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Increasing evidence suggests that RNA is responsible for a wide 
range of functions in living cells. [1,2] The important role RNA plays 
in dictating cell behavior has led to the development of numerous 
methods for detecting RNA in living systems. A promising tool for 
RNA detection is molecular beacon (MB) technology. MBs were 
initially developed as a probe for quantifying nucleic acids in real-time 
[3]. MBs combine the specificity of nucleic acid hybridization with 
the ability of nucleic acids to take on distinct confirmations to create 
hairpin-shaped oligonucleotides with a fluorophore at one end and a 
proximity-dependent quencher at the other end. When target nucleic 
acids are not present, the hairpin structure keeps the fluorophore in 
close proximity to the quencher and the probes are in a “dark” state. 
When the probes bind to their targets, they undergo a conformational 
reorganization that separates the fluorophore from the quencher, 
resulting in a bright fluorescent signal that indicates the presence of 
the target. Since their inception, MBs have found wide application in 
molecular and cellular biology, pathogen detection, and molecular 
diagnostics [4-7].  

Advances in MB design and modifications have enabled imaging 
of RNA in living cells [8,9].  However, challenges encountered in using 
traditional MBs for in vivo imaging include nonspecific background 
fluorescence, potential for nuclease degradation and reduced half-
life, and limited approaches for non-invasive intracellular delivery 
mechanisms.  To address these limitations, continued development of 
MBs has resulted in improvements in these aspects which we discuss 
below.

Improved MB Signal to Noise Ratio
Key issues in using MBs for imaging are maximization of quenching 

efficiency as well as fluorophore quantum efficiency. One strategy to 
improve the signal-to-background ratio is to increase the brightness 
of the signaling moiety. Replacement of organic fluorophores with 
brighter signaling materials, such as quantum dots, has been reported 
[10]. A second strategy is to minimize the fluorescence background 
using a more efficient quencher. While standard organic quenchers have 
demonstrated effectiveness in the quenching of some fluorophores, their 
quenching efficiencies vary significantly from one dye to another. For 
example, 4-((4-(dimethylamino)phenyl)azo)benzoic acid (DABCYL) 
efficiently quenches fluorescein (FAM) but is much less efficient for 
dyes emitting at longer wavelengths such as Cy5 and Texas Red [11]. 
Black Hole Quenchers (BHQ) have no native fluorescence and a broad 
effective range of absorption, but it is still important to match the BHQ 
with the appropriate dye. Pairing multiple assembled quenchers to one 
fluorophore has also been shown to provide better quenching efficiency 
[12].  The development of quenchers which work effectively within the 
near infrared range open up exciting possibilities for imaging of RNA 
with minimal cell or tissue autofluorescence.  

Nuclease Degradation
MBs are vulnerable to intracellular enzymatic degradation, such 

as DNAse/RNAse cleavage and non-specific opening by single-

strand binding proteins [13] leading to false-positives. To improve 
the resistance of enzymatic activities, non-standard nucleic acids 
have been explored to design MBs, such as 2’-O-methyl-modified 
RNAs, peptide nucleic acids (PNAs), and locked nucleic acids (LNAs). 
2’-O-methyl MBs show higher affinity, increased specificity, and faster 
hybridization kinetics [14-16]. However, evidence suggests that not 
all 2’-O-methyl MBs retain a stem-loop structure inside living cells, 
possibly due to nucleic acid binding proteins [17]. PNAs have neutral 
polyamide backbones, are not degraded by nucleases, and have faster 
hybridization kinetics than DNA probes [18]. However, PNAs have 
not been widely used mainly because they have poor water solubility 
causing aggregation in biological environments [19]. LNAs are nucleic 
acid analogues, in which the ribose ring is locked into a rigid C3’endo 
or Northern-type conformation by a simple 2’-O, 4’-C methylene 
bridge. LNAs as well as LNA-MBs have many attractive properties, 
such as high binding affinity, excellent base mismatch discrimination 
capability, and decreased susceptibility to nuclease digestion, making 
them important tools for synthesizing MBs [20]. 

Approaches for Delivery of MBs in Live Cells 
A limitation of traditional MBs is the need to permeabilize the 

cell through microinjection or use of pore-forming reagents, such 
as streptolysin O, for effective delivery and target hybridization [8]. 
The use of cell penetrating peptides conjugated to MBs was recently 
reported to provide for translocation of MBs into cells without pore-
forming reagents; however, Tat-linked MBs have been observed 
to enter the nucleus, causing nonspecific background signal due 
to opening of the construct within that compartment [21]. In a 
different approach to achieve delivery of MBs, Seferos et al. [22], 
developed a MB-based technique based on oligonucleotide-modified 
AuNPs that take advantage of the fact that AuNPs functionalized 
with oligonucleotides efficiently enter live cells without the aid of 
transfection/permeabilization agents. Their probe consists of a AuNP 
conjugated to many sequences of single stranded DNA (ssDNA), 
which are complementary to the RNA sequence of interest. Short 
“reporter” strands of fluorescently tagged ssDNA are hybridized to 
the probe DNA. In this state, the organic fluorophore is quenched as 
a result of its proximity to the AuNP surface. Upon hybridization of 
the probe strand with the target RNA complement, the reporter strand 
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is displaced, spatially separating it from the AuNP and resulting in a 
fluorescent signal that can be correlated to the presence of the RNA 
sequence of interest. This design yields a signal that is separated from 
the hybridized RNA/nanoflare construct, consequently important 
spatial information is lost in live cell microscopy applications. DNA 
hairpin-gold nanoparticles (hAuNPs) provide spatiotemporal 
information about target oligonucleotides when used in live cells [23]. 
hAuNPs utilize the fluorescence quenching ability of a 15 nm AuNP, 
where DNA hairpins are attached to the particle via a gold-thiol bond 
through a 5’ hexane thiol linker. A 3’ fluorophore is quenched by the 
AuNP until the hairpin binds a complementary sequence, extending the 
fluorophore past the quenching distance of the AuNP. This results in a 
positive fluorescent signal, allowing high specificity and high sensitivity 
imaging of messenger RNA (mRNA) in live cells for elucidating spatial 
and temporal aspects of mRNA expression and trafficking.

Outlook
Since their introduction in 1996, much progress has been made 

in improving applications of MBs.  The flexibility of their chemical 
modification and their cost-effectiveness has led to applications in 
biology, chemistry, biomedicine, and biotechnology. Continuing efforts 
to improve MB-based technology, such as the optimization of signal 
transduction, use of modified bases, and AuNP-based constructs will 
surely catalyze the development of new biochemical and biomedical 
applications.
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