET)—Nucleic acid probes based on FRET are 

designed such that the on/off state is dependent upon proximity between a donor and 

acceptor molecule due to energy transfer between the molecules. Examples include 

fluorophore/quencher MBs and FRET-based DNAzymes.[125,126]

Nanoparticle-based—Nanoparticles are commonly interfaced with nucleic acids for use 

in live cell imaging because they often confer advantageous properties over naked nucleic 

acids. These properties may be the ability to deliver payload into cells without the need of 

transfection reagents, protect cargo from nuclease degradation, act as a source of 

fluorescence or as a source of quenching (FRET), exhibit plasmonic properties, and 

capability to absorb near infrared light for transition to a theranostic platform.[44,106,127–129] 

Examples of nanomaterials used include gold nanoparticles (e.g. SNAs), graphene oxide 

nanosheets, quantum dots, MOFs, etc.

Amplification—Incorporating an amplification element into sensing strategies is often 

used for detecting targets at low abundance. In live cells, target amplification methods like 

PCR are challenging, and as such, signal amplification methods are the most common route 

to lowering the limit of detection. Techniques for signal amplification include hybridization 

chain reaction (HCR), hairpin DNA cascade amplifier (HDCA), and DNA chain reaction 

(DCR).[72,108,130]

1.5 Design Considerations for Common Application Scenarios

Nucleic-acid based probes may be used in a variety of detection scenarios, broadly classified 

as: (a) detecting analytes and studying their spatiotemporal behavior, (b) comparing levels of 

analytes between different cells, (c) sorting rare cells in complex media, and (d) quantifying 

the amounts of particular analytes present in a cell.

In the simplest case, a nucleic-acid based probe can be used to detect the presence of an 

analyte of interest in a cell, in certain situations yielding important information about 

cellular state or the role of an analyte in disease.[131] Moreover, probes can be used to study 

the spatiotemporal evolution of key analytes, which can provide fundamental insight into the 

dynamics of these molecules and how these dynamics influence cellular functions.[132,133] 

For instance, Sticky-flares have been used to show for the first time that β-actin mRNA 

colocalizes with mitochondria in HeLa cells.[134] Furthermore, ChloropHore has been used 

for simultaneous tracking of pH and chloride ion concentrations, providing fundamental 

insight into the relationship between these analytes and Niemann-Pick disease.[117] 

Microscopy is the primary technique used in studying spatiotemporal behavior of analytes. 

However, for such an application, the signaling element of the probe (e.g. fluorescent 

element) must remain associated with the target in the complex cellular environment for it to 

be possible to study spatiotemporal behavior.

Some researchers are also interested in using nucleic-acid based probes for comparing the 

levels of analytes between different cell types.[68,135] This may yield fundamental 

information pertaining to the role of an analyte in diseased versus healthy cells, or allow one 

to distinguish different cell types based on relative levels of a known intracellular marker. 

When comparing distinct cell types, differences in probe uptake must be accounted for, 
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preferably through ratiometric analysis. Furthermore, if large numbers of cells are to be 

compared, flow cytometry will give relatively fast readouts and is thus preferable to 

microscopy.

Next, sorting and isolating rare cells in complex media based on molecular signatures are 

important, both in fundamental and applied situations.[136–138] For instance, the isolation of 

a rare cell may allow for further fundamental study of its genomic profile. On the other 

hand, knowing that a particular rare cell is present in a sample may allow one to diagnose a 

disease in a patient— an important application of such a strategy. Again, ratiometric probing 

is desirable in order to normalize probe uptake across the different cells within a sample. If 

the isolated cells are used for further study and analysis, the probe used should be 

biocompatible and not impact cellular viability and function. For example, NanoFlares have 

been utilized to sort and isolate circulating tumor cells from blood based on their mRNA 

expession. Moreover, the isolated cells were subjected to mammosphere analysis to verify 

their retained viability and functionality.[139] These types of sorting studies involving a large 

population of cells are best suited for fluorescence-activated cell sorting (FACS).

The last broad classification of detection scenarios concerns the ability to quantify targets 

intracellularly, in contrast to simply detecting or knowing relative amounts. FISH has widely 

been used for absolute quantification of transcript numbers in fixed cells.[9,140] Methods for 

quantitative probing in live cells usually incorporate a reference probe/dye as an internal 

control to which the signal from the targeting probe is normalized. For example, Tan et al. 

semi-quantitatively measured ATP in live cells using such an approach.[141] However, 

absolute quantification of intracellular targets in live cells remains a challenge in the field.

For all these detection scenarios, there are more considerations and challenges associated 

with probe design. These additional factors are discussed in section 6.

2. Hybridization-based probes

2.1. Linear antisense probes

Linear antisense ONTs labeled with a fluorophore can be introduced into live cells as a 

means of detecting their complementary mRNA transcript (Figure 3A). This method is akin 

to FISH done with fixed cells, but the washing step to remove unbound probes is not 

possible with live cells. As such, mRNA detection with linear ONT probes in live cells has 

an inherently high background signal as bound and unbound probes cannot be distinguished. 

In spite of its limitations, strategies exist in the literature for mRNA detection using linear 

ONT probes. One common strategy employed involves adding multiple probes that target 

the same mRNA sequence, such that binding of the probes results in large local fluorescence 

intensity that can be distinguished from unhybridized probes.[54] Alternately, mRNA 

transcripts that are known to localize into specific domains would also result in large local 

fluorescence intensity from probes and can be visualized.[55] Early studies using linear ONT 

probes done by Politz et al. targeted the poly A tail to understand how mRNA is trafficked 

through the nucleus before its eventual release to the cytoplasm.[53] It was found that in large 

part, mRNA traffics randomly through the nucleus, and therefore, finds nuclear pores by 

chance before its release into the cytoplasm. In later studies, Molenaar et al. designed probes 
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targeting U1 small nuclear RNA (snRNA), U3 snRNA, 28S ribosomal RNA (rRNA), and 

poly(A) RNA, and were able to detect these targets in the nucleus upon microinjection.[54] 

Note that although probes were microinjected into the cytoplasm, all probes were 

sequestered into the nucleus after approximately 60 seconds, showing the difficulty of the 

linear ONT approach for imaging targets in the cytoplasm.

Taken together, linear antisense probes have largely been limited in their use due to their 

inherently high background signal and are as such challenging to apply to targets at lower 

abundance or targets that are more diffuse in cells. Subsequent strategies have sought to 

create detection strategies with higher signal to noise ratio.

2.2. FRET probes

2.2.1. Linear FRET probes—The use of linear FRET probes is commonly used to 

reduce the background from linear antisense probes. In this approach, two linear probes that 

are complementary to the same mRNA target and bind to adjacent regions on the mRNA are 

synthesized (Figure 3B). The 5’ terminus of one probe and the 3’ terminus of another probe 

are modified with donor and acceptor dyes, respectively, such that upon binding to mRNA, 

the FRET pair is brought close together. Proximity results in a decrease in donor 

fluorescence emission and increase in acceptor fluorescence emission. The first studies done 

by Tsuji et al. used the FRET signal generated from probe binding to detect cytoplasmic c-

fos mRNA in live COS-7 cells.[56] Similar to labeled antisense probes, linear FRET probes 

are also quickly trafficked to the nucleus after microinjection. As such, cytoplasmic 

detection required binding the linear FRET probes to a macromolecule (streptavidin) to 

prevent nuclear sequestration. Okabe et al. also studied c-fos mRNA in COS-7 cells, 

showing that inducing stress on cells results in the localization of c-fos mRNA in stress 

granules.[57] Linear FRET probes have also been used for detecting single nucleotide 

polymorphisms in mRNA. In one example, Dahan et al. designed FRET probes capable of 

detecting a single nucleotide mutation in the HRAS oncogene.[58]

While the linear FRET approach lowers background stemming from fluorescence from 

unbound probes, it also confers an additional benefit from the standpoint of selectivity. 

Because two probes must bind to adjacent regions of the mRNA sequence, it is highly 

unlikely that aberrant probe binding to mRNA will lead to false positive signal. However, 

because RNA is associated with proteins and often has complex secondary structure, 

inaccessibility of stretches of RNA target is a problem common to hybridization probes, 

especially so for linear FRET probes that often require ~40 bp for targeting.[56] Furthermore, 

a poor choice of donor/acceptor pairs may lead to a large amount of bleed-through of 

emission signal from the donor into the acceptor channel.[142]

2.2.2. Molecular beacons—One of the most common methods for visualizing mRNA 

in live cells is the use of hairpin ONT probes known as molecular beacons, which we refer 

to as MBs for simplicity. In the “fluorescence off” state of the probe, a stem region is 

hybridized such that a fluorophore and quencher are close to one another. Target binding to a 

loop region induces opening of the stem region, resulting in separation of the fluorophore 

and quencher and introduction of the “fluorescence on” state (Figure 3C). Generally, signal 
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to noise ratios are higher for MBs than for both linear antisense probes and linear FRET 

probes.[6,125] MBs were introduced by Tyagi et al. in 1996, and first used for live cell 

imaging in 1998.[125] For instance, Matsuo used MBs to study the distribution of basic 

fibroblast growth factor mRNA in trabecular cells.[59] In the same year, Sokol et al. 

leveraged MBs for studying β-actin mRNA and Vav mRNA in K-562 cells.[63]

Since then, numerous papers have been published that take advantage of the utility of MBs. 

MBs are commonly used for distinguishing different cell types based on mRNA level. In one 

example, a MB designed for a known oncogene, survivin, fluoresced in breast cancer cells 

(MDA-MB-435 and MDA-MB-231) but not in normal immortalized mammary epithelial 

cells (MCF-10A), showing that the beacons could successfully differentiate the cells based 

on survivin level.[68] Others, like Kang et al., have synthesized conventional MBs to 

visualize miR-26a and miR-206 simultaneously, two microRNA (miR) that are expressed 

heavily during myogenic differentiation, in C2C12 cells.[60] Targets need not be limited to 

miRNA or mRNA, as Park et al. have detected a class of non-coding small RNAs known as 

piwi-interacting RNAs (piR-36026 and piR-36743) in MCF-7 cells.[41] Others, like Zhao et 

al.[64] and Chen et al.[73], have claimed to be able to image transcripts at the single molecule 

level using MBs.

The fluorophore pairs in MBs need not be fluorophore/quencher pairs. Following the work 

of Zhang et al.,[143] Bohländer et al. described the use of two wavelength shifting MBs for 

multiplexed miRNA detection.[69] One MB, in the hairpin form, contained a green donor 

dye and a red acceptor dye in close proximity to one another. In this conformation, exciting 

the green dye led to emission from the red dye. Upon target binding and opening of the 

hairpin, exciting the green dye led to emission from the green dye as the two fluorophores 

were no longer in close proximity. Another MB was designed in the same manner with a 

blue donor and a yellow emitter. In this way, four colors could be simultaneously monitored 

for detection of two different targets. The different targets chosen in this paper were miR-21 

and miR-31, and they were studied in 293T, SW620, RKO, and WiDr cells.

Yet, one important advantage of fluorophore/quencher MBs is their relative ease of use for 

multiplexed detection. Namely, FRET is challenging to multiplex because of the difficulty in 

finding commercially available FRET pairs that fluoresce at distinct wavelengths.[144] 

Medley et al. showed that the microinjection of multiple fluorophore/quencher MBs 

containing dyes fluorescing at distinct wavelengths could be used to simultaneously detect 

mRNA associated with β-actin and manganese superoxide dismutase (MnSOD) mRNA in 

MDA-MB-231 cells.[65]

A problem with DNA MBs, similar to linear probes, is that they degrade in cells, sometimes 

within 30 minutes, leading to false positive signals.[66] To help alleviate this issue, 

modifications such as LNAs, 2’O-Me RNAs, morpholinos, PNAs, or serinol nucleic acids 

have been introduced into probes to increase biostability.[66,67,73,145–147] Moreover, base 

modifications can lead to enhanced hybridization kinetics, enhanced specificity, and 

enhanced target affinity.[148] For instance, Wu et al. introduced LNA into MBs to increase 

their stability and reduce their propensity for false positive signal due to degradation or 

protein binding.[66] LNA-enhanced MBs were functional even 24 hours after microinjection 
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into cells, proving useful for long term imaging of MnSOD mRNA in MDA-MB-231 cells. 

Chen et al. synthesized morpholino molecular beacons (MOR-MBs) for use in vivo.[67] 

They hypothesized that the superior stability, biocompatibility, and affinity of morpholinos 

for RNA would lead to advantageous properties. MOR-MBs had no increase in non-specific 

fluorescence signal in medaka fish embryos over the course of two hours. In contrast, DNA-

MB signal increased gradually over the course of 45 minutes, likely due to degradation of 

the probe by nucleases. MOR-MBs were also able to distinguish between full complement 

or single base mismatch RNA targets in vivo. A new class of artificial nucleic acids based on 

a serinol backbone, called serinol nucleic acids, were incorporated into MBs by Murayama 

et al., and used for their enhanced biostability.[147] While imaging was done in fixed cells, 

signal to background ratios as high as 930 times were reported in solution, which was about 

30 times higher for an equivalent MB synthesized with DNA.

Another issue, similar to other ONT probes already discussed, is that MBs may be 

sequestered to the nucleus following delivery, which is problematic for imaging targets in 

the cytoplasm. This sequestration has been prevented by linking MBs to a macromolecule, 

nanoparticle, or tRNA sequence.[149–151]

For detecting targets of low-abundance, it is sometimes necessary to employ strategies that 

amplify signal, in turn lowering the limit of detection. Strategies most often employed 

involve HCR or a slight variation thereof. HCR is an isothermal cascade reaction in which 

an initiator sequence triggers the hybridization of two complementary sequences trapped in 

metastable hairpin conformations.[152] Incorporating a donor or acceptor dye (FRET pair) 

into each of the hairpins is one common way to interface HCR with a readout event for 

target detection (Figure 4A). Strategies inspired by this approach include cascade 

hybridization reaction (CHR), developed by Cheglakov et al.[70] and branched HCR (b-

HCR), developed by Liu et al.[71]

Inspired by the work of Yin et al.,[153] another amplification strategy was proposed by the 

Tan group in 2015, called hairpin DNA cascade amplification (HDCA, Figure 4B).[72] The 

probe set consists of a total of four distinct strands. When no mRNA target is present, two 

DNA strands H1 and H2 are each in the form of a hairpin. Additionally, a fluorophore-

labeled “reporter” strand is prehybridized to a quencher-labeled strand. When present, 

mRNA binds to the toehold region of H1, opening the hairpin and exposing bases which can 

bind to H2, which in turn displaces the mRNA due to stronger binding with H1. This 

strategy allows the mRNA to participate in more rounds of signal amplification. The H1-H2 

complex formed has an overhang that is complementary to the “reporter” strand. The 

quencher strand is displaced providing a fluorescent readout. In proof-of-concept studies, 

MnSOD mRNA, associated with tumor proliferation, was detected in MDA-MB-231 cells 

after transfection of probes with Lipofectamine 3000. Notably, these probes were able to 

sense MnSOD mRNA even after the mRNA was knocked down using cordycepin, a scenario 

where a low abundance target could be detected.

One problem with MBs (and linear probes) is that “naked” nucleic acids do not generally 

enter cells on their own, and thus require transfection strategies like cationic liposomes, 

conjugation to a cell penetrating peptide, microinjection, or electroporation.[6] Therefore, 
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many recent approaches have sought to use aptamer-based or nanoparticle-based strategies 

to circumvent the need for these methodologies. While nanoparticle-based strategies will be 

the subject of a separate section (vide infra), we will briefly discuss strategies for aptamer-

based entrance into cells in this section.

The Tan group has designed MBs that start functioning “on demand” and enter cells without 

transfection reagents (Figure 5).[74] Their carrier probe molecular beacons (CP/MBs) consist 

of two strands. One strand of the probe is the MB that is complementary to an mRNA 

transcript of interest. The other strand is an aptamer plus carrier probe (CP) sequence. The 

aptamer chosen (AS1411) has been found to attach to nucleolin, which is a cell surface 

marker that is present on many cancer cells. The authors claimed that binding of the 

CP/MBs to nucleolin allowed for direct cytosolic entry of the probes. To make the probes 

“on demand,” photocleavable (PC) linkers were incorporated into the CP region. Initially, 

the CP and MB region are hybridized, not allowing for the MB to bind to complementary 

mRNA in the cell. Upon UV irradiation, the PC linkers are cleaved and the MB is detached 

from the CP region, allowing the MB to bind to complementary mRNA. MnSOD was 

chosen as a model target and imaged in MCF-7 cells. Taken together, this construct allows 

for targeted delivery to cells, entrance into cells without transfection reagents, and “on 

demand” activation of the MB allowing for precise spatiotemporally controlled imaging in 

the cell.

Furthermore, Kim et al. developed RNA aptamer-based probes for detection of miRNA in 

live cells.[75] To allow for uptake into cells without the need of transfection reagents, mucin1 

(overexpressed in malignant cancer cells)-binding aptamers were hybridized to the probe, 

resulting in probe endocytosis. As a proof-of-concept, miR-34a was imaged in MCF-7 cells 

and T47D cells.

2.2.3. Dual FRET beacons—One way to increase the signal to noise ratio of MBs is to 

employ a dual FRET approach (Figure 3D). In this design, two different MBs are designed 

that hybridize to adjacent locations on an mRNA transcript of interest. Each probe contains a 

fluorophore that can form a FRET pair with the fluorophore on the other probe. In the off 

state, fluorescence of both probes is quenched due to close proximity of a fluorophore and 

quencher. Upon binding of the MBs to the target, the fluorophores are unquenched and 

brought in close proximity to one another such that they can form a FRET pair. Importantly, 

with this strategy, one can differentiate signal due to non-specific separation of fluorophore 

and quencher from actual signal due to binding by monitoring FRET signal. Santangelo et 

al. used dual FRET MBs to study the KRAS and survivin oncogenes in live human dermal 

fibroblasts and MIA PaCa-2 cells.[77] Indeed, they were able to show that signal due to non-

specific separation of fluorophore and quencher could be distinguished from signal due to 

binding, thus reducing false-positive signal. King et al. have shown the utility of dual FRET 

MBs for detecting Oct4 mRNA and subsequently isolating Oct4 positive pluripotent human 

embryonic stem cells using flow cytometry.[76]

In spite of the fact that dual FRET beacons can improve signal to noise ratio, they suffer 

from the same limitations that linear FRET probes suffer. Namely, given the complex 

secondary structure of RNA and its association with proteins, finding large stretches of RNA 
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that are accessible for probe binding is a challenge. Further, bleed-through of donor 

emission into the acceptor emission channel may be a problem in certain cases.[142]

2.3. Quencher-free probes

2.3.1. FIT probes—Forced intercalation (FIT) probes were developed in 2005 by the 

Seitz group as a quencher-free method for nucleic acid detection (Figure 6A).[124] FIT 

probes consist of a sequence of nucleic acids and a single intercalator dye of the thiazole 

orange family, whereby the intercalator plays the role of a nucleobase surrogate. Dyes of the 

thiazole orange family fluoresce when rotation around their methine bridge is restricted. 

Thus, when a FIT probe binds to its complementary sequence, methine bridge rotation is 

hindered, which results in fluorescence being turned on. Notably, this strategy results in no 

false-positive signal as a result of probe degradation, overcoming a key limitation associated 

with MBs.[83] Furthermore, FIT probes offer fluorescence enhancement, reported to be as 

high as 195 times upon addition of complementary target.[154] Much of the work in live cell 

imaging using FIT probes has relied upon the use of peptide nucleic acids (PNA) due to their 

biostability and both rapid and strong hybridization to complementary ONTs.[79–81,155,156] 

Kam et al., for example, used PNA FIT probes for detection of KRAS mRNA inside live 

cells.[79] They showed that FIT probes are sensitive to single nucleotide mismatches directly 

adjacent to the intercalator, such that single nucleotide polymorphisms (SNPs) in the KRAS 

gene could be discriminated. Importantly, a conventional fluorophore/quencher MB was 

unable to discriminate SNPs in the KRAS gene.

More recent work in the area has looked into enhancing probe brightness, using more 

accessible nucleobase chemistry, and multiplexing of gene analysis. Imaging in cells and 

tissues with high sensitivity requires probes that are both responsive and sufficiently bright. 

Two different approaches have been used to enhance FIT probe brightness. In the first 

approach, a duplex responsive dye (thiazole orange) is paired to a highly emissive dye 

(oxazolopyridine analogue, JO).[157] In the single strand, fluorescence is quenched due to 

dye twisting about the methine bridge and dye-dye contact. Upon binding of complementary 

target, quenching due to twisting and energy transfer are stopped, leading to fluorescence 

turn-on. TO is believed to play the role of a light collector that can transfer excitation energy 

to the highly emissive JO moiety.[157] As proof-of-concept, the TO/JO system was used to 

image oskar mRNA in the tissue of Drosophila melanogaster using wash-free FISH. 

Recently, mRNA associated with the mCherry protein was imaged using this system in live 

FIp-In™ 293 T-Rex cells expressing the gene.[82]

An alternative approach for enhancing the brightness of FIT probes involves the use of 

locked nucleic acids (LNAs).[83] Hövelmann et al. showed that the introduction of an LNA 

base directly adjacent to the duplex responsive dye introduces further rigidity in the local 

environment of the dye, resulting in more restricted rotation around the methine bridge and a 

concomitant increase in final brightness upon target hybridization. LNA-enhanced FIT 

probes were then used to track in real time oskar mRNA associated with ribonucleoproteins 

in Drosophila melanogaster.

Although PNAs impart increased nuclease resistance to the probes, they suffer from several 

limitations. The neutral backbone of PNAs renders them less soluble compared to 
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conventional phosphate backbone-based ONTs and makes them susceptible to aggregation. 

Moreover, PNA synthesis is more costly than conventional nucleic acid synthesis and 

common protocols for nucleic acid transfection are not applicable to them. Therefore, recent 

work in FIT probes has focused on alternate strategies, for example, by modifying the sugar 

moieties in ONTs with phosphate backbones.[158] 2’-O-Me RNA and LNAs have been used 

in FIT probes due to their resistance to nuclease degradation and both rapid and high affinity 

binding to complementary nucleic acids.[83,154] FIT probes made of DNA have also been 

used for live cell imaging.[159]

Recently, the Seitz group reported the development of four new dyes for use in FIT probes.
[154] Of these, three showed fluorescence enhancement upon addition of complementary 

target. Importantly, the new dyes fluoresce in distinct wavelength regimes, allowing later 

studies to do multiplexed live cell imaging of the poly A tail of mRNA and different regions 

of mCherry mRNA in Flp-In 293 T-REx cells. [159]

2.3.2. ECHO probes—A variant of FIT probes are exciton-controlled hybridization-

sensitive fluorescent ONT (ECHO) probes (Figure 6B). When two thiazole orange 

fluorophores are covalently attached to the same base of a nucleic acid sequence and 

arranged parallel to one another (H-aggregation), fluorescence is largely attenuated due to 

excitonic interactions between the two fluorophores. Upon complementary nucleic acid 

binding, the H-aggregate is broken and each thiazole orange intercalates into the duplex such 

that fluorescence is turned on.[160] Early studies to assess the feasibility of ECHO probes in 

live cells consisted of designing probes targeting the poly A tail of RNA. Microinjecting 

these probes into HeLa cells resulted in fluorescence intensity observable in the cytoplasm 

and nucleus as a result of probe binding to target.[84]

To aid in multiplexed imaging, Ikeda et al. developed new fluorophores capable of use in 

ECHO probes.[85] While those fluorophores that were originally developed ranged in 

emission maxima from 455 nm to 677 nm, more recently near-IR dyes have also been 

developed for ECHO probes.[87] To show the capability of multiplexed live cell detection, 

ECHO probes with three different dyes were designed to target three different miRNA 

sequences. Microinjected probes proved useful for detecting the targeted miRNA in the 

nucleus of HeLa cells.[85]

Efforts have also been made to introduce base modifications to ECHO probes, as unmodified 

DNA probes are quickly degraded in cells, making long-term live cell imaging challenging. 

For instance, a 2’-O-Me-modified ECHO probe targeting the poly-A tail of RNA was used 

for imaging of HeLa cells.[88] Time-resolved imaging showed that fluorescence was much 

more intense at the mitotic phase than at the interphase, implying that relatively large 

quantities of mRNA are expressed as the cell divides. Later studies have shown the 

capability of ECHO probes to detect other intracellular RNA targets, including 28S rRNA 

and U3 small nucleolar RNA.[86]

2.3.3. Miscellaneous quencher-free probes—Min et al. took advantage of 

aggregation-induced emission for detection of miRNA.[161] DNA probes complementary to 

a target of interest were synthesized with aggregation-induced emission luminogens 
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(AIEgens) on the 5’ end. Upon binding of target, a duplex is formed. Addition of 

exonuclease III results in successive removal of mononucleotides from the probe sequence 

and subsequent release of both the RNA target and the AIEgens. The AIEgens are free to 

aggregate and turn on fluorescence, while the RNA target is free to bind to more probe, thus 

amplifying signal. The probe was efficacious in detecting miR-21 in HeLa and MCF-7 cells 

(high expression), and human lung fibroblast cells (HLF) (low expression).

Ro et al. leveraged the unique optical properties of pyrene-linked adenine (PyA) derivatives 

to detect miRNA in live cells.[162] The probe sequence was designed such that in the 

presence of the target miRNA, the PyA moieties were brought to close proximity that 

resulted in a wavelength shift in emission from 455 to 600 nm. A detection limit of 0.63 nM 

was found in solution, and the strategy was used to image miR-21 in HeLa, MCF-7, and 

NIH-3T3 cells successfully.

Østergaard et al. have developed quencher-free MBs.[163] 2′-N-(pyren-1-yl)carbonyl-2′-

amino LNA monomers are incorporated into the loop region of a MB. Little fluorescence is 

seen for these LNA monomers when in a single stranded region, but significant fluorescence 

turn-on is observed when present in a duplexed strand. These so called “glowing LNAs” 

were used to image mRNA corresponding to component X of pyruvate dehydrogenase 

complex in 3T3-L1 cells.

2.4. Nanoparticle-based probes

2.4.1. Gold nanoparticle-based

2.4.1.1. NanoFlares: NanoFlares were invented and reported in 2007 by the Mirkin group 

as a new tool for studying mRNA (Figure 7A).[44] NanoFlares are SNA gold nanoparticle 

conjugates and consist of a dense shell of duplex DNA on a gold nanoparticle surface. One 

strand of the duplex, called the recognition strand, has a track (e.g. ~20 base pairs) 

complementary to an mRNA target of interest. The other strand of the duplex, called the 

flare strand, consists of a fluorophore and typically has ~8 base pairs of complementary to 

the recognition strand. When the recognition strand and flare strand are hybridized, the gold 

nanoparticle quenches fluorescence of the flare strand due to close proximity between the 

gold and the fluorophore. When the mRNA target of interest is present in the cell at 

sufficient concentrations, the mRNA binds to the recognition strand and the flare sequence is 

displaced, resulting in fluorescence turn-on.[164] Owing to the dense packing of DNA on the 

nanoparticle surface, NanoFlares exhibit high cellular uptake without the need for 

transfection reagents, display enhanced resistance to nuclease degradation in comparison to 

free nucleic acid probes, and exhibit little immunogenicity or toxicity.[165] In the first 

studies, NanoFlares were used to differentiate between different cell lines based on 

expression of mRNA associated with the oncogenic marker survivin. Specifically, cells that 

do not express survivin (C166 cells) were differentiated from cells that express large 

amounts of survivin (SK-BR-3 cells).[44]

As NanoFlares bind to mRNA, studies in 2009 by Prigodich et al. showed that the platform 

can be used for the simultaneous detection and regulation of survivin in HeLa cells.[166] 

Consistent with previous studies, detection of survivin required relatively low concentrations 
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and treatment times of NanoFlares with HeLa cells (0.5 nM and 6 h) while regulation 

required relatively high concentrations and treatment times (5 nM and 4 days) of NanoFlares 

with HeLa cells.

Further work has leveraged the capability of NanoFlares to become the first example of a 

genetic based approach for simultaneous detection and isolation of live circulating tumor 

cells (CTCs) in and from human blood.[139] Vimentin and fibronectin, both known markers 

of the epithelial to mesenchymal transition (EMT), were targeted using Nanoflares. A 

known quantity of mCherry expressing MDA-MB-231 cells was added to samples of whole 

human blood, followed by incubation with either vimentin, fibronectin, or scramble control 

NanoFlares. mCherry positive and flare (Cy5) positive cells were isolated using flow 

cytometry. The NanoFlare was shown to detect as few as 100 CTCs in whole blood samples 

with an average recovery of cells of around 68%, on par with other techniques for CTC 

isolation.[170] In a different experiment, a GFP-expressing recurrent cell line known to form 

mammospheres was spiked into whole human blood. Cells isolated for GFP fluorescence 

and flare (Cy5) fluorescence were then subjected to a mammosphere analysis. As expected, 

isolated cells were capable of forming mammospheres indicating that these cells were 

indeed the GFP-expressing cells originally spiked into human blood and that NanoFlares had 

no detrimental impact on cell viability.

Recently, NanoFlares have been used for numerous applications ex vivo and in vivo. For 

instance, Yeo et al. utilized NanoFlares for abnormal scar detection.[135] The connective 

tissue growth factor (CTGF) mRNA is overexpressed in incidences of hypertrophic and 

keloidal scars, resulting in overproduction of collagen. In vitro, CTGF-targeting NanoFlares 

could be used to distinguish between keloidal scar fibroblasts (KSFs), hypertrophic scar 

fibroblasts (HSFs), and non-diseased dermal fibroblasts (NSFs). Mixing CTGF NanoFlares 

and HSFs together in matrigel and subsequent subcutaneous injection into mice showed that 

detection was possible in vivo as well. However, because human skin has more epithelial 

skin layers than mouse skin, it is in challenging to detect markers of aberrant scar formation 

in human skin. Using an ex vivo model of human skin, the study showed that NanoFlares 

infiltrate past the epidermis and distribute in the dermis. Importantly, the penetration depth 

of NanoFlares was sufficient to detect HSFs that had been injected into the dermal region of 

an ex vivo skin sample. Taken together, these findings are significant, since the NanoFlare 

has the potential to change paradigms in skin disease diagnosis from histopotalogy and 

biopsy to something non-invasive that is more amenable to earlier detection of aberrant 

scars.

Another example of NanoFlares used for investigating skin wound models comes from 

Vilela et al.[171] Wound healing involves an epithelial to mesenchymal transition, and as 

such monitoring of vimentin mRNA using NanoFlares can be used as a handle to monitor 

the progression of the process. Indeed, the study showed that light-sheet microscopy could 

be used to study the 3-dimensional distribution of vimentin mRNA in whole tissue samples 

obtained from mice.

Recently, Moros et al. used gold NanoFlares for detection of mRNA in live Hydra vulgaris 

organisms.[172] Their study targeted Hymyc1 mRNA, which is a member of the MYC family 
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of proto-oncogenes. After incubating Hydra polyps with NanoFlares targeting Hymyc1, the 

group found no toxicity to the organism due to the NanoFlares. Furthermore, animals treated 

with Hymyc 1 targeting NanoFlares showed fluorescence in their body column, but neither 

in their head nor tentacles, as expected. Scrambled NanoFlares with no target in the 

organism showed no fluorescence after incubation, while positive control NanoFlares 

targeting poly A RNA fluoresced throughout the organism, as expected. In another 

successful use of NanoFlares, Sozer et al. have recently used NanoFlares to detect single 

nucleotide mutations in Janus kinase 2 mRNA.[173]

Slight variations in the original NanoFlare design have led to NanoFlares with additional 

capabilities. For example, multiplexed NanoFlares were developed in 2012 to detect 

multiple mRNA transcripts with a single construct.[39] Recognition sequences targeting both 

β-actin and survivin were conjugated to the same nanoparticle. By hybridizing flare 

sequences containing either Cy3 (β-actin) or Cy5 (survivin), both targets could be 

simultaneously detected. Notably, simultaneous detection allowed for normalizing survivin 

flare signal to flare signal from a housekeeping gene, narrowing the normally broad 

distribution of fluorescence values seen due to differences in probe uptake and flare 

degradation amongst individual cells. The Tang group has also leveraged the strategy of 

multiplexed detection. In one example, mRNA associated with three different oncogenes 

was detected with a single construct.[174]

One improvement to the original NanoFlare was introduced by Yang et al. in 2015 in the 

form of FRET NanoFlares.[175] In this design, the flare strand contains an acceptor dye on 

the 3’ end and a donor dye on the 5’ end. When mRNA binds to the recognition sequence, 

the flare strand is displaced. With the proper flare sequence design, the strand folds into a 

hairpin upon displacement, bringing into close proximity the donor and acceptor dye and 

allowing for the monitoring of FRET signal as the readout for mRNA binding. This new 

design holds a key advantage over the original NanoFlare design. Namely, no false-positive 

signal should be seen due to nuclease degradation or destruction of the gold-sulfur bond. 

However, this strategy does suffer from the need of having a dual fluorophore-labeled flare 

strand and necessitates more intricate flare sequence design.

A variant of the NanoFlare design was introduced in 2015 that allowed for simultaneous 

detection and tracking of mRNA transcripts, termed the Sticky-Flare (Figure 7B).[134] In the 

Sticky-Flare construct, the flare strand tagged with a fluorophore is complementary to the 

target mRNA, such that following binding, the mRNA can be tracked in real time. Sticky-

Flares designed to target β-actin mRNA allowed for study of the mRNA’s real time 

dynamics and final localization. β-actin mRNA in HeLa cells was observed to co-localize 

with the mitochondria, marking the first time this phenomenon has been observed in this cell 

line.

Other design variations have sought to add signal amplification to NanoFlares. Liang et al. 

recently developed an entropy driven amplifier in conjunction with conventional NanoFlares, 

reaching a detection limit of 8 pM in solution and imaging miR-21 in MCF-7, HeLa, 

HEK293, and MRC-5 cells.[176] Moreover, Li et al. recently interfaced FRET NanoFlares 

with an amplification element for sensitive miRNA detection.[177] This approach was able to 
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detect miR-let-7a in cells with high expression (MCF-7) and cells with relatively low 

expression (A549).

Commercially available NanoFlares have also been used successfully by a number of groups 

for studying genetic content in live cells.[178–181]

2.4.1.2. Gold nanoparticle molecular beacons: Gold nanoparticle molecular beacons 

(NP-MBs), also variants of SNAs, offer a number of potential key advantages, including 

resistance to nuclease degradation and entrance into cells without the need of transfection 

reagents. Gold NP-MBs consist of a dye-labeled hairpin DNA sequence functionalized to a 

gold nanoparticle (Figure 7C). When the hairpin is closed, the dye is in close proximity to 

the gold, leading to the fluorescence off state due to gold quenching of fluorescence. When 

the target mRNA binds the DNA sequence, the hairpin is opened such that the dye is 

separated from the gold and fluorescence is turned on. Note that this strategy requires 

careful design of the MB sequence, as hairpin opening must result in sufficient distancing of 

the fluorophore and gold at risk of observing weak signal. Early work in this area was done 

by Harry et al., who were able to detect tyrosinase mRNA in melanoma cells.[182] Others, 

like Xue et al., have detected oncogenes like STAT5B in MCF-7 cells.[183] Uddin et al. have 

used NP-MB for detection of VCAM-1 mRNA, a marker of inflammation, in retinal 

microvascular endothelial cells.[184] Work by Qiao et al. has expanded on the original 

construct by conjugating two different MBs on the gold surface to do multiplexed analysis of 

survivin and cyclin D1 mRNA.[185] Jayagopal et al. simultaneously imaged GAPDH mRNA 

and respiratory syncytial virus (RSV) mRNA in Hep-2 cells.[98] In another example from the 

Tang group, four different oncogenes were detected simultaneously using a gold NP-MB.
[186]

Examples of theranostic platforms also exist.[187,188] For example, in 2015, Bao et al. used 

an in vivo murine model of gastric cancer to show that gold NP-MBs were able to 

simultaneously detect, target, and knock-down the expression of the oncogenic KRAS gene.
[187]

Moreover, Pan et al. have developed constructs capable of simultaneous detection of mRNA 

and matrix metalloproteipnases (MMPs).[94] MBs specific for TK1 mRNA and GalNAc-T 

mRNA along with fluorophore-labeled peptides that are cleaved in the presence of MMP-2 

and MMP-7 were functionalized to the surface. MB opening and peptide cleavage separated 

fluorophore from gold, yielding fluorescence. The probe proved useful for the simultaneous 

monitoring of these cancer associated biomarkers in MCF-7 and MCF-10a cells. Pan et al. 

have devised a slight variation of the original design to allow multiplexing using monitoring 

of a FRET signal.[189]

2.4.1.3. Surface-coated gold nanoparticles: Some have coated gold nanoparticles with 

polydopamine (PDA) as part of their platform. PDA is attractive becaucse it permits 

immobilization of probes onto the surface through π-π interaction rather than tedious 

chemical conjugation, acts as another source of fluorescence quenching, and can be used in 

photothermal therapy because it absorbs light in the near infrared region.[100,190–192]
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Choi et al. coated gold nanoparticles with PDA and subsequently adsorbed fluorophore-

labeled hairpin probes targeting miRNAs of interest (Figure 7D).[100,167] Duplexing with the 

miRNA causes release of the probes from the surface and subsequent fluorescence turn-on. 

The probe proved useful for long term imaging of miR-29b and miR-31, two osteogenic 

markers, in hMSCs and primary osteoblasts. In particular, a time-dependent fluorescence 

was seen in primary osteoblasts and hMSCs going through osteogenic differentiation. 

Importantly, fluorescence signal in these cells was visible for up to 5 days. On the other 

hand, fluorescence was neither seen in hMSCs that had not differentiated nor in 3T3 

fibroblasts, as expected.

Furthermore, Zheng et al. developed a NanoFlare-like construct using PDA-coated gold 

nanoparticles.[168] Target binding to the recognition strand results in the fluorophore strand’s 

displacement, leading to fluorescence turn-on. This probe was used to image miR-21 in 

HeLa cells. Taking advantage of PDA’s ability to absorb near-infrared light and potential as 

an agent for photothermal therapy, they showed that laser irradiation of HeLa cells treated 

with the probe resulted in a large decrease in cell viability.

Liu et al. have used PDA-coated gold nanoflowers for miRNA detection.[193] Nanoflowers 

were used for their high surface area providing access to higher loading densities of ONT 

probes. Two different hairpins are first adsorbed to the PDA-coated surface, whereby one of 

the hairpins is fluorophore-labeled. The target of interest opens the fluorophore-labeled 

hairpin, leading to fluorescence turn-on. Opening of the first hairpin also leads to exposure 

of a region that can bind to the second hairpin, whereby binding of the second hairpin leads 

to displacement of the bound target. In this way, the target is recycled to allow for binding to 

another fluorophore-labeled hairpin, leading to amplified signal. A low detection limit of 

400 fM was found in solution. This amplification strategy was used for imaging miR-21 in 

HeLa cells.

Wu et al. developed the first example of HCR between hairpin probes for live cell mRNA 

detection.[108] Their construct consists of a gold nanoparticle coated with a layer of cationic 

peptides that are electrostatically complexed with hairpin DNA. Two different hairpin DNA 

are associated with the surface, each with a fluorophore that when near the other will form a 

FRET pair. While associated with the surface, the fluorescence of the dyes is quenched by 

the gold nanoparticle, leading to the probe “off state.” The target mRNA triggers HCR 

between the hairpins leading to the “fluorescence on” state in which multiple FRET pairs are 

formed. The authors claimed a limit of detection of ~0.5 pM in beaker studies. Interestingly, 

the authors also noted that the constructs bypassed endosomes and entered the cytoplasm 

directly, enabling them to image survivin mRNA in HeLa cells.

2.4.1.4. Other gold-based approaches: Constructs with gold nanorod cores also have 

been studied. Interestingly, it has been reported that constructs based on gold nanorods 

exhibit nearly two fold higher signal to noise ratio than constructs based on gold 

nanospheres.[194] Furthermore, because gold nanorods absorb near infrared light, they have 

been widely used in the literature for photothermal therapy, making them candidates for use 

in theranostic platforms.[195–197]
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In a strategy analogous to that used with spherical gold NP-MBs, Wang et al. used gold 

nanorod MBs for detection of Dll4 mRNA in HUVEC cells.[194] Importantly, they were able 

to track Dll4 mRNA and study its dynamics in individual cells. In another example, Riahi et 

al. used gold nanorod MBs for studying β-actin and HSP70 mRNA in human breast 

adenocarcinoma cells and mice tissues.[198]

Sun et al. developed a dual FRET/surface enhanced resonance nanosensor composed of both 

gold nanorods and gold nanocrosses (Figure 7E).[169] The recognition strand is conjugated 

to a gold nanorod, while a fluorophore-labeled complementary strand is conjugated to a gold 

nanocross. In the case where the two strands are hybridized, the fluorophore is in close 

proximity to the gold nanorod and fluorescence is quenched. When the target binds the 

recognition strand, the fluorophore-labeled strand conjugated to the gold nanocross is 

displaced, resulting in fluorescence turn-on. However, surface enhanced fluorescence is also 

observed due to the presence of the gold nanocross, resulting in further increase in 

fluorescence of the dye. The authors used the construct to study miR-21 in HepG2, H9C2, 

and BRL cells.

Yan et al. electrostatically complexed probe sequences with polyethylenimine (PEI)-

modified gold nanorods to achieve miRNA detection with amplified signal.[199] The first 

element of their system is a quencher containing recognition strand prehybridized with a 

fluorophore containing strand. Target binding displaces the fluorophore-labeled strand, 

leading to fluorescence. Adding a fuel strand displaces the bound miRNA target, allowing 

the target to participate in more fluorophore strand displacement events to amplify signal. 

The nanosensor was used for detection of miR-21 in MCF-7 tumor bearing mice. 

Photothermal therapy was also done, as NIR irradiation of the constructs led to reductions in 

tumor volume.

2.4.2. Upconverting nanoparticle-based—Certain upconverting nanoparticles 

(UCNPs) have found use in live cell imaging due to their biocompatibility, high 

photostability, and unique optical properties.[89,120,201,202] These nanoparticles absorb two 

or more lower energy photons and emit a higher energy photon. In the context of live cell 

imaging, this property allows probes to be excited with near-IR light and observe emission 

in the visible range, thereby overcoming issues related to cellular autofluorescence. Li et al. 

have explored a nanoparticle strategy where a luminescent and circular dichroism (CD) 

signal can be simultaneously monitored using gold-upconverting nanoparticle (Au-UCNP) 

pyramids for detection of miRNA in live cells (Figure 8A).[120] In the initial state, DNA 

linkages between nanoparticles result in the formation of a pyramidal structure. Binding of 

an miRNA sequence to a recognition region in the pyramid results in structure disassembly 

and subsequent separation of the gold nanoparticles and UCNPs. This separation is 

accompanied by an increase in luminescent signal (excitation = 980 nm, emission = 540 nm) 

from the UCNPs and a decrease in CD signal at 521 nm that can be monitored. To assess the 

feasibility of this strategy for miRNA detection in live cells, Au-UCNP pyramids were 

designed and synthesized for miR-21. HeLa cells were either transfected with miR-21 to 

increase its level or an miR-21 antisense sequence to decrease its level. Indeed, luminescent 

signal increased and CD signal decreased as the intracellular level of miR-21 increased. 

However, as the level of miR-21 was decreased in the cell, it was found that monitoring CD 
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signal led to a 4-fold improvement in detection limit when compared to luminescence 

monitoring. This is important because it may potentially lead to the design of ultra-sensitive 

probes for intracellular detection based on monitoring CD signal, rather than solely 

monitoring luminescence signal.

Gao et al. have used upconverting nanoparticles for mRNA and miRNA detection in live 

cells (Figure 8B).[89] Gold nanorods are coated with a platinum shell and conjugated with 

DNA sequence #1, while upconverting nanoparticles are conjugated with DNA sequence #2. 

To create Au NR@Pt-UCNPs satellite assemblies, DNA sequence #1 and DNA sequence #2 

are linked together using DNA sequence #3, which is a recognition sequence for an mRNA 

of interest. When the mRNA is not present, the satellite assembly is intact and the 

luminescence of the upconverting nanoparticles is quenched. In the presence of the target 

mRNA, binding to the recognition sequence results in disassembly of the Au NR@Pt-

UCNPs satellites, resulting in separation of the UCNPs from the Au NR@Pt and 

luminescence turn-on. In solution, the authors found that Au NR@Pt-UCNPs have a 

detection limit of 1.3 pM. Their efficacy in MCF-7, HeLa, and PCS-460–010 cells was 

confirmed by detecting TK1 transcripts, with relative luminescence intensities in the cell line 

corresponding to levels reported q-PCR. Finally, to show the versatility of the platform, 

miR-21 in HeLa cells was also imaged.

Ma et al. showed the utility of gold nanorod/UCNPs for simultaneous surface-enhanced 

Raman spectroscopy (SERS)/luminescence-based detection of miR-21 and telemorase in 

HeLa, MCF-7, and primary uterine fibroblast cells (Figure 8C).[200] A recognition strand 

(DNA 1) on one nanorod is prehybridized to a different strand (DNA 2) on another nanorod. 

This hybridization brings the gold nanorods in close proximity. Target binding to the 

recognition strand dehybridizes the sequences, leading to separation of the nanorods. When 

the SERS tag 3,3′-diethylthiatricarbocyanine iodide (DTTC) is loaded on the nanoparticle 

surface, this target binding induced separation leads to a decrease in Raman signal that can 

be monitored. To detect telomerase, the gold nanorods are further conjugated with a 

telomerase primer (TP) sequence while upconverting nanoparticles are conjugated with a 

mismatched sequence. The two components are “glued” using a linker strand, putting the 

upconverting nanoparticles near the gold nanorod and turning off fluorescence. Telomerase-

induced extension of the TP strand results in release of the upconverting nanoparticles, 

leading to fluorescence turn-on.

2.4.3 Cationic liposome-based—Liposomes are attractive because of their 

biocompatibility, biodegradeability, ability to enter cells without transfection reagents, and 

ability to protect cargo from degradation through encapsulation.[40,203]

Kim et al. have used hyaluronic acid-coated liposomes for detection of miR-34a.[40] The 

hyaluronic acid coating allows for targeting CD44 for endocytic uptake into cells. 

Liposomes encapsulate within them duplexed strands composed of a fluorophore-labeled 

recognition strand and a short quencher-labeled strand. Disassembly of the liposome in 

acidic endosomes is believed to lead to endosomal membrane destabilization and subsequent 

release of probe into the cytoplasm. Target binding to the recognition strand displaces the 

quencher strand, recovering fluorescence. Beyond imaging miR-34a in cancerous cells in 
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vitro, the study was also able to show the efficacy of the construct for imaging miR-34a in 

real time in a mouse breast cancer model.

Han et al. have made use of a similar liposome-based strategy.[204] Unlike Kim et al., no 

targeting moiety is used on the surface, and uptake is hypothesized to be due to both 

endocytosis and cell membrane/liposome fusion. Indeed, they were able to show the utility 

of their sensor for monitoring miRNA associated with adipogenesis. In particular, constructs 

targeting miR-181a, miR-21, and miR-31 were incubated with bone marrow mesenchymal 

stromal cells during different differentiation days. As expected, miR-181a and miR-21 

expression increased while miR-31 expression decreased as adipogenesis proceeded.

2.4.4. Polymer core-based—Wiraja et al. employed PLGA nanoparticles 

encapsulating MBs for mRNA detection,[112] using these constructs for studying the 

dependence of β-actin mRNA in MSCs on culture condition (2D vs. 3D culture).[112] 

Furthermore, chitosan has been used as a model for a positively charged polymer core for 

MB delivery.[101] Zhu et al. electrostatically complexed MBs with the chitosan 

nanoparticles, and used them for detection of MiR-155 in A549, SPC-A1 and PC-3 cells.

Linear FRET probes have been delivered using cationic shell-crosslinked knedel-like 

nanoparticles (cSCKs).[205] 2 PNA recognition probes labeled respectively with a donor and 

acceptor fluorophore are each hybridized to short DNA strands to allow for electrostatic 

complexation with cSCKs. Upon endocytosis, it is believed that cSCKs disrupt the 

endosomal membrane and release probes into the cytoplasm. Target binding displaces the 

short DNA complement on both strands. In turn, binding of the fluorophore-labeled 

recognition strands to adjacent regions in an mRNA of interest can be monitored through 

FRET signal. A gene associated with inflammation, inducible nitric oxide synthase (iNOS) 

mRNA, was studied in RAW 264.7 cells.

2.4.5. Micelle-based—Chen et al. have developed MB micelle flares (MBMFs).[90] 

MBs conjugated to diacyllipids self-assemble into micellular structures with a diacyllipid 

core and MB shell. Advantages of such a construct include ease of synthesis, 

biocompatibility, enhanced resistance to nuclease degradation, and uptake into cells without 

the need of transfection reagents. MBMFs designed to target a known oncogene c-Raf-1 

were tested in A549 cells (lung cancer) and HBE135 cells (healthy lung cells). Indeed, 

MBMFs fluoresced much more strongly in A549 cells than in HBE135 cells. As a negative 

control, it was shown that non-targeting MBMFs do not fluoresce in A549 cells, indicating 

the probe was also specific.

Zhang et al. adopted the same structure for use as a theranostic platform.[206] This time 

doxorubicin, a known cancer drug, was incorporated into the MB stem and in the micelle’s 

hydrophobic core. Indeed, the constructs proved useful for differentiating cells based on 

MDR1 mRNA expression, a gene associated with multidrug resistance. Furthermore, their 

constructs proved useful for knocking down MDR1 through an antisense mechanism. Lastly, 

release of doxorubicin from the core resulted in high chemotherapeutic efficiency of the 

theranostic agent in OVCAR8/ADR cells.
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2.4.6. Silica core-based—Li et al. delivered probes targeting miR-21 into live MCF-7 

cells using silica nanoparticles doped with Ru(bpy)3
2+ for their strong photostability and 

biocompatbility.[91] The recognition strand, modified with 2’-O-methyl, contains a carboxyl 

group for functionalization to amines on the silica nanoparticle surface. The recognition 

strands also contains a disulfide group and a fluorophore (FAM). A short strand with a 

quencher is hybridized to the recognition strand, thereby turning off the fluorescence of 

FAM. An aptamer (AS1411) conjugated to the nanoparticle surface allows for cell specific 

delivery, whereby the fluorescence of Ru(bpy)3
2+ is used as a handle for cellular uptake. In 

the cell, it is claimed that glutathione and acidic conditions cleave the disulfide bond and 

release the duplexed strand. The target mRNA then binds the recognition strand, releasing 

the quencher strand and recovering the fluorescence.

Yang et al. have recently developed a novel transfection reagent-free silica@polydopamine-

DNA-CeO2 system for simultaneous detection of mi-RNA and H2O2.[102] First, Quasar 670-

labeled recognition strands are quenched by PDA due to their adsorption on the silica@PDA 

surface. Duplex formation upon target hybridization releases the strand, leading to 

fluorescence recovery. Second, CeO2 nanoparticles adsorbed with FAM-labeled DNA are 

also decorated around the silica@PDA surface. In a previous study, it has been shown that 

H2O2 can displace DNA from the CeO2 surface, therefore leading to recovery of initially 

quenched fluorescence by the CeO2.[207] Taken as a whole, this system could study the 

interplay between miR-21 and H2O2. For instance, it was found that elevating levels of 

H2O2 in H9C2 cells led to an increase in expression of miR-21.

Shen et al. reported the use of reverse-transcription helicase-dependent isothermal 

amplification in conjunction with mesoporous silica nanoparticles (MSNs) for mRNA 

imaging.[208] As opposed to most strategies which are based on signal amplification, this 

strategy was based on target amplification, with the authors claiming a detection limit of 4 

amol in 40 uL of solution. Constructs were taken up through endocytosis, and the probe was 

effective in distinguishing A549 (cancerous) and CCC-HPF-1 (healthy) cells based on their 

relative expression of survivin.

Wang et al. used an HCR-based strategy with MSNs.[209] 2 hairpins able to participate in 

HCR are electrostatically associated with the MSN surface. One of the hairpins is 

synthesized with a fluorophore/quencher, such that its opening leads to signal. The authors 

found a detection limit of 1 pM in solution. Substantiating its efficacy in cells, the probe 

targeting miR-21 in MCF-7, HeLa and HepG2 cells showed fluorescence bright spots, but 

showed negligible fluorescence in healthy L-02 cells as expected.

2.4.7. MnO2 nanosheet-based—Probes using manganese dioxide (MnO2) nanosheets 

have also been constructed. MnO2 offers key advantages, including low cost and ease of 

preparation, quenching ability, biodegradability, biocompatibility, and efficient delivery of 

cargo into cells.[103,210,211]

Yang et al. physically adsorbed MBs to the surface of manganese dioxide nanosheets.[103] 

As mentioned above, manganese dioxide itself also quenches fluorescence, thereby lowering 

background fluorescence from the case of a free MB alone. Target binding opens the hairpin 
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and releases the probe from the surface, resulting in fluorescence turn-on. Importantly, 

probes were taken up by cells without the need of transfection reagents. The authors used 

the system to successfully image miR-21 in HeLa cells.

Li et al. designed a MnO2-based system that incorporated a signal amplification element.
[212] Two different fluorophore-labeled hairpins are adsorbed to the MnO2 surface such that 

they are released upon intracellular degradation of MnO2 in the presence of glutathione. 

Target binding to one of the hairpins initiates HCR that brings together a FRET pair for 

signal readout. This strategy proved viable for detecting low abundance miR-21 in HeLa 

cells. Ou et al. recently used the same strategy, but incorporated two donor fluorophores into 

one of the DNA strands and an acceptor fluorophore in the other DNA strand.[213] In 

particular, the two donor/one acceptor (DD-A) system had higher FRET efficiency than the 

one donor/one acceptor (D-A) system. miR-21 was studied in MCF-7, HepG2, and L02 

cells.

2.4.8. Silver nanocluster-based—Silver nanoclusters have also recently found use in 

live cell RNA detection. Representing a new class of fluorophores, silver nanoclusters are of 

interest due to their good photostability and low cytotoxicity.[129,214–216] Strategies 

employing silver nanoclusters take advantage of the high sensitivity of their fluorescence to 

ONT surroundings. Yeh et al. have reported silver nanoclusters that transition from a dark 

state to a red emitting state when in close proximity to guanine bases.[129] In this strategy, 

silver nanoclusters are formed around a 12 bp nucleation strand. Extending off the 

nucleation strand is a 30 bp recognition sequence that targets a G-rich complement which 

upon binding turns on fluorescence. However, this original strategy was not applied to live 

cells.

More recently, Li et al. have extended silver nanoclusters to use in live cells.[214] Again, 

silver nanoclusters are formed around a nucleic acid nucleation site. However, in this case, 

hybridization of target to a recognition site close to the silver nanoclusters leads to both 

fluorescence turn-on and a shift in the silver nanocluster excitation/emission. This “spectrum 

switching” strategy was used to image TK1 mRNA in HeLa cells, whereby a mutated 

(scramble) probe was used as a negative control.

2.4.9. Carbon nanomaterial-based—Dong et al. have employed graphene 

nanoribbons, functionalized with the cationic polymer polyethylenimine (PEI), as a delivery 

vector for LNA-modified MBs.[217] In particular, a fluorophore/quencher-labeled MB is 

electrostatically loaded onto PEI-grafted graphene nanoribbons, which is able to enter cells 

and detect miR-21 in HeLa cells. Because PEI is considered cytotoxic, subsequent strategies 

have aimed to achieve uptake without such agents.[104]

In this light, graphene oxide (GO) has found use in biosensors due to its ability to quench 

fluorescence, protect cargo against nuclease degradation, deliver cargo into cells without 

transfection reagents, and strong affinity for hydrophobic molecules and aromatic rings.
[104,218]
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For instance, Ryoo et al. have created a biosensor relying on the binding of a fluorophore-

labeled peptide nucleic acid with nano-graphene oxide.[104] When bound, the fluorescence 

of the fluorophore is quenched by the GO. Binding to its complement results in the 

formation of a duplex and desorption of the probe from the surface, leading to fluorescence 

turn-on. In their work, Ryoo et al. claimed to reach a detection limit of 1 pM in buffer. The 

authors could detect miR-21 in live HeLa, MCF-7 cells, and MDA-MB-231 cells; they could 

also detect miR-29a in Hela cells. In MDA-MB-231 cells, they were able to achieve 

multiplexed detection of miR-21, miR-125b, and miR-96 using probes with three distinct 

fluorophores. Pan et al. have recently used a similar strategy for simultaneous detection of 

mRNA and miRNA.[219] Two different dye-labeled hairpins are adsorbed to the GO surface, 

complementary for miR-21 and PDCD4 mRNA. The probe was successfully used to image 

these targets in MCF-7 cells. Lastly, Li et al. have adsorbed hairpins on the GO surface that 

can participate in an HCR for amplified signal.[220] Two of the hairpins are specific for 

miR-21 and two other hairpins are specific for miR-let-7a, allowing for multiplexed 

detection in MCF-7 cells and MCF-10A cells.

A similar strategy based on GO sheets has been proposed by Lu et al.[127] MBs are adsorbed 

onto the surface of the sheets. The fluorophore on the MB is quenched by both a quencher 

moiety on the beacon and by the GO sheet. After target binding, the MB is opened and 

desorbed from the surface, leading to fluorescence turn-on. This strategy was successfully 

employed to detect survivin mRNA in HeLa cells.

This “double quenching strategy” has also been employed by Yang et al. by using a MB 

labeled with Cy5 on both ends adsorbed to a GO surface.[221] Quenching from two sources 

is achieved— self-quenching of the Cy5 molecules and quenching from the GO surface. As 

such, a low background signal is achieved. Upon opening of the beacon, both Cy5 molecules 

are turned on, thus resulting in an enhanced signal. Compared to the same system with only 

one Cy5 molecule, this system had a reported detection limit one order of magnitude lower 

(30 pM). miR-21 was imaged successfully in MCF-7, HeLa, and HepG2 cells. Furthermore, 

the system was successfully used for in vivo imaging in three distinct mouse xenograft 

tumor models.

Li et al. have recently used dye-labeled circular DNA in conjunction with GO for mRNA 

detection.[222] Release of the circular DNA from the surface after target binding unquenches 

the dye, leading to signal readout for detection. This strategy was successful in multiplexed 

detection of c-raf and survivin mRNA in HeLa cells. Compared to ssDNA GO system, 

circular DNA GO had lower false positive signal, presumably due to the enhanced nuclease 

resistance of circular DNA compared to ssDNA.

As opposed to physical adsorption of probe sequences onto GO, Yu et al. have devised a 

different strategy for probe association with GO.[223] In particular, they propose a graft/base 

pairing strategy, whereby amino-labeled strands pre-duplexed with dye-labeled recognition 

sequences are covalently attached to the GO surface. In the fluorescence off state, dye-

labeled strands are flexible and thus near the GO surface, leading to fluorescence quenching. 

The formation of a duplex in the recognition region due to target binding rigidifies the 

strand, leading to separation of fluorophore and surface, giving turn-on of fluorescence. 
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Compared to physical adsorption, which may be prone to probe displacement due to species 

in cell culture medium or in the cell, chemical conjugation is much more stable. The 

feasibility of the strategy was tested and confirmed in MCF-7 cells by simultaneous 

detection of three different miRNA targets— miR-21, miR-let-7a, and miR-125b.

Other carbon nanostructures with strong quenching capabilities have also been used in 

biosensing applications. For example, Liao et al. have taken advantage of the quenching 

ability of carbon nanospheres.[224] Initially, a dye-labeled strand is adsorbed on the carbon 

nanosphere surface. Desorption of the sequence after target binding results in recovery of 

fluorescence. miR-18a was detected in HepG2 cells using this strategy. In particular, the 

sensor was used to look at the levels of miR-18a at the S, G2/M, and G1 phases of the cell 

cycle. Ke et al. have designed a similar system based on polypyrrole nanoparticles.[225] In 

their system, hairpin DNA labeled with a fluorophore non-covalently associates with the 

polypyrrole surface, whereby fluorescence is quenched. Upon binding of mRNA target, the 

hairpin is opened and released, leading to fluorescence turn-on. This polypyrrole based 

system was used to differentiate cancer cells (MCF-7) from healthy cells (MCF-10A) based 

on detection of the oncogene c-Myc. Multiplexed detection was also shown by adding a 

second hairpin to the surface specific for the oncogene TK1, consequently detecting both c-

Myc and TK1 simultaneously. One advantage of polypyrrole nanoparticles is their ability to 

absorb light in the near-IR regime. As such, this paper also showed the utility of polypyrrole 

nanoparticles to act as agents in photothermal therapy, paving the way for a potential 

theranostic platform.

Piao et al. have synthesized MBs that use graphite nanoparticles as the quenching moiety.
[226] Compared to a conventional dabcyl quencher, using a graphite nanoparticle resulted in 

an ~11% improvement in quenching efficiency. They also entered cells without transfection 

reagents. These MBs were used to detect survivin mRNA in MCF-7 cells.

Wu et al. adsorbed MBs to the surface of single-walled carbon nanotubes.[227] The designed 

constructs were used to detect MnSOD mRNA in MDA-MB-231 cells. Importantly, the use 

of a carbon nanotube as the delivery vehicle yielded advantageous properties as compared to 

naked MB delivery, such as an enhanced resistance to enzymatic degradation and 

transfection reagent free uptake into cells. Moreover, the authors noted that association with 

the carbon nanotube allows the MB to remain in the cytoplasm, rather than being 

sequestered to the nucleus.

Noh et al. took advantage of the fluorescence of carbon nanodots to design a system for 

detecting miRNA.[92] In an SNA type strategy, carbon nanodots were functionalized with a 

recognition strand prehybridized to a short quencher-labeled strand. When hybridized, the 

quencher turned off the fluorescence of the carbon nanodot. Upon miRNA induced 

displacement of the quencher strand, fluorescence was recovered. The feasibility of this 

strategy in live P19 cells was confirmed by detecting miR-124a.

2.4.10. MOF-based—Metal organic framework (MOF) nanoparticles offer a number of 

interesting properties, including ease of synthesis, quenching ability, and tailorable 

chemistry.[228–231]
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Wu et al. leveraged the properties of nano-MOFs for detection of miRNA in live cells.[105] A 

dye-labeled PNA is conjugated to a MOF, whereby metal centers in the MOF function to 

quench the fluorescence of the dye. Target binding to the PNA results in its release from the 

MOF and subsequent recovery of fluorescence. In solution, this sensor could detect 10 pM 

miRNA. The probe was shown to be sensitive to changes in miR-21 level in live MCF-7 

cells after addition of an inhibitor. Multiplexed analysis of miR-21, miR-96, and miR-125b 

was also possible in MDA-MB-231 using three different PNA-MOF complexes.

2.4.11. Plasmonic coupling-based—Although fluorescence-based strategies are most 

popular for intracellular analyte detection, strategies based on plasmonic coupling have also 

been developed. For example, Zhou et al used SERS to detect miRNAs of interest.[99] One 

sequence is conjugated to one gold nanoparticle, and another sequence is conjugated to a 

second gold nanoparticle. The miRNA of interest hybridizes partially to both sequences, 

thus bringing the two gold nanoparticles close together. The junctions between the gold 

nanoparticles form “hot spots,” which can be monitored by SERS if Raman reporters are 

loaded on the gold nanoparticle surface. In this paper, an alkyne (C≡C) terminated Raman 

reporter was used for one target of interest, and a nitrile (C≡N) terminated Raman reporter 

was used for another target of interest. With this ability to multiplex, miR-21 and miR-155 

were simultaneously monitored in MCF-7 cells. One advantage of a SERS-based strategy 

over fluorescence-based methods is potentially greater capability for multiplexing due to 

sharp spectrally distinct Raman bands. A drawback of a SERS approach is that the 

equipment required is typically more expensive than that needed for fluorescence-based 

measurements.[232]

In a similar strategy, Lee et al conjugated a gold nanoparticle with a sequence 

complementary to an mRNA of interest, while another gold nanoparticle was conjugated 

with a different sequence complementary to the same mRNA of interest.[128] The sequences 

are designed such that if the target mRNA is present, the two sequences will bind the mRNA 

in a manner that will bring the gold nanoparticles in proximity for dimer formation. Due to 

plasmonic coupling, the formed dimer has a spectral shift that can be detected. In their work, 

Lee et al. used this system to detect multiple splice variants of BRCA1 mRNA at single-

copy number resolution. Because different splice variants resulted in different scattering 

spectra, the group could effectively distinguish one splice variant from another.

2.4.12. Iron oxide core-based—Lin et al. have pioneered the use of 

Fe3O4@polydopamine core-shell nanocomposites (Fe3O4@PDA NCs) for use as a 

theranostic platform.[106] The PDA shell surrounding the Fe3O4 core can adsorb single-

stranded nucleic acids that contain a dye and are designed to be complementary to an mRNA 

target of interest. After mRNA binding to the probe sequence, a duplex is formed that is 

desorbed from the PDA, resulting in turn on of fluorescence. Lin et al. showed the ability of 

this platform to differentiate healthy breast cells (MCF-10A) from cancerous breast cells 

(MCF-7) based on their relative expression of a known oncogene c-Myc. Displaying the 

versatility of the strategy, they were also able to adsorb multiple probe sequences on the 

surface with distinct dyes, allowing for simultaneous multiplexed detection of two 

oncogenes — c-Myc and TK1. These Fe3O4@PDA NCs were also efficacious for 
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photothermal therapy due to PDA’s ability to absorb near IR light and have also shown 

promise as an MRI contrast agent for imaging cancer cells.

2.4.13. DNA nanostructure-based—Probes based on nanostructures formed from 

DNA, like the DNA tetrahedron, are of interest in sensing applications because of their 

biocompatibility, uptake into cells without external agents, and ability to protect cargo from 

degradation.[113,233]

For instance, a design variation to linear FRET probes was introduced by the Tan group in 

2017 with their advent of DNA tetrahedron Nanotweezers (DTNTs) for live cell mRNA 

detection (Figure 9).[113] DTNTs rely on the self-assembly of four different nucleic acid 

strands. In the off state, the self-assembly of the four nucleic acid strands keeps a donor and 

acceptor fluorophore separated from one another. mRNA binding to the DTNT induces a 

structural change that brings the donor and acceptor fluorophores close to one another, 

resulting in generation of a FRET signal. Beyond the fact that DTNTs were not prone to 

false positive signal, they also entered cells without the need of transfection reagents, unlike 

“naked” nucleic acids. In their initial study, a DTNT was designed targeting TK1 mRNA, 

which is known to be a marker for tumor growth. Indeed, DTNTs were able to distinguish 

cancer cells from healthy cells based on the level of TK1 mRNA.

Xie et al., on the other hand, described a DNA tetrahedron that incorporated a flurophore 

and quencher at the end of one of the strands making up the structure, thus putting the two 

moieties in close proximity when the tetrahedron is in the intact form.[234] Target binding 

induces a structural change that separates the fluorophore and quencher, turning on 

fluorescence. The nanosensor had the ability to detect TK1 mRNA in HepG2 cells.

Zhou et al. have expanded on these “tetrahedron” strategies for multiplexed detection of 

miRNA.[114] Hairpin DNA specific for two different miRNA are incorporated into two of 

the strands, while a fluorophore and quencher label the termini of two other strands. In the 

closed state, the intact structure causes the fluorophore and quencher to be near one another. 

Hairpin opening due to target binding then allows for recovery of fluorescence. Their 

strategy proved efficacious for imaging miR-155 and miR-21 simultaneously in MDA-

MB-231 cells. Wang et al. expanded capabilities to simultaneous detection of three different 

mRNA targets.[235] c-Myc, TK1 and GalNAc-T mRNA were simultaneously studied in 

MCF-7 and MCF-10a cells.

Recently, the Tan group has introduced an amplification strategy, entropy-driven 3D DNA 

amplifier (EDTD), to boost signal from fluorophore/quencher DNA tetrahedron sensors.[236] 

All properties of tetrahedron probes are retained, including transfection-free cellular uptake 

and resistance to nuclease degradation. The EDTD probe was used to image TK1 mRNA in 

both normal and tamofixen (for TK1 knockdown)-treated cells. Conventional DNA 

tetrahedron molecular beacons (DTMBs) only produced negligible fluorescence in 

tamofixen treated cells, implying that EDTD tetrahedrons could be used to image mRNAs of 

low abundance but DTMBs could not.
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Tay et al. took inspiration from nature and conventional DNA tetrahedron approaches to 

design a MB with enhanced resistance to nuclease degradation.[119] They termed their 

system the nano-snail-inspired nucleic acid locator (nano-SNEL). The first component of 

their system is a MB that acts as the sensing element. The second component of their system 

is a DNA tetrahedron. Conjugating the MB to the DNA tetrahedron conferred resistance to 

nuclease degradation, akin to a snail’s shell affording it protection from environmental 

conditions. As opposed to naked MBs which do not enter cells, it was also shown that the 

presence of the DNA nanoshell results in these constructs being taken up by cells without 

the need of transfection reagents, allowing for detection of GAPDH in live DLD-1 and 

SW480 cells.

In another recently reported DNA nanostructure system, Ren et al. have developed an 

amplification strategy that overcomes limitations associated with HCR.[130] In particular, the 

rate of HCR is reliant on diffusion as each successive hybridizing DNA sequence must be 

found in a complex 3D milieu. Reactions have been reported to take as long as two hours to 

go to completion.[108] Ren et al. hypothesized that confining nucleic acids in close proximity 

to one another would accelerate the kinetics of such DNA chain reactions (DCR). In their 

design, two different hairpins are alternately hybridized in close proximity along a DNA 

nanowire. Akin to normal HCR, target binding opens the fluorophore/quencher-labeled 

hairpin, leading to fluorescence turn-on and a cascade of hybridization between the two 

hairpins to yield amplified signal. Compared to conventional HCR, the authors noted that 

this system had a limit of detection ~52 times lower in buffer experiments and required only 

15 minutes of incubation time with complementary target. This system was ultimately used 

to image survivin mRNA in HeLa cells.

2.4.14. Quantum dot-based—Quantum dots (QDs) represent another class of 

nanoparticles used for live cell RNA detection. Advantages include good quantum yield, size 

dependent emissive properties, and high photostability.[237,238]

For instance, Dai et al. adsorbed MBs on the surface of molybdenum disulfide quantum dots 

(MDQDs).[107] MDQDs fluoresce in the blue regime, and can thus be used as a handle for 

cellular uptake. Transfection reagent-free uptake was achieved and used for imaging of 

miR-21 in HeLa and HaCaT cells.

Lee et al. employed a slightly different strategy.[93] QDs were covalently conjugated with a 

cell penetrating peptide for enhanced cellular uptake and a recognition strand prehybridized 

with a short quencher-labeled sequence. The quencher-labeled sequence, when hybridized, 

turns off the inherent fluorescence of the QDs. Target binding displaces the quencher 

sequence, recovering the fluorescence of the QD. Using this design, miR124-a was studied 

in P19 cells during differentiation.

Dong et al. used graphene QDs (GQDs) covalently conjugated with polyethylene glycol 

(PEG) and polylactic acid (PLA) as a nanosensor for miRNA detection.[239] PEG and PLA 

impart stability to the GQD in both aqueous and protein solution. As such, the 

bioluminescence properties of GQDs are stable over a wide range of pHs. MBs are 

associated with the GQD surface through π-π interactions. MB opening and release from 
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the surface upon hybridization with target leads to fluorescence turn-on. Importantly, 

because GQD are photoluminescent themselves, their photoluminescence level in cells can 

be used as a measure of nanosensor uptake. Intracellularly, the probe was capable of imaging 

miR-21 in HeLa cells. The probe was also sensitive to downregulation of miR-21, resulting 

in less nanosensor fluorescence.

Wu et al. designed a two acceptor-one donor theranostic MB based on CdTe/CdS/ZnS QDs.
[240] In the closed state, the QD acts as the donor and a BHQ moiety acts as the acceptor. 

Hairpin opening results in recovery of the QD fluorescence. However, opening of the hairpin 

also brings the donor QD into close proximity with an acceptor photosensitizer molecule 

that can produce singlet oxygen to promote cell death. Using MCF-7 cells, which express 

high level of cyclin D1 mRNA, the study was able to show that the theranostic was 

efficacious in both detecting the mRNA and inducing cell death.

Lastly, He et al. achieved miRNA detection using gold nanoparticle-QD nano-assemblies.
[241] A nucleic acid strand modified with a CdTe QD is prehybridized to a recognition strand 

that in turn places the QD near the gold nanoparticle. Target binding displaces the QD 

modified strand, recovering fluorescence. An amplification element was also introduced by 

incorporating a fuel strand that displaces the target, therefore allowing the target to bind to 

multiple recognition strands. Shen et al. have used the same strategy, but have made their 

sensor start functioning “on demand” by pre-functionalizing the entire recognition strand 

with DNA so as to not allow target binding initially.[242] One of the strands functionalized to 

the recognition strand contains a photocleavable linker that is cleaved after UV radiation, 

thus partially exposing the recognition strand and yielding the same system as He et al.

3. Aptamer-based probes

3.1. DNA nanomachine-based

The Krishnan group provided an early demonstration of “DNA nanomachines” that are 

active in cells.[243] They developed the “I-switch” based on the pH-sensitive i-motif DNA 

(Figure 10A). The i-motif is a cytosine rich strand that adopts a folded tetraplex 

conformation at acidic pH held together by C+-H-C linkages and an extended single-

stranded conformation at neutral pH. As such, the i-motif can be considered to be an 

aptamer for proton sensing. The pH ranges sensed by the i-motif can be shifted towards 

more acidic or basic pH through the incorporation of modified bases or different numbers of 

cytosine bases.[28,244,245] The I-switch consisted of two DNA duplexes that were linked 

together through a flexible tether and contained fluorophore-labeled i-motif forming 

overhangs at both ends (Figure 10A). Under acidic conditions, formation of the i-motif 

resulted in the “closed” state in which the fluorophores were brought to proximity resulting 

in a FRET signal. The I-switch could report pH changes in the range of 5.5–6.8. As two 

fluorophores were used, a ratiometric analysis of uptake and pH change could be performed. 

Utilizing the I-switch, the authors spatiotemporally mapped the pH changes associated with 

the endosomal pathway in live cells.

In a subsequent paper, Krishnan and co-authors demonstrated that pH changes within 

cellular compartments can be tracked in multicellular organisms.[246,247] In Caenorhabditis 
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elegans worm models, these DNA nanomachines are recognized by scavenger receptors on 

the surface of scavenger cells called coelomocytes and taken up via receptor-mediated 

endocytosis. The I-switch has a half-life of ~8 h in cells and reports pH changes over the 

range 5.3–6.6 by resulting in a five-fold change in FRET signal as it transitions from an 

open to a closed state.

Modi et al. developed a simultaneous pH mapping technology (SimpHony) using I-switches.
[115] They demonstrated that pH changes along two different endocytic pathways (the furin 

retrograde endocytic pathway and the transferrin endocytic/recycling pathway) can be 

visualized using two I-switches labeled with two sets of FRET pairs (Figure 10B). A 

sequence-specific double-stranded DNA binding protein was expressed as a chimera with 

furin in HeLa cells to allow for monitoring the furin pathway. The I-switch targeting this 

pathway contained a double-stranded (AT)4 region that could be recognized specifically by 

the DNA binding protein initiating uptake. The I-switch targeting the transferrin pathway 

was conjugated to transferrin to allow uptake upon recognition by the transferrin receptor. 

The use of such DNA nanomachines allowed the sensing of the same analyte in different 

cellular compartments. Moreover, the modular nature of the I-switch allows custom 

functionalization with proteins as well as with different FRET pairs. This strategy was later 

extended for the detection of pH changes associated with the trans-Golgi and cis-Golgi 

networks, and the endoplasmic reticulum.[244]

Bhatia et al. reported that synthetic DNA constructs can be utilized as hosts to deliver cargo 

within cells.[52] Fluorescein isothiocyanate-labeled dextran (FD) was encapsulated within a 

DNA icosahedron. Unlike free FD which cannot be targeted to specific endocytic pathways, 

encapsulated FD was taken up by the anionic ligand-binding receptor (ALBR) pathway in 

Drosophila hemocytes, demonstrating that the DNA host altered its targeting properties. 

Similarly, encapsulated FD was taken up only by ALBR-expressing coelomocytes in 

Caenorhabditis elegans. The pH-sensitive property of fluorescein enabled monitoring of pH 

changes associated with endosomal maturation. In a subsequent study, photoresponsive 

polymers attached to small molecule payloads were loaded into DNA icosahedrons.[248] 

Light-activated release of the small molecule could be monitored with spatial and temporal 

precision. Single quantum dots could also be encapsulated within DNA icosahedrons.[249] 

By modifying the icosahedron with a single endocytic ligand (e.g. folic acid, galectin-3, and 

the Shiga toxin B-subunit), the endocytic pathway associated with the ligand can be imaged.

In addition to pH, nanomachines that are sensitive to intracellular chloride ion 

concentrations and that can be targeted to subcellular compartments have also been 

investigated. Unusual chloride ion concentrations in the lysosome can lead to lysosomal 

storage disorders. A DNA nanodevice called Clensor can report changes in chloride ion 

concentrations in a pH-independent manner.[250,251] Clensor consists of three parts: a 

sensing module containing a 12-base long PNA moiety labeled with a chloride-sensitive dye, 

10,10′-bis[3-carboxypropyl]-9,9′-biacridinium dinitrate (BAC), a normalizing module 

containing a 38-base long Alexa 647-labeled DNA sequence, and a targeting module 

containing a 26-base long DNA. The probe could be taken up as is through the ALBR 

pathway due to its negative charge while modification of the targeting moiety with an RNA 

aptamer that binds to the transferrin receptor enables uptake through the transferrin pathway. 
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Using this probe, chloride ion concentration in the lumen of acidic organelles in Drosophila 
melanogaster was monitored and it was revealed that the intracellular chloride transporter 

DmClC-b regulates lysosomal chloride ion concentration.

Recently, combining the advantages of I-switch and Clensor, a probe that can detect pH and 

chloride ion concentration simultaneously was developed.[117] Using this probe termed as 

ChloropHore, subpopulations of lysosomes could be chemically resolved based on their 

chloride and proton content. Importantly, it was shown that lysosomes present in primary 

skin fibroblasts of healthy individuals could be categorized into two populations, whereas 

patients with Niemann–Pick disease only had one population. The absent second population 

could be recovered upon treatment of the disease. Similar strategies have been utilized to 

develop CalipHluor, a probe for pH-corrected measurement of calcium ions in subcellular 

compartments[116] and cHOClate, a probe for reporting pH and HOCl simultaneously in 

phagosomes of macrophages, neutrophils, and monocytes.[118]

One limitation of the early design of I-switch was the relatively long timescale for 

transforming into the folded state (few minutes). Yang et al. developed the t-switch as a 

solution to this problem.[252] The t-switch relies on a triplex formation mediated by C+-G-C 

interactions. Similar to the I-switch, the t-switch reported changes in pH through a FRET-

based mechanism, although the response time was only a few seconds. The t-switch was 

delivered to cells through complexation with the cationic polymer PEI. Compared to the 

naked t-switch whose dynamic range is pH 5.3 to 6.0, the PEI-t-switch has an extended 

dynamic range of 4.6 to 7.8. Intracellular pH in HepG2 cells was monitored using this probe.

Pei et al. demonstrated that DNA tetrahedra with dynamic sequences that are responsive to 

particular targets can be used to develop FRET-based sensors for the target molecules.[253] 

The authors utilized this construct for sensing ATP in live HeLa cells. Ohtsuka et al. utilized 

the thrombin binding aptamer (TBA) for detecting K+ in live HeLa cells.[254] The TBA 

forms a G-quadruplex in the presence of K+ ions. This structural transition was leveraged to 

create a FRET-based probe. The TBA was biotinylated and conjugated to streptavidin which 

was further conjugated to biotinylated nuclear export signal peptide (B-NES). The formation 

of the ternary complex was important as without B-NES the probes were sequestered to the 

nucleus.

For more information on DNA nanomachine-based probes, the readers are directed to the 

review by Chakraborty et al.[255]

3.2. Gold nanoparticle-based

In 2009, the Mirkin group introduced aptamer NanoFlares for the detection of intracellular 

analytes in live cells.[95] Analogous to NanoFlares for mRNA detection, these probes are 

comprised of a gold nanoparticle core modified with ONT duplexes. One strand of the 

duplex is the aptamer sequence which is covalently attached to the gold nanoparticle through 

a gold-sulfur bond. The other strand is a shorter fluorophore-labeled strand whose 

fluorescence is quenched due to proximity to gold. Upon binding of the target molecule of 

interest, the aptameric strand folds, the fluorophore-labeled strand is displaced, and its 

fluorescence is turned on. Using this platform ATP was detected in live HeLa cells. One 
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disadvantage of this strategy is that the binding affinity is reduced by two orders of 

magnitude compared to the free aptamer in solution, presumably due to partial blocking of 

the active site of the aptamer by the flare strand[256] and due to steric bulk arising from 

dense ONT functionalization.

Many groups have used NanoFlares for detecting and measuring other analytes in live cells. 

For example, by using i-motif forming ONTs (IFOs) labeled with a FRET-pair (rhodamine 

green and rhodamine red) at the two ends, NanoFlares that measure intracellular pH were 

developed by Huang et al.[96] Initially, the IFOs are duplexed to cDNA on the gold 

nanoparticle which results in quenching of the acceptor dye. Lower pH induces a 

conformational switch such that a quadruplex structure is formed and the two ends of the 

ONT labeled with dyes are brought to proximity, turning on FRET signal. The presence of 

two dyes also allows ratiometric analysis of uptake and binding by monitoring the 

fluorescence ratio of the donor and acceptor. Using this probe, spatial mapping of 

intracellular pH in HeLa cells, HL-7702 cells, SMMS-7721 cells could be performed. The 

results revealed that the FRET signal increased with time, indicating that the probes were 

trafficked from neutral to more acidic environments. Later, using a similar strategy, the 

group developed aptamer NanoFlares for measuring the concentration of K+ ions by 

employing ONTs that form a G-quadruplex in the presence of K+ ions.[257]

Wang et al. developed a strategy[258] for plasmonic imaging of intracellular pH gradients in 

RAW 264.7 cells using two different sizes of gold nanoparticles assembled into core-satellite 

architectures.[259,260] The core nanoparticle is 50 nm in size and functionalized with G-rich 

ONT sequences. The satellite nanoparticles are 14 nm in diameter and functionalized with 

C-rich IFO forming sequences. At higher pH, the nanoparticles are assembled through 

Watson-Crick base pairing. Under acidic conditions, quadruplex structures are formed from 

the C-rich i-motifs and the structures are disassembled. The scattering spectra resulting from 

the assembly (yellow) and disassembly (green) of these structures are different and can be 

observed using a dark field microscope. As the pH drops along the endocytic pathway from 

early endosomes to late endosomes/lysosomes, a yellow to green transition in scattering 

spectra was observed, consistent with disassembly of the nanoparticles at lower pH.

Ma et al. developed a gold nanoparticle-based DNA nanomachine that detects low 

abundance microRNA through an ATP-fueled amplification strategy.[261] The probe was 

able to report differences in miR-21 levels between HeLa, HEK-293T, and MRC-5 cell lines.

3.3. Graphene oxide-based

Wang et al. demonstrated that aptamer/GO nanocomposites can be used as probes for 

monitoring ATP levels in real time in live cells.[109] In this study, a carboxyfluorescein-

labeled ATP aptamer was adsorbed onto graphene oxide nanosheets (GO-nS) through π-π 
stacking interactions. The GO-nS quenched the fluorescence owing to FRET, acted as a 

transfection vector for the delivery of the ONTs into JB6 cells, and protected the ONT from 

nuclease degradation. Inside the cells, ATP binding released the aptamer from the GO-nS 

and turned on fluorescence. This platform was later extended for simultaneous detection of 

ATP and GTP in MCF-7 cells using two aptamers labeled with spectrally distinct 

fluorophores.[262] A detailed protocol for this process was later published by Wang et. al.
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[263] Using a similar strategy, Chen et al demonstrated the first visualization of translocation 

event of endogenous cytochrome c, a protein mediator of apoptosis, in HeLa cells.[264]

By incorporating a fluorophore-labeled single-stranded DNA (ssDNA) as an internal 

reference, Tan et al. showed semiquantitative detection of ATP in HeLa cells.[141] The 

ssDNA is released by non-specific interactions with intracellular proteins and by monitoring 

its ratio of fluorescence intensity to that of the aptamer MB, the amount of ATP can be 

determined semiquantitatively.

Intracellular pH has also been probed using DNA-GO-nS complexes. Li et al. engineered 

fluorophore-labeled ONT probes that transition from a duplex at pH 8 to a triplex at pH 5. 

The duplex form consists of an ssDNA overhang labeled with rhodamine green. Due to 

stronger adsorption of ssDNA compared to triplex DNA, the fluorescence is quenched at 

higher pH. However, acidification induces a conformation shift and causes desorption of the 

triplex probe resulting in fluorescence turn on. This probe has been used to study apoptosis-

induced acidification in Ramos cells.[265]

Shao et al. used IFOs as pH sensors.[111] The IFOs were immobilized on GO through 

interactions with amine-modified complementary DNA (cDNA). The cDNA was covalently 

attached to GO through NHS/EDC chemistry. A covalent attachment strategy was used as 

opposed to the more commonly used physisorption strategy to prevent non-specific release. 

However, in their study they observed that the interaction of DNA with GO under acidic 

conditions is too strong to distinguish between open and closed forms. To weaken the 

interactions, they treated GO with herring sperm DNA. This new probe was capable of 

detection of pH between the range of 5 and 7.3 and was used to demonstrate pH changes in 

live HeLa, MCF-7, MDA-MB-231, and A549c cells.

3.4. Upconverting nanoparticle (UCNP)-based

Ma et al. reported lanthanide-doped UCNPs for the detection of cytochrome c.[266] 

Fluorophore-labeled cytochrome c aptamers are hybridized to cDNA attached to 

polydopamine-coated UCNPs. The fluorescence is quenched by polydopamine in the 

absence of cytochrome c and activated when cytochrome c binds to the aptamer strand and 

displaces it from the surface of the UCNPs. The upconverted luminescence of the 

nanoparticles serves as an internal reference for probe uptake. The study claimed a detection 

limit of 20 nM and a dynamic range spanning 50 nM to 10 μM, which includes 

physiologically relevant concentrations (1–10 μM) of cytosolic cytochrome c found in 

apoptotic cells. Etoposide induced apoptosis was studied in HepG2 cells using these probes. 

Low quantum efficiency of the UCNPs and poor DNA loading are two limitations of this 

strategy.

Zhao et al. developed an NIR-activated probe for imaging ATP in live cells.[267] Their 

construct was composed of lanthanide-doped UCNPs decorated with photo-cleavable 

aptamer-based DNA sensors. A fluorophore-labeled aptamer sequence was hybridized to 

cDNA containing a quencher and a photocleavable group. In the absence of NIR light, the 

fluorescence was quenched due to FRET and the cDNA prevented ATP-binding. Upon 

irradiation with 980 nm NIR light, the UCNPs luminesced in the UV and visible blue (peaks 
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at 320, 365, 450, and 475 nm) regime, inducing photolysis of the cDNA into two short 

fragments. The reduced binding affinity of the generated fragments leads to strand 

displacement in the presence of ATP. Due to separation of fluorophore and quencher, a 

fluorescence signal is generated. Using this platform, the authors demonstrated ATP imaging 

in live HeLa cells as well as in mice bearing HeLa xenograft tumors. The advantage of such 

a system in which the sensor can be remotely activated by external stimulus is that it adds 

temporal control to imaging capabilities.

3.5. Polymer core nanoparticle-based

Özalp et al. developed an ATP aptamer that can detect intracellular ATP concentrations in 

the range between 0.5–8 mM.[61,268,269] The aptamer was converted into a fluorescent sensor 

using the “aptamer switch probe” strategy developed by Tang et al.[270] An aptamer switch 

probe consists of three parts: (i) the aptamer sequence, (ii) a short cDNA sequence, and a 

(iii) PEG linker connecting (i) and (ii). Moreover, the two ends contain a fluorophore and 

quencher, respectively. Analogous to a MB, in the absence of the target, the probe exists in a 

hairpin-like conformation that brings the fluorophore-quencher pair in proximity (Figure 

11). ATP binding changes the conformation of the probe such that the fluorophore and 

quencher are separated. The aptamer was encapsulated into polyacrylamide nanparticles for 

cellular delivery. The porous nanoparticles allow small molecules like ATP to diffuse inside, 

but prevents nuclease degradation. Real time variation in ATP levels in yeast cells could be 

monitored using these probes.

Qiang et al. used polydopamine nanospheres as cores for delivery of ATP-sensing aptamers 

in cells.[271] Fluorescently-tagged ATP aptamers were adsorbed onto the nanoparticle 

surface such that the fluorescence was quenched by the core. In the intracellular 

environment, ATP binding desorbed the strand from the surface, leading to separation of 

fluorophore and quencher with concomitant increase in fluorescent signal. ATP was sensed 

in live HeLa cells using this probe.

3.6. Micelle-based

Wu et al. developed switchable aptamer micelle flares for the detection of ATP in live cells.
[272] The probe consists of aptamer switch probe–diacyllipid chimeras that self-assemble to 

form micelles. Target binding causes the conformation of the aptamer to change, separating 

the fluorophore and the quencher, leading to fluorescence turn on. The fluorescence 

increases with increasing concentration of ATP (between 0.1–3 mM) in vitro and saturates at 

~4-fold enhancement. These probes could be internalized into cells without transfection 

reagents and colocalization experiments suggested that the majority of the probes are in the 

cytoplasm as opposed to being in the lysosome. Based on these results, the authors 

suggested that the probes enter cells mainly via membrane fusion.

3.7. MnO2 nanosheet-based

Zhao developed a bimodal platform for detecting cancer cells based on aptamer-loaded 

MnO2 nanosheets.[273] MnO2 nanosheets served as a nanocarrier, quencher as well as an 

MRI contrast agent. The aptamer sgc8 which targets the protein tyrosine kinase 7 (PTK7) 

was fluorescently tagged and associated with MnO2 nanosheets. Cells expressing PTK7 
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recognized the aptamer which then dissociated from the MnO2 nanosheets, turning on 

fluorescence. Upon cellular entry of MnO2 nanosheets, glutathione induced reduction led to 

the formation of large amounts of Mn2+ which could provide strong MRI contrast.

3.8. MOF-based

Deng et al. developed an upconverting nanoparticle core-MOF-shell based probe for targeted 

drug delivery and imaging in cancer cells.[274] The MOF surface was functionalized with the 

AS1411 aptamer that is known to target cancer cells. Following cellular entry, the MOF 

could release an encapsulated anti-cancer drug. The luminescent UCNP allowed for cellular 

imaging.

Liu et al. developed an aptamer conjugated MOF-based platform for cellular imaging and 

photodynamic therapy.[275] The PTK7-targeting aptamer sgc8 was fluorescently tagged and 

conjugated to the surface of a Zr-based porphyrinic MOF. The MOF acted both as a 

quencher as well as a photosensitizer for generating reactive oxygen species. Upon binding 

to PTK7-positive HeLa cells, the fluorescence from the aptamer was turned on allowing 

cellular imaging. Irradiation with 650 nm induced significant cell death. Thus, this platform 

acted as a theranostic for cancer.

3.9. Genetically-encoded aptamers

The Jaffrey lab pioneered the development of genetically-encoded aptamers for visualizing 

intracellular analytes in live cells.[121] Such aptamers are particularly advantageous for 

tracking of small molecules and metabolites in cells, imaging strategies for which are 

limited.

Paige et al. developed a 97-nt long aptamer that binds to 3,5-difluoro-4-hydroxybenzylidene 

imidazolinone (DFHBI), a dye resembling the fluorophore in green fluorescent protein 

(GFP).[122] The photophysical properties of this dye are similar to those of enhanced GFP. 

The free dye is non-fluorescent whereas upon aptamer binding the dye strongly fluoresces. 

Due to the characteristic green florescence, the aptamer has been termed “Spinach”. As a 

first demonstration of the capability of Spinach aptamers in detecting mRNA in live 

mammalian cells, the authors fused Spinach to the 3′ end of the noncoding RNA 5S, 

transfected the entity into HEK293T cells, and incubated the cells with DFHBI. The 

fluorescence distribution from Spinach was similar to that of endogenous 5S, signifying that 

incorporation of Spinach did not significantly alter the dynamics of the target RNA. In 

addition to DFHBI, the Jaffrey lab developed a palette of dyes with fluorescence spanning 

the visible spectrum.[121,276]

Inspired by a strategy proposed by Stojanovic et al.,[277] Paige et al. created modular 

aptameric sensors for monitoring cellular metabolites (Figure 12). The probe consisted of 

three parts: (i) Spinach aptamer, (ii) a recognition module, and (iii) a transducer module.[122] 

When the target binds to the recognition module, the transducer region is duplexed which 

then leads to DFHBI binding to Spinach resulting in concomitant increase in fluorescence 

signal. Large fluorescence enhancements up to 32-fold were achieved in solution. Using this 

strategy, the authors imaged adenosine 5-diphosphate (ADP) and S-adenosylmethionine 

(SAM) in live E. coli.[122,278] In later studies, Song et al. demonstrated that such a method 
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could be adapted for the imaging of proteins in live bacteria cells.[123] The authors 

visualized streptavidin as well as the synthesis of MS2 coat protein after infection with MS2 

phages in E. coli cells.

Kellenberger et al. fused the Spinach aptamer to the naturally occurring GEMM-I riboswitch 

for intracellular detection of cyclic dinucleotides, c-Di-GMP and c-AMP-GMP.[279] 

Furthermore, enzymatic activity of DncV which catalyzes the synthesis of c-AMP-GMP was 

monitored. The Jaffrey lab further demonstrated that Spinach-based riboswitches can be 

utilized for visualizing several metabolites including 5′-pyrophosphate, S-adenosyl-

methionine, adenine, and guanine.[280,281] Pothoukalis et al. showed that Spinach aptamer 

can be used in conjunction with a fluorescent protein to simultaneously monitor both 

transcription and translation.[282] Ong et al. developed an unstable form of Spinach flanked 

with bases complementary to an mRNA sequence on either side such that the folded form of 

Spinach is formed upon binding to a target mRNA. This folded structure can then bind 

DFHBI and turn on fluorescence.[283]

Despite the strong brightness of Spinach in vitro, in cells, the brightness is significantly 

reduced due to improper folding of the aptamer. Therefore, ~1 s exposure time is necessary 

for imaging compared to 10–100 ms exposure times used in imaging GFP-labeled proteins 

under the same conditions. To address this limitation, Strack et al. developed Spinach2 

through systematic mutagenesis of Spinach and demonstrated that it is 2–3-fold brighter 

than Spinach in both E. coli and HEK293T cells.[284] Using Spinach2, the dynamics and 

localization of CGG repeat-containing toxic RNAs were investigated.[284,285] Zhang et al. 

demonstrated by using multiple Spinach aptamers (8–64 repeats), mRNA molecules can be 

imaged with ~17-fold increased brightness in cells.[286] Importantly, such fusion did not 

adversely impact mRNA function. Structural minimization of Spinach led to the 

development of Baby Spinach which retains the functionality of Spinach but consists of 51 

nt,[287] which was later utilized for imaging structured cellular RNAs.[288]

A limitation for generating “light up” aptamers like Spinach and Spinach2 is that aptamers 

are first selected based on their ability to bind fluorophores and then subsequently on their 

ability to turn on fluorescence. <1% of the aptamers that bind fluorophores lead to 

fluorescence enhancement.[289] Importantly, function of the isolated aptamers in cellular 

milieu is often compromised because these aptamers either need ions that are not present 

intracellularly or are misfolded due to the presence of adjacent sequences introduced for 

analyte sensing. Therefore, significant in vitro mutagenesis is required to render these probes 

useful in live cells. Filonov et al. developed an alternate strategy that allowed the selection of 

fluorescence-enhancing aptamers in cellulo, so that these problems could be mitigated.[289] 

This strategy led to the selection of the aptamer Broccoli, which binds the dye (Z)-4-(3,5-

difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-trifluoroethyl)-1H-imidazol-5(4H)-one) 

(DFHBI-1T). Compared to Spinach2, Broccoli has significantly reduced dependence on 

magnesium for proper folding, resulting in 2-fold increase in fluorescence signal in vivo. 

Moreover, Broccoli does not require tRNA scaffold which is incorporated into Spinach and 

Spinach2 to promote folding in cells. The 5S ncRNA was imaged in HEK293T cells using 

Broccoli. As an alternate strategy, Shu et al. incorporated the pRNA 3WJ motif of the phi29 

DNA packaging motor into light up RNA fusions to enable predictable folding.[290] It was 
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subsequently shown that Broccoli could be engineered to give a fluorescence readout in the 

presence of RNA-modifying enzymes.[291] For example, substitution of specific adenosine 

bases with N(6)-methyladenosine rendered Broccoli non-fluorescent. Demethylation due to 

activity of RNA demethylases such as fat mass and obesity-associated protein (FTO) or 

ALKBH5 generated unmodified Broccoli and restored fluorescence in the presence of 

DFHBI-1T.

Dolgosheina et al. developed Mango, an aptamer that binds to thiazole orange derivatives 

and has significantly increased binding affinity and fluorescence efficiency compared to 

Spinach-type aptamers.[292] These properties could be leveraged to image RNA down to the 

single molecule level. Later, Autour et al. developed new Mango aptamers for imaging small 

non-coding RNA such as 5S, U6, and a box C/D scaRNA in fixed and live HEK293T cells.
[293] The new aptamers were comparable in brightness to GFP and enhanced GFP. The 

Jaffrey lab developed Corn, a 28 nt aptamer, which binds to 3,5-difluoro-4-

hydroxybenzylidene imidazolinone-2-oxime (DFHO), a mimic of the fluorophore in red 

fluorescent proteins. Compared to Spinach and Broccoli which lose >50% of fluorescence 

within 200 ms of constant irradiation, Corn is unaffected up to 10 s. Corn was utilized for 

quantitative measurement of Pol III transcription in HEK293T cells. DFHO could also bind 

to Broccoli derivatives yielding Red Broccoli and Orange Broccoli which have red shifted 

excitation and emission properties; however, these complexes were susceptible to rapid 

photobleaching.[294,295]

The Nilsen-Hamilton lab developed a FRET-based approach using Intracellular 

MultiAptamer GEnetic tags (IMAGEtags) for tracking gene expression in vivo. These 

probes gave higher sensitivity compared to Spinach.[296,297] Jepsen et al. developed a 

genetically encoded FRET-based strategy for imaging intracellular analytes by incorporating 

Spinach and Mango aptamers in close proximity in single-stranded RNA origami scaffolds.
[298] The validity of this system was demonstrated by imaging SAM in E. Coli cells.

The readers are directed to focused reviews by Ouellet, and You and Jaffrey for further 

information on genetically encoded-aptamers.[299,300]

3.10. Split aptamers

Split aptamers are comprised of aptameric sequences that have been divided into two parts. 

In the presence of a target, the two fragments form a ternary complex and this property can 

be used in designing proximity-dependent sensors. Split aptamers have been developed for 

detecting adenine, ATP, cocaine, thrombin, 17β-estradiol, D-vasopressin, and theophylline in 

solution.[301]

Zheng et al. developed a DNA nanoprism-based split-aptamer construct for the detection of 

ATP in live cells. The aptamer fragments were labeled with a FRET-pair such that in the 

presence of ATP a FRET signal was obtained.[302] The FRET signal increased linearly in 
vitro with increasing ATP concentrations between 0.03–2 mM and saturated at a 5-fold 

enhancement. The probe was also used for reporting changes in ATP concentrations in live 

HeLa cells.
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Recently, Zhang et al. reported the development of a nanoparticle-based split-aptamer sensor 

for detecting ATP in live cells through HCR (Figure 13).[110] In their work, Zhang et al. used 

four ONT sequences: (i) two sequences were the aptamer fragments (AP1 and AP2), each 

fragment consisting of a recognition element that binds to the target and a split initiator 

element for HCR (Figure 13A). (ii) the remaining sequences were hairpin sequences H1 and 

H2. Upon binding to ATP, the tail regions of AP1 and AP2 were brought within close 

proximity, resulting in the formation of an active initiator sequence capable of activating 

HCR between H1 and H2. H1 was labeled with a fluorophore (TAMRA)-quencher (BHQ) 

pair such that the fluorescence was turned on by separation of TAMRA from BHQ upon 

opening of the hairpin due to ATP binding. Moreover, an amplified signal was attained as 

one ATP binding event results in a cascade of hybridizations. These ONTs were delivered to 

live cells using amino-functionalized fluorescent block copolymer nanoparticles (BCNs). 

The positively charged BCNs allowed electrostatic surface adsorption of the negatively 

charged ONTs as well as efficient transfection. Their inherent fluorescence also allowed the 

particles to be tracked independently of ATP. These constructs were specific for ATP against 

CTP, GTP, UTP and TTP, were claimed to give a limit of detection of 30 nM in solution, and 

reported differences in the relative abundance of ATP inside cells with high signal-to-

background ratios.

Wang et al. developed a “split-broccoli” system for imaging mRNA in live cells.[303] The 

Broccoli aptamer was split into two fragments and genetically encoded into live mammalian 

cells. Tandem binding of the aptamer fragments to the target mRNA created a binding 

pocket where the dye DFHBI could then bind and elicit a fluorescence signal. The authors 

termed this technique as aptamer-initiated fluorescence complementation (AiFC). The 

nomenclature was coined by drawing parallels to bimolecular fluorescence complementation 

(BiFC), a prevalent technique used in imaging protein-protein interactions using split-

fluorescent proteins. Using this strategy, CFL1, β-actin, and GAPDH mRNA were imaged in 

HeLa and HuMSC cells. The authors further demonstrated the versatility of this system by 

engineering a new iSpinach RNA aptamer for monitoring β-actin. Similarly, Alam et al. also 

developed a split-broccoli system for monitoring RNA-RNA hybridization in live E. coli 
cells.[304]

3.11. Other strategies

Analogous to MBs, aptamer beacons were developed by Liang et al. for the imaging of 

HIV-1 reverse transcriptase in live HeLa and U1 cells.[62] This study addresses the challenge 

of visualizing endogenous proteins in genetically unmodified cells.

Ke et al. developed a noninvasive technique for the measurement of temperature in live cells 

using MBs synthesized from L-DNA, the enantiomer of naturally occurring D-DNA.[43] The 

fluorescence of the MBs is quenched below the melting temperature of the hairpin structure 

and increases gradually at higher temperatures. The use of L-DNA prevents non-specific 

binding to cellular proteins and nucleic acids as well as nuclease degradation. Using 

palladium nanosheets that absorb NIR light (808 nm) to give rise to a photothermal effect, 

the authors showed that the fluorescence signal could be reversibly tuned over the range of 

20–34 °C in live HeLa cells.
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Strauss et al. developed slow off-rate modified aptamers (SOMAmers) for monitoring cell 

surface and intracellular targets using DNA points accumulation in nanoscale topography 

(DNA-PAINT).[305] DNA-PAINT is a single molecule imaging technique that allows ~ 5 nm 

spatial resolution.[306] The method involves the binding of dye-labeled DNA strands to their 

complements transiently. Unlike traditional aptamers, SOMAmers contain modified bases 

with hydrophobic residues allowing increased range of protein targets with high-affinity 

ligands. 7 different SOMAmers that can quantitatively image proteins in different cellular 

compartments such as the cell membrane, nucleus, lysosomal membrane, peroxisomes, and 

mitochondria, were identified. These proteins included EGFR, GFP-labeled Nup107, 

catalase proteins, ErbB2, HSP90, LIMP-2, and HSP60.

Several strategies aimed at identifying and isolating whole live cells based on aptamers or 

studying proteins on cell membranes have been published.[307–315] However, most of these 

aptamers target cell surface markers as opposed to intracellular markers and are, therefore, 

beyond the scope of this review.

4. DNAzyme-based probes

4.1. Gold nanoparticle-based

The Lu group pioneered the development of DNAzyme-based probes for imaging metal ions 

in live cells (Figure 14).[97] The 39E DNAzyme was chosen as a model as it detects its target 

uranyl ions with excellent selectivity (>1 million-fold) and sensitivity (45 pM). A NanoFlare-

like construct was used, consisting of a 13 nm gold core and a dense 39E DNAzyme shell. 

The enzyme strand of the DNAzyme was covalently attached to the gold core through a 

short thiolated poly A region at the 3’ end. The substrate strand, labeled with Cy3 at the 5’ 

end, was hybridized to the enzyme strand, resulting in quenched fluorescence due to 

proximity to the gold surface. The purpose of adding the poly A region was to ensure that 

steric bulk due to dense functionalization did not impede hybridization with the substrate 

strand. However, it was observed that this also led to decreased quenching efficiency. 

Therefore, the substrate strand was further modified with a quencher, BHQ, at the 3’ end. In 

the presence of uranyl ions, the substrate strand was cleaved at the ribonucleotide site, 

resulting in a shorter strand with much lower melting temperature (21 °C) compared to the 

original intact strand (60 °C). Therefore, at physiological temperature (37 °C), the Cy3 

containing short strand separated from the nanoparticle and fluorescence could be observed. 

Using this strategy, it was demonstrated that uranyl ions can be imaged in live HeLa cells 

pretreated with uranyl citrate. Moreover, using Lysotracker it was shown that the probes 

were mostly localized in the lysosomes. Li et al. later extended this strategy for the 

simultaneous imaging of Zn2+ and Cu2+ using two distinct fluorophores (FAM for Zn2+ and 

Cy5 for Cu2+) in HepG2 cells.[316] In this context, we mention that a recent review by Zhou 

et al. provides a comprehensive overview of the state of metal sensing by DNA.[22]

The Wang group has developed several DNAzyme functionalized gold nanoparticle-based 

probes for live cell imaging. For example, Yang et al. reported the first aptazyme-based gold 

nanoparticle probe for the detection of ATP in live cells (Figure 15).[317] A 13 nm gold 

nanoparticle was densely functionalized with 3’-TAMRA-labeled substrate strands to which 

5’-BHQ-2-labeled aptazymes specific for ATP were hybridized. The number of aptazyme 
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strands were lower than the number of substrate strands. The aptazyme could not form a 

stable and active structure without ATP. However, in the presence of ATP and Mg2+ (a 

cofactor), a stable structure could be formed, leading to ATP-dependent cleavage of the 

substrate strand, separating the fluorophore from the quencher and eliciting a fluorescence 

signal. As one aptazyme can bind to several substrate strands in succession, a small number 

of ATP molecules could lead to a large fluorescence readout allowing a reported detection 

limit as low as 200 nM. The aptazyme-gold nanoparticle construct was used to image ATP in 

live HeLa cells. They later developed hairpin-locked DNAzyme probes[318] and split-

DNAzyme-based probes for imaging microRNA in live cells.[319]

Using a slightly modified strategy employing two DNA hairpin strands (including a Zn2+-

specific DNAzyme), Liu et al. developed a probe for detecting microRNA.[320] Similarly, 

Peng et al. developed a “DNAzyme motor” probe, also for detecting microRNA.[50]

One limitation of DNAzymes is metal-dependent degradation prior to intracellular entry. As 

a potential solution to this problem, Wang et al. developed NIR activated DNAzymes.[321] 

Gold nanoshells were functionalized with a three-stranded DNAzyme precursor. Upon 

irradiation, local changes in temperature resulted in release of the DNAzyme from the gold 

surface, which could then form the active structure. In this study, Zn2+ was imaged in HeLa 

cells.

4.2. Graphene oxide-based

Kim et al. developed a theranostic platform for detection and regulation of mRNA based on 

DNAzyme-graphene oxide nanosheet (nGO) complexes.[322] nGO protected the DNAzyme 

against nuclease degradation and allowed its delivery into cells without the use of 

transfection reagents. They demonstrated that using this construct, the Hepatitis C virus non-

structural gene (NS3) can be detected and down-regulated in Huh-7-rep liver cells. The 

DNAzyme sequence used consisted of a catalytic domain flanked on both sides by bases 

complementary to the NS3 mRNA and a fluorophore label (FAM) at the 5’ end. The 

fluorescence of FAM was quenched by 95% upon complexation of the DNAzyme with nGO 

and could be recovered upon separation of the DNAzyme from the nGO via binding to the 

target mRNA. Post mRNA binding, the DNAzyme elicited sequence specific mRNA 

cleavage resulting in changes in gene expression both at the mRNA and protein levels. The 

DNAzyme-nGO complex reduced mRNA and protein levels down to 32.6% and 26%, 

respectively, outperforming lipofectamine-transfected DNAzyme which led to reduction to 

57.3% and 30.2%, respectively.

4.3. Polymer core nanoparticle-based

Zhang et al. developed dendritic polyethylene–cationic poly(p-phenylene ethynylene) 

nanoparticles for the delivery of DNAzymes into live cells.[323] The 8–17 DNAzyme that 

undergoes catalytic degradation in the presence of Pb2+ was used in this study. The 

DNAzyme was bound to the polymer core through electrostatic interactions. The 5’ end of 

the substrate strand was labeled with Cy5.5 while the 3’ end of the enzyme strand was 

labeled with BHQ-3, resulting in quenched fluorescence in the absence of Pb2+. In buffer, 

addition of increasing concentrations of Pb2+ (up to 10 μM) led to increase in fluorescence 

Samanta et al. Page 40

Adv Mater. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signal (~10-fold) due to degradation of the substrate strand resulting in separation of the 

fluorophore and the quencher. The nanocomposite was internalized into HepG2 cells 

without transfection reagents. The cells were then treated with 0 to 725 mM Pb2+. The blue-

green fluorescence of the nanoparticle probe enabled monitoring uptake whereas the far-red 

fluorescence of the Cy5.5 allowed monitoring of Pb2+ concentration. Using confocal 

imaging and flow cytometry, the authors demonstrated that the probe responded to changing 

concentrations of Pb2+ in live cells.

4.4. Dendrimer-based

The presence of inorganic cores used in delivering DNA-based probes has been shown to 

induce toxicity at high concentrations in some cases. To overcome this limitation, Meng et 

al. developed a nanocarrier composed entirely of DNA using a dendrimer-based strategy.
[324] The sensing moiety of the dendrimer was based on a DNAzyme for detecting L-

histidine and consisted of 4 strands as shown in Figure 16. The strand Y1b was labeled with 

a quencher, BHQ-1, while the substrate strand X was labeled with the fluorophore FAM. In 

the presence of L-histidine, the substrate strand was cleaved, resulting in a shorter strand 

with a much lower melting temperature (12.7 °C) compared to the original full-length strand 

(44.3 °C). At physiological temperature, the strand dehybridized, resulting in separation of 

FAM and BHQ-1 leading to fluorescence enhancement. In buffer, the dynamic range was 

established to be 5 μM −10 mM, with a reported detection limit of 500 nM. Importantly, the 

dendrimer-based architecture imparted resistance to nuclease degradation as well as stability 

against degradation due to non-specific protein binding. In cell lysate, similar titration 

curves were obtained, with a dynamic range of 5–100 μM. To test whether these constructs 

function in live cells, MCF-7 (human breast cancer) cells were used as a model. Cells treated 

with the dendrimer nanocarrier, followed by 100 mM L-histidine and 150 mM K+ (a cofactor 

in the catalytic reaction) showed significantly increased fluorescence compared to cells 

treated without one or more of the components. The authors also developed a sensor for 

detecting ATP using an ATP aptamer instead of the DNAzyme. Taken together, these results 

represent an advance towards developing more biocompatible nucleic acid-based probes.

4.5. MOF-based

Yi et al. developed a MOF-based probe for ratiometric detection of intracellular microRNA.
[325] The 8–17 DNAzyme labeled with a FRET-pair was complexed with a zeolitic 

imidazolate framework-8 (ZIF-8). This nanostructure was taken up by cells. In the 

endosome, acidic digestion of ZIF-8 released Zn2+, which acts as a cofactor for the 

DNAzyme. In the presence of the target microRNA, a change in FRET signal is observed 

due to DNAzyme activity. This strategy was utilized in imaging miR-21 in MCF-7, HeLa, 

and L02 cells. Chen et al. developed MOF nanoparticles capped with DNAzymes and 

aptazymes as a therapeutic platform for treating cancer cells.[326] Doxorubicin was 

incorporated into the porous MOF structures and the DNAzymes/aptazymes acted as a cap. 

In the presence of a target metal ion (Mg2+ or Pb2+) or target ligand for the aptamer (ATP), 

DNAzyme/aptazyme activity was observed, leading to drug release.

Samanta et al. Page 41

Adv Mater. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.6. FRET-based

Hwang et al. developed photocaged DNAzymes for monitoring metal ions in live cells with 

spatial as well as temporal precision.[327] One challenge of using DNAzymes is premature 

cleavage of the substrate strand before the probes are completely internalized. As the 2’ 

position of the ribonucleotide adenosine plays an important role in the catalytic activity of 

the DNAzyme, the authors modified the site with a photocleavable 2′‐O‐nitrobenzyl 

protection group. The 8–17 DNAzyme was chosen to image Zn2+ in live HeLa cells. The 

substrate strand was modified with fluorescein on the 5’ end and BHQ-1 on the 3’ end while 

the enzyme strand was modified with dabcyl on the 5’ end. In the absence of the target, the 

two strands were hybridized, and the fluorescence was quenched. Notably, incubation of the 

probes with 50 μM Zn2+ in buffer and human serum for long periods (up to 7 days) did not 

result in significant increase in fluorescence indicating that cleavage was minimum in the 

absence of light. In contrast, the unprotected adenosine containing DNAzyme degraded 

within an hour. These probes were transfected into HeLa cells using Lipofectamine 2000, 

and upon irradiation with 365 nm light, the nitrobenzyl protection group was cleaved, 

thereby leading to Zn2+-dependent cleavage of the substrate strand with concomitant 

increase in fluorescence signal from fluorescein. Nuclear localization of the probes was 

observed, consistent with previous reports suggesting ONTs delivered using Lipofectamine 

are sequestered into the nucleus. One advantage of using this system is that it is highly 

modular i.e. by using the same substrate strand, but by replacing the catalytic core of the 

enzyme strand with a core sensitive to another metal ion, a new probe can be developed. The 

authors demonstrated this capability by using GR-5 as the catalytic core for detecting Pb2+.

As an alternate strategy (but similar fluorescence reporting mechanism) to prevent false 

positive signal, Cui et al. developed L-DNAzymes to image Cu2+ in live HeLa cells.[328] 

Their rationale for choosing L-DNAzymes was to prevent false positive signal that may arise 

from digestion of probes by nucleases, non-specific protein or off-target binding of the 

probes. The L-DNAzyme probe, being an enantiomer of D-DNAzyme, retained its catalytic 

activity in the presence of the achiral metal ion, while imparting enhanced biostability to the 

probe. Compared to D-DNAzymes, these probes were resistant to nuclease degradation and 

resisted binding to single-stranded DNA protein. These probes were transfected into the 

cells using Lipofectamine and upon treatment of the cells with Cu2+, fluorescence signal 

could be observed.

Torabi et al. developed the first Na+-specific DNAzyme by in vitro selection and converted it 

into a fluorescent sensor for imaging Na+ in live cells.[329] The DNAzyme was characterized 

by fast catalytic rate (observed rate constant ~0.1 min−1), high selectivity (>10–000 fold) for 

Na+ over competing ions (K+, Li+, etc.), and a dynamic range (0.135–50 mM) encompassing 

physiological concentrations of Na+. By attaching a quencher (Iowa Black) to the 3’ ends of 

the enzyme and substrate strands as well as a fluorophore (FAM) to the 5’ end of the 

substrate strand, a fluorescent sensor for Na+ was developed. The ribonucleotide adenosine 

site in the substrate strand was protected by photocleavable 2′‐O‐nitrobenzyl protection 

group to enable controlled activation of the DNAzyme after probe internalization. Later, Wu 

et al. developed a catalytic hairpin assembly-based strategy for amplification of signal 

coming from Na+-specific activity of the NaA43 DNAzyme.[330]
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4.7. Other strategies

Zhang et al. developed a theranostic platform through which low-abundance microRNAs can 

be visualized using an in situ amplification strategy and drugs can be released in the 

presence of target microRNAs.[331] DNAzymes were attached to multifunctional 

nanoparticles. Two microRNAs, miR-21 and miR-145, which are up- and down- regulated in 

many types of tumor cells, respectively, were chosen as targets. Fluorophore-quencher-

labeled multicomponent DNAzymes were attached to mesoporous silica-coated gold 

nanorods via azide-alkyne click chemistry. These constructs had a dynamic range between 

2.5–250 pM and a reported detection limit of ~1 pM. They could be internalized into cells 

(HeLa, NIH 3T3, and HL-60) and in the presence of their targets, cleavage of the 

fluorophore-labeled substrate strands led to increased fluorescence. Using calibration curves, 

the authors quantified the number of transcripts per cell. Upon NIR irradiation, the gold 

nanorod could cause local increase in temperature, modulating cleavage activity. Moreover, 

doxorubicin could be incorporated within the mesoporous silica and the DNAzymes acted as 

a “gatekeeper,” releasing the encapsulated drug only in the presence of the target 

microRNAs.

He et al. developed probes employing a dual amplification strategy for the detection of 

mRNA in live cells.[332] These probes consisted of a ZnO core onto which four hairpin DNA 

strands were adsorbed. This architecture allowed the probes to be taken up inside cells 

without the need for transfection reagents and impeded nuclease degradation. In the 

endosome, it is believed that acid-triggered dissolution of the ZnO core resulted in cytosolic 

delivery of the nucleic acids. In the presence of the target mRNA, active DNAzymes were 

formed by self-assembly of the hairpin strands via HCR, which lead to a fluorescence 

readout. This strategy yielded a reported limit of detection as low as 0.1 fM. Using this 

method, the survivin mRNA, often overexpressed in cancer cells, was imaged in a variety of 

cells, including HeLa, L02, C166, MCF-10A, HepG2, SMCC-7721, and MCF-7 cells.

Some other recent developments in the area of DNAzyme-based detection involve the use of 

MnO2 nanosheet carriers[333] and magnetic field-activated DNAzymes for imaging mRNA,
[334] enzyme-initiated DNAzyme nanodevices,[335] as well as upconverting nanoparticles-

based probes.[336]

5. Methods for Probe Delivery

The cell membrane is impervious to ONTs, making intracellular delivery of nucleic acid-

based probes challenging. Moreover, for imaging, it is important to consider not only the 

probe uptake, but also the quantity of free probe available for binding to the desired targets. 

For example, a probe that targets a molecule in the cytoplasm must be able to reach the 

cytoplasm and should not be confined within cellular compartments. Some methods which 

have been widely utilized to deliver nucleic acid-based imaging probes include the use of 

microinjection, transfection reagents, and electroporation.[6] Recently, several nanoparticle-

based platforms as well as aptamer-based strategies have been developed as transfection 

reagent-free strategies for intracellular delivery of probes via receptor-mediated 

internalization.[44,74]
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Microinjection involves direct introduction of imaging probes into the cytoplasm of the 

cells. While structures of various sizes can be delivered effectively, the throughput is low. 

Moreover, microinjection can damage the cell and impede normal cell functions.

As an alternative strategy, various transfection reagents have emerged as popular vectors for 

introducing imaging probes inside cells. One class of transfection reagents involves toxin-

based cell membrane permeabilization. For example, streptolysin O (SLO), is a bacterial 

protein that oligomerizes on the cell-surface in a cholesterol-dependent manner to form 

reversible pores with diameters of 25–30 nm. These pores facilitate the transfer of nucleic-

acid based probes from extracellular space indirectly into the cytoplasm;[337] the cell 

membrane can be restored after SLO treatment by placing the cells in normal cell culture 

medium. Cell penetrating peptides (CPPs) (e.g. HIV-1 Tat peptide and its derivatives) are 

another class of transfection reagents. The positive charge associated with the cationic amino 

acids aids in cellular transfection.[338] Cationic liposome-based transfection reagents such as 

Lipofectamine have also been developed.[339] A major limitation of transfection reagents is 

induction of toxicity. Moreover, in some cases, transfection reagents can also alter gene 

expression. Some transfection reagents are susceptible to endosomal entrapment. Probes that 

enter through endosomal pathways are prone to rapid degradation by nucleases. Therefore, 

even when the probes do escape, only a small fraction of the probes remain functional.

To overcome challenges associated with endosomal entrapment, electroporation has been 

used to deliver imaging probes to cells with over 90% transfection efficiency.[150,340] 

Electroporation entails the application of strong electric fields to transiently destabilize cell 

membranes so that external reagents may be introduced within cells. Typically, low cell 

viability is often associated with electroporation. Although recent advances such as 

microporation have minimized cell mortality (>85% cell viability[150]), optimization is 

necessary to determine the electrical parameters for efficient cellular delivery. The 

parameters depend on electrode design, cell type as well as identity of molecules to be 

introduced within cells.

Many nanomaterial-based nucleic acid imaging probes do not require transfection as they 

are taken up by cells through receptor-mediated endocytosis. For example, the spherical 

nucleic acid architecture which involves a dense DNA shell grafted to a nanoparticle core 

allows NanoFlares and structurally similar probes to be taken up by endocytosis.[139] 

Graphene-oxide based probes are also taken up spontaneously by cells.[263] A small fraction 

of probes being released from the endosome results in stoichiometrically meaningful 

quantities for detection. However, it is not known quantitatively what percentage of these 

probes escape from the endosome and remain functional. Inability to detect desired targets in 

the cytosol may arise from lack of careful optimization of incubation conditions, given that 

probe uptake and endosomal escape may be cell line and preparation dependent. It should be 

noted that in fluorophore-quencher based systems, separation of the fluorophore and the 

quencher due to nuclease degradation in the endosomes can be a significant contributor to 

the incidence of false positive signals.

Certain aptamer sequences can also enable probe internalization within cells without the 

need of transfection reagents. For example, the AS1411 aptamer that targets nucleolin, a 
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protein often overexpressed on the surface of various cancer cell lines, has been used to 

deliver probes preferentially to cancer cells.[74] Similarly, the transferrin aptamer has been 

utilized to image the transport of chloride ions along the transferrin pathway using DNA 

nanomachines.[250] Importantly, the use of aptamers allows probes to be delivered along 

different pathways so that chemical changes along these pathways can be individually 

imaged.[115,250]

6. Challenges

6.1. Target accessibility

Probes must be able to bind to their targets to elicit a detectable signal. However, not all 

targets are easily accessible for binding to the probes. For example, parts of an mRNA 

sequence might be bound to proteins or may have secondary structures, rendering it difficult 

for a complementary probe to bind. Therefore, while designing new probes, several 

sequences may have to be designed and tested to find the optimal probe. Studies have 

suggested that the starting and terminating codon regions of mRNAs fare as better targets.
[341] Yet, probes must be carefully designed as a shift of only a few bases either towards the 

3’ or 5’ can lead to an ineffective probe. Target analytes may also be localized within 

membrane-bound organelles and inability of probes to enter these organelles will impede 

detection.

6.2. Selection of fluorophores and quenchers

To establish quantitative imaging of intracellular analytes with high signal-to-background 

ratios, fluorophores and quenchers must be carefully chosen. For example, cellular 

autofluorescence in the green channel contributes to significant background. These effects 

can be mitigated by using dyes with red-shifted fluorsecence or by developing brighter dyes 

with greater quantum yields. Alternately, lanthanide-based dyes which have longer 

fluorescence lifetimes can be used for imaging to overcome interference from 

autofluorescence. A limitation of such an approach is the need for more complex 

instrumentation. Another important consideration is the photostability of the dye. Long-term 

cellular imaging necessitates the use of dyes that are resistant to photobleaching. Designing 

fluorophores with desired brightness, photostability, and biocompatibility is still an active 

field of research. A major limitation of fluorescence-based approaches in general is that 

multiplexed imaging of more than 5 or 6 analytes is challenging due to the limited numbers 

of spectrally distinct fluorophores available. Moreover, the fluorescence intensity of 

fluorophores can also be impacted by local pH or interaction with other molecules, which 

can complicate the interpretation of results.

6.3. Sensitivity and selectivity of probes

The most challenging hurdle in developing fluorescent probes for imaging analytes in living 

cells is sensitivity of detection. Low-abundance molecules are particularly difficult to 

observe, although several amplification strategies such as HCR have been developed to 

enhance signal. Moreover, the binding affinity of the probes play an important role in 

determining the sensitivity with which targets can be detected. This is particularly important 

for aptamer-based probes which are typically evolved in vitro and therefore do not behave as 
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expected inside cells and often show poor folding. Also important are the kinetics of probe-

target binding. If the dynamics of the analyte of interest occur faster than the target binds, it 

will be impossible to follow the analyte with spatiotemporal precision. Importantly, probes 

should be carefully designed to be selective for their targets to avoid false positive signals.

6.4. Probe delivery and stability

As mentioned above, there are numerous challenges associated with the delivery of probes in 

live cells. Each technique has its own advantage and disadvantages. Probes must be able to 

reach their targets to be able to detect them. Therefore, probe stability is of paramount 

importance. This is particularly important for monitoring long-term dynamics. Nucleic acid-

based probes are inherently susceptible to enzymatic degradation. However, their stability 

can be increased via modification of the nucleic acid structure or association with 

nanoparticles. Also important for long-term monitoring of live cells is the impact of the 

probes themselves on the cells. For example, binding of antisense/DNAzyme probes to 

mRNA can induce down-regulation or degradation of mRNA over long treatment times.[166] 

Some of these challenges can be mitigated by using low concentrations of probes, while 

ensuring the concentration is high enough to elicit a signal, or shorter treatment times.

7. Conclusions and outlook

Nucleic acid-based probes are revolutionizing the field of live cell imaging, offering a simple 

and versatile way of detecting important intracellular analytes in real time. We summarize 

the commonly recurring themes in the literature we have reviewed here to give the reader a 

sense for where the field of nucleic acid sensors is and where the field is going.

The majority of literature employs fluorescence-based techniques for monitoring analytes 

in live cells. Similarly, technologies that have been commercialized, such as molecular 

beacons and NanoFlares, generally employ fluorescence-based readout. Moreover, because 

biological systems involve the interplay of multiple analytes, many papers seek to achieve 

multiplexed detection with their sensor platform. Another common theme is a push to find 

more red-shifted dyes to overcome background noise from autofluorescence of cells and 

tissues. Examples include the development of quinoline blue for use in FIT probes and the 

development of the Red Broccoli aptamer as an alternative for the original Spinach aptamer.
[154,294] Beyond this, structures that permit long-term imaging of cellular analytes are 

commonly sought after. This is usually achieved by increasing nucleic acid-based probe 

stability (i.e. introducing base/backbone/sugar modifications) and using fluorescent reporters 

that have robust photostability (i.e. quantum dots).[66,237,238]

Furthermore, the discovery of SNA based NanoFlares began a marked push in the field 

towards the development of nanoparticle-based platforms. As previously mentioned, such 

platforms confer a variety of interesting properties including the ability to deliver payload 

into cells without the need of transfection reagents, protect cargo from nuclease degradation, 

and act as a source of fluorescence/quenching. Nanoparticles have also helped advance the 

development of theranostics, another recurring area of interest in the works presented here.
[106,166,342] Examples include theranostics based on DNAzymes and NIR-absorbing 

nanoparticles interfaced with MBs.[225,343]
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A final theme encountered has been the push for developing and incorporating 

amplification strategies into biosensors. This is motivated by the importance of being able 

to detect low abundance targets in live cells.

The majority of current work has focused on cells in 2D culture, while less focus has been 

given to investigating tissues or processes in vivo. Developing robust sensors that function in 

more challenging environments requires many design considerations. First, probes must be 

resistant to degradation, which can be achieved through the introduction of base, sugar ring 

and backbone modifications on the nucleic acids or their association with nanoparticles. 

Robust sensing in tissues and in vivo is ideally done with dyes with high brightness and 

wavelength emission profiles in the “optically transparent” NIR window (800–950 nm).[344] 

The development of stable and biocompatible dyes that fit these criteria is an active area of 

research, and we expect their development to greatly advance the capabilities of nucleic 

acid-based sensors. Moreover, conventional delivery techniques like microinjection or 

commercial transfection reagents are generally not possible for use in vivo. As such, we 

expect that nanoparticle-based delivery methods will be continually developed, with an 

emphasis on designing systems with biocompatible and biodegradable nanoparticles that 

allow targeted delivery to specific regions of interest without sequestration into the liver. 

Taken together, these advances will not only provide invaluable information about cellular 

processes with impressive resolution but also usher in a new era of in vivo bioimaging, 

enabling fluorescence-guided surgery based on different levels of expression of intracellular 
analytes. Moreover, since many of these probes can also regulate target expression levels 

they can be potentially translated into a therapeutic platform, giving rise to a new class of 

nucleic acid-based theranostics.
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Nucleic acid-based sensors such as hybridization-based probes, aptamers, and 

DNAzymes have emerged as key tools for studying analytes in live cells. This review 

describes the current state of intracellular nucleic acid-based probes and discusses the 

common strategies for probe design, what targets can be detected, and how current 

limitations may be overcome in the future.
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Figure 1. 
Nucleic acid-based probes can be broadly classified into three types: (i) hybridization-based 

probes, (ii) aptamers, and (iii) DNAzymes. Hybridization-based probes are single-stranded 

and recognize complementary targets through Watson-Crick base pairing. For ease of 

indentification, complementary regions are colored the same in this figure. Aptamers are 

oligonucleotides evolved through combinatorial selection strategies that can bind to analytes 

of interest including ions, small molecules, and proteins. Aptamers often adopt complex 

tertiary structures that enable target recognition. Alternately, target binding can induce 

conformational changes in their structure. DNAzymes consist of a substrate strand and an 

enzyme strand (containing a catalytic core) hybridized to each other. The substrate strand 

contains a single RNA nucleotide which can be catalytically cleaved in the presence of a 

target.
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Figure 2. 
The nucleic acid structure and common modifications to it. Adapted with permission.[27] 

Copyright 2013, Springer Nature.
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Figure 3. 
Working principles of common hybridization-based probes. (A) A schematic of linear 

antisense probes, whereby a dye-labeled recognition sequence binds to its complementary 

target illustrated in the same color.[9] (B) Linear FRET probes involve hybridization of two 

different linear antisense probes to adjacent regions of a target sequence, bringing a FRET 

pair into proximity that results in a fluorescence signal that can be monitored.[56] (C) In the 

off state, MBs have a duplexed stem region (illustrated in brown) that keeps a fluorophore 

and quencher in close proximity. Target binding to the loop region (illustrated in light blue) 

opens the stem region, separates fluorophore and quencher, and turns on fluorescence.[125] 

(D) Dual FRET beacons incorporate two MBs that can bind to adjacent regions of a target 

sequence. Similar to linear FRET probes, binding of the MBs to adjacent regions of a target 

sequence brings a FRET pair near one another, resulting in turn-on of FRET signal.[77]
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Figure 4. 
Two common oligonucleotide-based strategies for isothermal amplication of fluorescence 

signal. (A) Hybridization chain reaction[152] for enabling a FRET-based amplified 

fluorescence readout. The presence of a target sequence initiates a cascade hybridization 

reaction between two metastable hairpins (H1 and H2) with extended regions of 

complementarity. Incorporation of a FRET-pair, one in the loop region of H1 and the other in 

the toehold region of H2 brings the FRET-pair into close proximity upon HCR. (B) Hairpin 

DNA cascade amplification.[72] Target binding to H1 exposes a region in H1 that can bind to 

H2. This releases the target and allows it to bind more H1 strands for amplified signal. The 

H1-H2 complex can bind to a fluorophore-labeled strand that is pre-hybridized to a 

quencher-labeled strand, displacing the latter and turning on fluorescence.
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Figure 5. 
“On-demand” MBs incorporating an aptamer-targeting nucleolin (AS1411) for transfection 

reagent-free uptake into cells. Irradiation with UV-light activates the MB for use by cleaving 

the PC linkers and detaching the MB from the CP region. Adapted with permission.[74] 

Copyright 2013, American Chemical Society.
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Figure 6. 
Quencher-free probes. (A) FIT Probes incorporate a viscosity sensitive dye, such that target 

binding results in turn-on of the dye[124] (B) ECHO probes contain two dyes (e.g. thiazole 

orange) that are covalently attached to the same base in a probe sequence. In the free probe, 

the dyes form an H-aggregate resulting in attenuated fluorescence emission. Target binding 

breaks the H-aggregation, and the dyes intercalate between the bases in the duplex with 

concomitant fluorescence turn on.[84]
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Figure 7. 
Common gold nanoparticle-based hybridization probes. (A) In the off state of a NanoFlare, a 

fluorophore-labeled flare strand is hybridized to a gold-bound recognition strand, allowing 

for gold to quench fluorescence. Target binding to the recognition strand displaces the flare 

sequence, separates it from gold, and turns on fluorescence.[44] (B) In the StickyFlare 

construct, the fluorophore-labeled strand is designed to be complementary to the target. 

Therefore, upon probe-target binding, the target can be monitored, providing valuable 

spatiotemporal information about its dynamics.[134] (C) Gold MBs consist of fluorophore-
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labeled hairpin ONTs conjugated to the surface of gold nanoparticles. The principle of 

action is the same as that of MBs, except the central gold nanoparticle acts as a quencher.[98] 

(D) As opposed to chemical conjugation, fluorophore-labeled ONTs may also be adsorbed 

onto surface-coated gold nanoparticles. For example, as depicted in the figure, fluorophore-

tagged hairpin ONTs can be adsorbed onto polydopamine (colored black)-coated gold 

nanoparticles.[167,168] Polydopamine acts as a further source of quenching and can be 

utilized in photothermal therapy due its ability to absorb NIR light. (E) Anisotropic gold 

nanoparticles have also been used as cores. For example, a gold nanorod (functionalized 

with the recognition strand) that acts as a quencher can be attached to a gold nanocross 

(functionalized with a complementary fluorophore-labeled strand). Upon target binding, the 

fluorophore-labeled strand attached to the nanocross is released, inducing fluorescence turn 

on. The presence of the nanocross further enhances the fluorescence due to surface enhanced 

resonance.[169]
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Figure 8. 
Selected upconverting nanoparticle-based hybridization probes. (A) A dual gold 

nanoparticle/upconversion system that allows for simultaneous monitoring of luminescent 

and circular dichroism (CD) signal change upon binding of miRNA. Target binding leads to 

structural disassembly, giving increased luminescence and decreased CD signal. Adapted 

with permission.[120] Copyright 2016, American Chemical Society. (B) AuNR/UCNP 

satellite assembly that is disassembled upon target binding, leading to increase in 

luminescence due to separation of UCNP and AuNR. A more detailed description of the 
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platform is given in section 2.4.2. Adapted with permission.[89] Copyright 2018, American 

Chemical Society. (C) A schematic of a AuNR@Pt-UCNPs satellite assembly that can 

detect both miR-21 and telomerase simultaneously. miRNA binding leads to separation of 

the nanorods and a change in Raman signal, while telomerase presence leads to separation of 

gold nanorods and UCNPs and a subsequent luminescence signal. Adapted with permission.
[200] Copyright 2017, American Chemical Society.
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Figure 9. 
DNA nanotweezers for intracellular oncogenic mRNA detection. Target binding induces a 

structural change that brings a FRET pair together, resulting in a FRET signal. Adapted with 

permission.[113] Copyright 2017, American Chemical Society.
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Figure 10. 
(A) The I –switch nanomachine for monitoring intracellular pH. A structural change from 

open (low FRET) to closed (high FRET) state occurs as pH is changed from basic to acidic 

condition. Adapted with permission.[243] Copyright 2009, Springer Nature. (B) By 

incorporating two sets of FRET pairs as well as two distinct targeting moieties (one on each 

I-switch), Modi et al. were able to use the I-switch for simultaneous monitoring of the furin 

retrograde endocytic pathway and the transferrin endocytic/recycling pathway. Adapted with 

permission.[115] Copyright 2013, Springer Nature.
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Figure 11. 
Target analyte detection based on an aptamer switch probe strategy. Target binding to the 

aptamer induces a structural change that separates a fluorophore and quencher, leading to 

fluorescence turn-on. Adapted with permission.[270] Copyright 2008, American Chemical 

Society.
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Figure 12. 
(A) Spinach aptamer composed of Spinach (black), transducer (orange), and aptamer (light 

blue) for detection of target analytes. Target binding to the aptamer induces a structural 

change that results in transducer duplexing and concomitant binding of DFHBI to Spinach to 

give fluorescence turn-on. (B) Fluorescence turn-on of Spinach aptamer in the presence of 

target SAM. (C) Monitoring of SAM in E. coli cells. Single arrows point to cells with 

relatively high SAM expression, arrowheads point to cells with increasing levels of SAM 

over time, while double-arrows point to cells whose SAM content first increases and then 

decreases over time.[122] Modified with permission from AAAS and authors.
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Figure 13. 
Split aptamers for ATP detection (A) Split aptamer design incorporating HCR for analyte 

detection. (B) A scheme of a nanoparticle/split aptamer detection strategy for sensing ATP 

in live cells. Binding of split aptamers AP1 and AP2 to ATP results in their tail regions 

coming into proximity, acting as an initiator for HCR with H1 and H2. The opening of H1 

results in separation of a fluorophore and quencher, giving fluorescence. Adapted with 

permission.[110] Copyright 2018, American Chemical Society.
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Figure 14. 
DNAzymes immobilized on the surface of gold nanoparticles for detection of uranyl ions. A 

fluorophore on the substrate strand is quenched by both gold and BHQ. Cleavage of the 

substrate strand in the presence of uranyl ions leads to separation of the fluorophore from 

both quenching elements and a subsequent fluorescence turn on. Adapted with permission.
[97] Copyright 2013, American Chemical Society.
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Figure 15. 
Workflow of aptazyme/gold nanoparticle-based method for detection of ATP molecules. 

Fluorophore-labeled substrate strands are conjugated to gold nanoparticles and 

prehybridized with a quencher-labeled aptazyme strand. The aptazyme is activated in the 

presence of ATP, leading to cleavage of the substrate strand and separation of fluorophore 

and quencher to yield fluorescence. Active aptazymes can bind to multiple substrate strands 

in succession, leading to amplified signal. Adapted with permission.[317] Copyright 2016, 

American Chemical Society.
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Figure 16. 
Design of dendrimer-based nanoparticles for detection of ATP and histidine. (A) The 

assembly of Y0 containing a 3-way junction made from single-stranded components Y0a, 

Y0b, and Y0c. (B) The assembly of Y1-L-histidine from single-stranded components Y1a, 

BHQ1-Y1b, Y1c-L-histidine and FAM-XL-histidine. (C) The assembly of Y1-ATP from single-

stranded components Y1a, BHQ1-Y1b, Y1c-ATP and FAM-XATP. (D) The assembly of 

G4-L-histidine from components Y0, Y1-L-histidine, Y2, Y3, and Y4. (E) The assembly of 

G4-ATP from components Y0, Y1-ATP, Y2, Y3, and Y4. (F) Layer-by-layer development of 
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generations 1–4 of DNA dendrimers.[324] Adapted with permission. Copyright 2014, 

American Chemical Society.
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Table 1.

Common nucleic acid-based probes

Probe Type Target type Delivery Method Signaling 
Method

Advantages and disadvantages

Linear antisense probes
A dye-labeled recognition 
strand binds to its 
complementary target.

mRNA,[53]

snRNA[54]

rRNA,[54]

1.Microinjection[54]

2. Cell 
permeabilization[55]

3.Cationic lipids[53]

Fluorescence Advantages
1.Simple probe design
Disadvantages
1.High background
2. Unmodified probes prone to 
degradation
3.Nuclear sequestration possible
4. Requires method for transfection 
(e.g. Microinjection, Cell 
Permeabilization, etc.)

Linear FRET probes
Hybridization of two different 
linear antisense probes to 
adjacent regions of a target 
sequence occurs, bringing a 
FRET pair into close 
proximity.

mRNA,[56] 1.Microinjection[56,57]

2.Microporation[58]
Fluorescence Advantages

1.Better selectivity compared to linear 
antisense probes
Disadvantages
1. Unmodified probes prone to 
degradation
2. Nuclear sequestration possible
3. Requires method for transfection
4. Requires binding to large stretch of 
RNA for hybridization-based approach

Molecular beacons (MBs)/
aptamer beacons/aptamer 
switch probes
Target binding induces 
opening of a hairpin ONT 
sequence, separating a 
fluorophore and quencher.

mRNA,[59]

miRNA,[60]

piRNA,[41] small 
molecules,[61]

proteins,[62] 

temperature[43]

1. Microinjection[63–67]

2. Cationic 
lipids[41,60,68–72]

3. Microporation[64,73]

4. Aptamer cell 
recognition[74,75]

Fluorescence Advantages
1. Better signal to noise ratio compared 
to linear antisense probes and linear 
FRET probes
2. Multiplexing commonly done
Disadvantages1. Prone to degradation
2. Nuclear sequestration possible
3. Requires method for transfection

Dual FRET beacons
Two MBs bind to adjacent 
regions of a target sequence, 
whereby MB opening brings a 
FRET pair near one another 
resulting in turn-on of FRET 
signal.

mRNA[76] 1. Permeabilization[77]

2. Electroporation[76]

3. Microinjection[78]

Fluorescence Advantages
1. Better signal to noise ratio compared 
to linear antisense probes, linear FRET 
probes and MBs
2. Better selectivity compared to MBs
Disadvantages
1. Unmodified probes prone to 
degradation
2. Nuclear sequestration Possible
3. Requires method for transfection
4. Requires binding to large stretch of 
RNA for hybridization-based approach

FIT probes
A duplex sensitive dye of the 
thiazole orange family acts as 
a nucleobase surrogate in a 
recognition sequence such that 
target binding results in dye 
fluorescence turn-on.

mRNA[79] 1. 
Permeabilization[80–82]

2. Cationic polymer[79]

3. Microinjection[83]

Fluorescence Advantages
1. Simple probe design (single 
modification)
2. Lack of false-positive signal due to 
degradation
3. Highly sensitive to single nucleotide 
mismatches
4. Multiplexing Possible
Disadvantages
1. Nuclear sequestration Possible
2. Unmodified probes prone to 
degradation
3. Requires method for transfection
4. Less bright than conventional dyes 
like AlexaFluor488
5. Fluorescence enhancement strongly 
dependent on dye location in probe

ECHO probes
Generally, two thiazole orange 
fluorophores are covalently 
attached to one base of a 
recognition sequence, forming 
an H-aggregate. Target 

mRNA,[84]

miRNA,[85]

rRNA,[86]

small nucleolar 
RNA[86]

1. Cationic lipids[85–88]

2. Microinjection[86]
Fluorescence Advantages

1. Lower background signal than FIT 
probes
2. Multiplexing possible
Disadvantages
1. Nuclear sequestration Possible
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Probe Type Target type Delivery Method Signaling 
Method

Advantages and disadvantages

binding breaks the H-
aggregate and turns-on 
fluorescence.

2. Unmodified probes prone to 
degradation
3. Requires method for transfection
4. Fluorescence enhancement strongly 
dependent on sequence of target RNA

SNA-based structures
SNAs consist of ONTs 
covalently functionalized 
around a spherical 
nanoparticle core, giving the 
ONTs a radial arrangement.
Examples of nanoparticle 
cores used include gold,[44] 

upconverting nanoparticles,[89] 

micelles,[90] silica,[91] carbon-
based,[92] and quantum dot[93]

mRNA,[44]

miRNA,[89]

proteins,[94] small
molecules,[95]

pH,[96]

ions[97]

Active uptake[44,98] Fluorescence
SERS[99]

Advantages
1. Higher signal to noise ratio than 
molecular beacons
2. Uptake without transfection reagents
3. Resistant to degradation
4. Biocompatible
5. Multiplexing possible
Disadvantages
1. Difficult to quantify endosomal 
escape
2. Fluorophore/quencher-based 
structures prone to false-positive signal 
if degraded

Structures based on ONTs 
adsorbed to nanoparticle 
surface
ONT probes can be non-
covalently associated with 
various nanoparticle cores for 
delivery into cells.
Examples of nanoparticle 
cores used include gold,[100] 

polymer,[101] silica,[102] 

manganese dioxide,[103] 

carbon-based,[104] MOFs,[105] 

iron-oxide,[106] and quantum 
dot[107]

mRNA,[108]

miRNA,[100] small
molecules,[109,110]

pH,[111]

Active Uptake[108] Fluorescence Advantages
1. Uptake without transfection reagents
2. Resistant to degradation
3. Biocompatible
4. Multiplexing possible
Disadvantages
1. Difficult to quantify endosomal 
escape
2. Fluorophore/quencher-based 
structures prone to false-positive signal 
if degraded
3. Leaching of oligos from surface 
possible

Nanoparticles encapsulated 
with ONTs
Nanoparticle cores capable of 
encapsulating ONTs can be 
used as a means for carrying 
probes into cells.
Examples of nanoparticle 
cores used include 
liposomes[40] and polymers.
[112]

miRNA,[40]

mRNA,[112] small
molecules[61]

Active Uptake[112] Fluorescence Advantages
1. Uptake without transfection reagents
2. Resistant to degradation
3. Biocompatible
4. Multiplexing possible
Disadvantages
1. Difficult to quantify endosomal 
escape
2. Fluorophore/quencher-based 
structures prone to false-positive signal 
if degraded
3. Strategy limited to use of 
nanoparticles that can be encapsulated 
with oligonucleotides

DNA nanomachine/
nanostructure-Based
DNA can be assembled into 
1D, 2D, and 3D 
nanomachines/nanostructures 
that act as sensing platforms.

mRNA,[113]

miRNA,[114]

pH,[115,116] ions,
[117]

radicals[118]

Active uptake[113,119] Fluorescence, 
circular 
dichroism[120]

Advantages
1. Uptake without transfection reagents
2. Resistant to degradation
3. Multiplexing possible
4. Biocompatible
Disadvantages
1. Difficult to quantify endosomal 
escape
2. Involved design requiring multiple 
ONT strands
3. Fluorophore/quencher based 
nanomachines prone to false-positive 
signal if degraded

Genetically-encoded 
aptamers
RNA aptamers can be 
expressed in cells such that 
target binding allows the 
aptamer to bind a dye that 
results in a fluorescent signal

mRNA,[121] small
molecules,[122]

proteins[123]

Genetically encoded Fluorescence Advantages
1. Can be expressed in cells, so probe 
transfection is not necessary
2. Provides a facile way of visualizing 
small molecules and metabolites which 
are usually difficult to image
3. Dye has low background
4. Can monitor analytes dynamically in 
situ
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Probe Type Target type Delivery Method Signaling 
Method

Advantages and disadvantages

5. Multiplexing possible, in principle
Disadvantages
1. Poor folding in vivo
2. Typically requires long exposure 
times (10-100 ms) for imaging
3. Often requires a tRNA scaffold to 
promote in cellulo folding
4. Requires genetic modification of cells 
for imaging
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