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ABSTRACT: Quantitative polymerase chain reaction (qPCR) is widely used in detection of nucleic acids, but existing methods
either lack sequence-specific detection or are costly because they use chemically modified DNA probes. In this work, we apply a
DNA aptamer and light-up dye-based chemistry for qPCR for nucleic acid quantification. In contrast to the conventional qPCR, in
our method, we observe an exponential decrease in fluorescence upon DNA amplification. The qPCR method we developed
produced consistent Ct vs log10 (DNA amount) standard curves, which have a linearfit with R2 value > 0.99. This qPCR technique
was validated by quantifying gene targets from Streptococcus zooepidemicus (SzhasB) and Mycobacterium tuberculosis (MtrpoB). We
show that our strategy is able to successfully detect DNA at as low as 800 copies/μL. To the best of our knowledge, this is the first
study demonstrating the application of light-up dyes and DNA aptamers in qPCR.

■ INTRODUCTION
Quantitative PCR (qPCR) has revolutionized the specific
detection and quantification of targeted nucleic acid
sequences.1 It has been successfully applied in biomedical
research, diagnostics, species identification, and nucleic acid
quantification.2,3 Currently available qPCR methods to
monitor amplification rely on modified-DNA hydrolysis probes
or DNA-intercalating fluorescent dyes that bind to double-
stranded DNA.2,4−7 The oligonucleotide hydrolysis probes are
capable of multiplexed detection as they are sequence-specific
but need to be custom designed and are expensive due to the
chemical modifications.2,7 On the other hand, fluorescent dyes,
which bind non-specifically to any DNA sequence being
amplified are prone to false positives and cannot be
multiplexed.2,7 Most advances in PCR-based nucleic acid
detection strategies involve these two fundamental chemistries
or their variations.8 Other technologies include quantification
of PCR amplification using un-natural bases in the plexor
technology,9 molecular beacons,10,11 scorpion probes,12 LNA-
based probes,13 or other chemically modified technologies.7

However, all of these methods contain the limitations of
current methods, requiring chemically modified primers or
probes.

Recently, aptamers have been used for detection applications
in diagnostics and therapeutics.14 Aptamers are short
sequences of single-stranded DNA or RNA molecules that
can form secondary and tertiary structures, which allows them
to bind to their targets with high affinity.15 Aptamers have
been highly successful due to their low cost of production, high
stability, low batch-to-batch variability and ease of integration
into complex genetic circuits for target detection.14 RNA-
aptamers were initially used to develop GFP-mimics where
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aptamer binding enhances the fluorescence of a GFP
fluorophore analogue DMHBI or other dyes signifi-
cantly.10,16,17 Since then, light-up RNA aptamers have been
used for a plethora of applications, including sensors for in vivo
monitoring of biomolecules.18−20 A single DNA-based light-up
dye system was developed in 2008 for Hoescht dye, but DNA-
based systems were ignored due to a lack of their applications
in vivo.21 Recently, various DNA-based light-up aptamer
systems have been developed for multiple dyes, including
dimethyl-indole red (DIR), berberine, thioflavin T, crystal
violet, malachite green, DFHBI, and dapoxyl SEDA, for in vitro
detection and diagnostic applications.20,22−28

In this work, we employed a novel chemistry for monitoring
qPCR amplification based on light-up dye and DNA aptamers.
Our method uses the previously described DIR dye and its
DNA aptamer DIR2-1 for a proof-of-concept of our qPCR
strategy.16,24 The aptamer−dye complex is sequence-specific,
unlike fluorescent intercalating dyes, and does not require
expensive chemical modifications, such as in hydrolysis
probes.2,3 The DIR dye is less fluorescent in its free state,
but when bound to its 42 nt DNA aptamer, its fluorescence
increases 140-fold.24 It is designed to be specific for its aptamer
target, with the bulky dimethyl-indole group preventing
intercalation with bases and a negatively charged propylsulfo-
nate group preventing nonspecific binding to nucleic acids.16

Thus, DIR and its aptamer DIR2-1 present an ideal system for
testing our qPCR strategy. We demonstrate that our qPCR
design detects in real-time, the amplification of DNA with
every cycle, and compare our method to conventional DNA
intercalating dye (TB green)-based qPCR. Our technique can
be used for multiple gene targets using commonly available
Taq DNA polymerase and generates linear Ct vs log10 (copy
number/μL) plots. Our investigations show that this method is
simple, quantitative, and compatible with current instruments
and reagents. Further, this method has the potential to
significantly bring down the costs of multiplexed qPCR
detection for research and diagnostics.

■ RESULTS AND DISCUSSION
Design of the Novel qPCR Strategy. We placed the 42

nt DIR2-1 aptamer sequence upstream of our primer designed
for the PCR reaction.24 The DIR dye is added at 400 nM as an

additional component in the standard PCR reaction without
any other modification. Before the reaction starts, the aptamer
upstream of the primer is free to take its 3D conformation and
bind specifically to the DIR dye. This bound state emits a high
fluorescence. As the PCR reaction progresses, the primers are
consumed and made double-stranded, resulting in the aptamer
losing conformation and thereby its ability to bind to the DIR
dye. This results in a significant decrease in fluorescence with
consumption of the aptamer-containing free primers in each
cycle (Figure 1a).
Calibration of DIR Dye-Aptamer Fluorescence on

qPCR Instrument. For testing our qPCR strategy, we first
calibrated DIR fluorescence in the presence of its aptamer,
using 400 nM dye in the presence of 400 nM DIR2-1 aptamer,
on the Applied Biosystems QuantStudio 7 Pro Dx real-time
PCR system. The highest fluorescence signal on the instrument
was obtained using the excitation filter x5:640 ± 10 nm and
emission filter m5:682 ± 14 nm (Figure S1).
Detection of qPCR Amplification in Real-Time. Next,

we performed qPCR to detect a 96 bp segment of the rpoB
gene from Mycobacterium tuberculosis present at 104 copies/μL.
We observed the expected decrease in fluorescence with
increasing cycles (Figure 1b). This is typical of a quantitative
PCR reaction and demonstrates that we can monitor DNA
amplification with every cycle by following the decrease in
fluorescence in real-time.

Light-up aptamers have been previously combined in
different nucleic acid circuits for specific diagnostics and
detection including for single nucleotide variants, pathogenic
bacteria, and SARS-CoV-2 RNA.28−31 Generally, these
methods rely on direct binding of the aptamer to a small
amount of the target28 or require prior amplification of the
target before detection.31,32 Both strategies lack the real-time
quantification capabilities observed for qPCR. Our method
combines the qPCR advantages with light-up dye and aptamer-
based detection.

A previous study tried to incorporate light-up RNA aptamers
for the detection of nucleic acids using PCR amplification but
did not monitor the PCR reaction in real-time as the described
method required in vitro transcription to generate the RNA
aptamers for signal production.33 It involved multiple indirect
steps and did not have a cost advantage over the existing

Figure 1. Quantitative PCR using chemically un-modified DNA primer probes (a) strategy to use light-up DNA-aptamer pair for quantitation in
PCR. A red sphere indicates the dye, the blue part of the primer is complementary to the template, and the red part is the dye-specific aptamer (b)
DNA aptamer and its partner dye can be used to monitor the progress of a PCR reaction with a decrease in fluorescence. Data represents the mean
and standard deviation of n = 3 replicates.
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technologies.33 Our technique uses light-up DNA aptamers
that directly monitor the PCR reaction in real-time and does
not require any significant modification to currently available
reagents or qPCR instruments.
Standard Curves Generated Using Taq DNA Polymer-

ase. After confirming the proof-of-concept for DNA-aptamer-
based nucleic acid detection, we generated a standard curve of
Ct values for different sample concentrations.34 We used Taq
polymerase to amplify a 208 bp sequence of the hasB gene
fromStreptococcus zooepidemicus at different target concen-
trations. The agarose gel electrophoresis showed that our
primers can detect as low as 800 copies/μL template within 30
cycles of PCR (Figure 2a). We tested if the light-up aptamer
and DIR dye-based method can sensitively detect the template
at the limit of detection and compared it simultaneously to
qPCR based on the DNA intercalating dye, TB Green. We
observed an exponential increase in fluorescence for TB green
(Figure 2b) with a linear Ct value versus log10 (copy number/
μL), with an R2 of 0.9996 (Figure 2c).

DIR and DIR2-1 aptamer-based qPCR chemistry performed
similarly to the commercial TB green chemistry with an
exponential decrease in fluorescence (Figure 2d). Like with TB
green qPCR chemistry, we see a linear decrease (R2 = 0.9994)
in the Ct value with an increase in log10 (copy number/μL)
between 2.9 and 6.9 (Figure 2c,e). This demonstrates that our
method can be easily incorporated with the commercially
available PCR kits.
Quantification of Unknown DNA Sample. We further

validated the method to quantify an unknown amount of DNA
target using both the TB green and DIR2-1 aptamer and DIR
dye-based chemistries. A standard curve of Ct vs log10 (amount
of DNA) of our standards, serially diluted between 1 and
10000 pg/reaction, was plotted using the change in
fluorescence during the PCR (Figure 3a−d). 0.1 pg target
DNA/reaction corresponds to 800 copies/μL. The standard
curve for DIR and DIR2-1 chemistry estimated the amount of
DNA in the unknown sample to be 418.76 ± 69 pg, which is
close to the prepared double-blinded sample containing 400 pg
template (Figure 3b). The method performs equivalent to the

Figure 2. qPCR using light-up dye-aptamer and conventional DNA intercalating dye-based method with Taq polymerase and its quantification
using Ct values. (a) Agarose gel electrophoresis to determine the limit of detection using the custom designed primers. (b) Exponential increase in
fluorescence with the progress of the PCR reaction using Taq polymerase and DNA intercalating dye, TB Green, n = 3 (c) Ct values were
calculated from (b) and plotted against the log10 (copies/μL). The curve was fitted to a linear model and the fitted equation with the R2 value is
shown. Each curve represents the mean and standard deviation of the replicates. (d) Exponential decrease in fluorescence with the progress of the
PCR reaction using Taq polymerase with DIR dye and DIR2-1 aptamer fluorescence detection, n = 3. (e) Ct values were calculated from (d) and
plotted against the log10 (copies/μL). The curve was fitted to a linear model and the fitted equation with the R2 value is shown. Each curve
represents the mean and standard deviation of the replicates.
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TB green chemistry, which determined the unknown
concentration as 759.83 ± 171.5 pg, when the sample was
prepared double-blinded to contain 800 pg of DNA (Figure
3c,d). Thus, the proof-of-concept strategy described here can
be used for the qPCR quantification of unknown nucleic acids
in different samples and applied for environmental monitoring
and diagnostics.

Our method provides the first description of the application
of light-up DNA aptamer and dye pair for the quantification of
amplification in PCR. However, our current design strategy has
the probe attached to the primer which could lead to a false
positive in the scenario of nonspecific amplification or primer
dimers. This could be prevented in the future work by
detaching the aptamer probe from the primer and integrating
DNA circuit principles including polymerase or toehold-
mediated strand displacement, to monitor PCR amplifica-
tion.35

■ CONCLUSIONS
In this study, we demonstrate that a dye-binding DNA-aptamer
can be used for monitoring amplification in qPCR. We
obtained linear Ct vs log10 (DNA amount) standard curves
with R2 value > 0.99 using a Taq DNA polymerase. Our

method can detect nucleic acids as low as 800 copies/μL. We
successfully quantitated an unknown DNA sample using the
standard curve. Our method is as highly sensitive as
conventional methods, cost-effective, and does not require
any modified oligonucleotide probes. In the future, this
technique will be tested for its capability to multiplex the
detection of multiple targets in a single tube using the available
wavelength spectrum of DNA-aptamer light-up dyes. It also
needs to be optimized for use in reverse-transcription qPCR to
detect RNA.

■ MATERIALS AND METHODS
Instruments and Reagents. qPCR was performed using

Applied Biosystems Quant studio 7 Pro Dx or Quant studio 3.
Custom DIR dye in the presence of its aptamer DIR2-1 was
successfully calibrated on the qPCR instrument as per the
manufacturer’s protocol (Figure S1). Plasmid isolation was
done using Qiagen miniprep kit. Taq DNA polymerase was
purchased from NEB. The DIR aptamer used in our study is
the same as published before (H. Wang et al. 2017). All the
oligonucleotides were obtained from Bioserve Biotechnologies,
India.

Figure 3. Determination of the concentration of an unknown DNA sample with qPCR using conventional and light-up dye-aptamer detection
chemistry. (a) Exponential decrease in DIR dye and DIR2-1 aptamer fluorescence with the progress of the PCR reaction using Taq polymerase. (b)
Ct values were calculated from (a) and plotted against the log10 (DNA amount). The curve was fitted to a linear model and the fitted equation with
the R2 value is shown. Each curves represents the mean and standard deviation of n = 4 replicates. (c) Exponential increase in fluorescence with the
progress of the PCR reaction using Taq polymerase and DNA intercalating dye TB green, n = 4. (d) Ct values were calculated from (c) and plotted
against the log10 (DNA amount). The curve was fitted to a linear model and the fitted equation with the R2 value is shown. Each curves represents
the mean and standard deviation of n = 4 replicates.

Table 1. Primers Used in the qPCR Amplification of hasB (GenBank: CP065056.1) and rpoB (GenBank: L27989.1)

target primers (42 nt DIR2-1, bold) nucleotides

hasB 5′-atgggctcacaggaggctgag 203647−203667
hasB 5′-gacgacgacgctaggaaggcgttggtgggcacgccggtcgtc cctttggcaggcaatagccgc 203834−203854
rpoB 5′-tcacgtgacagaccgccg 2461−2444
rpoB 5′-gacgacgacgctaggaaggcgttggtgggcacgccggtcgtc ccagctgagccaattcatggg 2366−2386
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Templates and Primers Used for PCR. A 208 bp
fragment from the UDP-glucose 6-dehydrogenase (hasB) gene
of S. zooepidemicus and a 96 bp fragment of the DNA-
dependent RNA polymerase (RNAP) rpoB gene from M.
tuberculosis were amplified using custom-designed primers
(Table 1). The template plasmid for hasB gene amplification
was pGJP2, a nisin-inducible plasmid with pNZ8148 backbone
containing hasA and hasB genes.36 The plasmid template for
rpoB gene amplification was a gift from Yaathum Biotech (IIT
Madras Research Park).
qPCR with Taq Polymerase Using Light-Up Dye and

Aptamer Chemistry. The 18 μL reaction contains 1× Taq
buffer, 200 nM primers, 200 μM dNTPs, 400 nM DIR dye,
0.45 units of Taq polymerase (NEB no. M0273), and template
DNA as indicated. Reaction conditions for the PCR of hasB or
rpoB gene with Taq polymerase include an initial denaturation
step at 95 °C for 5 min, followed by 30 cycles of denaturation
at 95 °C for 15 s, annealing at 60 °C for 20 s, extension at 68
°C for 25 s, and fluorescence measurement at 25 °C for 25 s.
qPCR with Taq Polymerase Using TB Green, a DNA

Intercalating Dye, Based Chemistry. A TB Green Premix
Ex TaqII (Tli RNase H Plus) kit (Takara #RR82WR) was used
according to the manufacturer’s protocol. In summary, the 20
μL reaction contains 1× TB Green Premix Ex TaqII (Tli
RNaseH Plus) master mix, 200 μM primers, 1× ROX
reference dye, and template DNA as indicated. Reaction
conditions for the PCR of hasB include an initial denaturation
step at 95 °C for 30 s, followed by 30 cycles of denaturation at
95 °C for 5 s and a combined annealing and extension step at
60 °C for 30 s.
Normalization of Fluorescence and Standard Curve

Analysis. The normalization method used was first described
by Higuchi et al., 1993. Briefly, the average of initial
fluorescence of samples is calculated. A multiplication factor
for each sample is calculated by dividing the initial fluorescence
of each sample with the above average. This multiplication
factor is used to normalize all of the fluorescence measure-
ments of that sample. For the calculation of Ct value and
generation of standard curve, an arbitrary threshold in the
linear region of the exponential change in fluorescence is
defined to find fractional Ct values, which is then plotted
against log10 (amount of initial DNA).
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