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Despite its high sensitivity, low cost, and high efficiency as a DNA amplification indicator with a yes/no
answer, dsDNA-binding dye encounters incompatibility when used in microfluidic systems, resulting in
problems such as false negative amplification results. Besides, its inhibition of amplification at high
concentrations hinders its application both on-chip and off-chip. In this study, we propose a novel DNA
amplification enhancer to counteract the drawbacks of dsDNA-binding dyes. It acts as a temporary
reservoir for the free-floating dyes in solution and releases them on demand during the amplification
process. Through this clip-to-release on amplification mechanism, the enhancer lowered the background
fluorescence of sample droplets before amplification, enhanced the signal-to-background ratio of positive
samples, and eliminated the false negative signal of on-chip PCR. Moreover, the enhancer increased the
off-chip polymerase chain reaction (PCR) efficiency, boosted the fluorescence signal up to 10-fold, and
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made less nonspecific amplification product. All the factors affecting the enhancer's performance are
investigated in detail, including its structure and concentration, and the types of dsDNA-binding dye used
in the reaction. Finally, we demonstrated the broad application of the proposed amplification enhancer in
various DNA amplification systems, for various genes, and on various amplification platforms. It would
reignite the utilization of dsDNA dyes for wider applications in DNA analysis both on-chip and off-chip.

Introduction
Nucleic acid amplification methods such as polymerase chain
reaction (PCR) and loop-mediated isothermal amplification
(LAMP) are powerful molecular biology tools used in various
areas such as basic biology research, clinical diagnosis, and
inspection and quarantine. To detect the DNA amplification
products in a closed-tube system, either in real-time or
through post-amplification analysis such as melting curve
analysis, fluorogenic reporters are added into the reaction
mixture.1 These reporters mainly fall into two groups: one
group is specific DNA probes which are often labeled with
fluorophores,2 and the other group is dsDNA-binding dyes,
such as EtBr,3 SYBR Green I (SGI),4 EvaGreen,5 and Sytox
Green.6 The probe-based reporting system is specific and
applicable to multiplex detection by utilizing different
fluorophores. However, the cost of synthesizing these duala
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labeled probes is high, and the design or optimization of
specific probes for different target sequences is timeconsuming. Besides, probes have various limitations based
on their type. For example, for Taqman probes,7,8 the high
Tm requirement for a probe adds limitations to the probe
design; for molecular beacon (MB) probes,9,10 single-stranded
DNA amplicons are needed to bind with the probe.
Compared to specific probes, dsDNA-binding dyes cost
much less per reaction.11 These dyes bind with dsDNA
nonspecifically, either by intercalating or through a minor
groove binding mechanism.12–14 Upon binding, the dyes emit
much stronger fluorescence than when they are free in
solution, making them highly sensitive to dsDNA amplicons.
Amplification specificity can be achieved by careful primer
design. Therefore, for a quick yes/no answer for a certain
target, dsDNA dye is a sensitive, bright and low-cost option.
Despite their excellent performance, the application of
dsDNA-binding dyes in PCR and related techniques is limited
by their incompatibility with microfluidic systems, as well as
their inhibition of amplification efficiency at high
concentrations, especially in the case of SGI.11 In recent years,
because of microfluidic devices' low reagent consumption,
short reaction time, and miniaturized device setting, the
integration of nucleic acid amplification methods with
microfluidic systems has been a focus of research.15–17 This
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technical convergence has resulted in a big step forward
towards the lab-on-a-chip system.18–23 However, we noticed that
dsDNA-binding dyes such as SGI often failed to function well
as an amplification indicator on-chip, sometimes presenting
false negative results on both digital microfluidic and PDMSbased channel microfluidic devices. The dye had difficulty
lighting up after PCR with positive samples, even when the
amplification products were confirmed by gel electrophoresis.
Besides this severe functional failure we observed, dsDNA
binding dyes were reported to have poor performance in some
on-chip applications. For example, Di Carlo's group24 found
that EvaGreen generated too weak fluorescence signals in their
hand-held LAMP system. Besides, Houssin's group18
encountered a delayed Cq when SGI was applied in a real-time
on-chip amplification assay, compared with the corresponding
off-chip assay. The dsDNA dyes' poor on-chip performance may
be due to the adsorption of reagents on the surfaces of the
microfluidic chips,14,25 the diffusion of reagents into
surrounding oil, the photobleaching effect of the dye,26,27 or
other factors. Whatever issues cause this problem, the
incompatibility of dsDNA dyes with microfluidic devices
hinders research progress and applications focused on on-chip
nucleic acid analysis.
To counteract the drawbacks of dsDNA-binding dyes and
better utilize them in both on-chip and off-chip scenarios,
other researchers have proposed some PCR enhancers to
target these dyes. For example, Di Carlo's group24 found that
HNB interacted with EvaGreen to lower the background
intensity as well as increase the amplification efficiency.
Dráber's group28 proposed that tetraalkylammonium
derivatives enhanced SGI-monitored real-time PCR by
reducing SGI's binding with primers. Besides, magnesium
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chloride was found by Nath et al.29 to be able to partially
reverse the inhibitory effects of EtBr and SGI on PCR.
However, these additives functioned in an ion-dependent
manner and their enhancing effect could only be modulated
by changing their concentration, thus in a limited range.
In this study we propose a novel nucleic acid amplification
enhancer with a clip-to-release on amplification mechanism,
and name it CRoA. As illustrated in Fig. 1, the proposed
enhancer is a hairpin-structured oligonucleotide with a 3′
quencher, where the double-stranded stem acts as a reservoir
and shelter for dye molecules and the quencher quenches
out the fluorescence from the stocked dye. Since dsDNAbinding dyes such as SGI tend to bind preferentially to larger
amplicons,30 as amplification proceeds the dye molecules
can hop from the temporary stem reservoir to longer target
amplicons. Experimental results show that the CRoA
enhancer can not only restore and enhance the dyes' signal
for on-chip PCR, but also increase the amplification
efficiency at a high dye concentration. Thus, the proposed
CRoA enhancer can broaden the dynamic range of dsDNAbinding dyes, as well as improve the amplification
performance and reliability of the results in both on-chip and
off-chip amplification systems. (Detailed description of
materials and methods used in this study can be found in
the ESI.†)

Results and discussion
Proof-of-principle of CRoA enhancing effect
SGI at a high concentration causes inhibition of PCR, as
Fig. 2A reveals. In the G269 symmetric PCR system,
compared to 0.4× SGI, doubling the concentration to 0.8×

Fig. 1 Schematic of CRoA (clip-to-release on amplification) mechanism as an amplification enhancer (the dye molecules in the figure do not
indicate the exact number of dye molecules clipped by dsDNA).
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Fig. 2 Proof of principle experiments of the CRoA PCR enhancing function for off-chip and on-chip PCR. The CRoA enhancer used here was A4Q
in Table S1,† at 500 nM concentration in the reaction mixture. (A) Off-chip amplification curves compared between samples with and w/o the
CRoA enhancer, at 0.4×, 0.8×, 1.2×, and 1.6× SGI. (B and C) Top view and side view schematics of the DMF chip used. (D) End-point analysis results
of on-chip PCR compared between samples with and w/o the CRoA enhancer, at 0.4×, 0.8×, 1.2×, and 1.6× SGI. (E) Fluorescence images of samples
before and after on-chip PCR at 0.4× SGI. (F) Gel electrophoresis result of on-chip PCR products at 0.4× SGI. Each lane included the triplicate
droplets shown in Fig. 2E. M represents the DNA ladder.

delayed the Cq value for 3 cycles. Further increasing the
concentration to 1.2× resulted in a failed PCR. By adding
CRoA to the PCR reaction mixture, this inhibition was
reduced. With CRoA, 0.8× SGI caused no inhibition, and the
templates were successfully amplified at 1.2× SGI, though
with a Cq delay. This result can be attributed to the structure
of CRoA. Since SGI has a high affinity to dsDNA,30 the
double-stranded stem in the CRoA hairpin structure offers a
temporary reservoir for the dye molecules. Instead of being
free in the solution, a large number of SGI molecules are
clipped by the stem of CRoA, causing less interference to the
amplification process. As amplification goes on, the newly
produced amplicons with a larger size than the CRoA stem
become a better choice for SGI, due to the dye's preference
for longer dsDNA strands. Via this mechanism, SGI's
interference with the polymerase and other functioning
reagents is reduced, while its function as an amplification
indicator is maintained.
The function of CRoA in on-chip PCR was investigated
with a digital microfluidic (DMF) system. The schematic
setup of the DMF system is shown in Fig. 2B and C. Detailed
fabrication and operation processes, system setup (Fig. S1†),
and normalization method for on-chip fluorescence data
(Fig. S2†) can be found in the ESI.†
As displayed in Fig. 2D, in the absence of CRoA, the SGI
signal was weakened after thermal cycling on the DMF chip.

1930 | Lab Chip, 2020, 20, 1928–1938

This greatly attenuated the reliability of the end-point analysis
of on-chip PCR which used SGI as the indicator. Especially at
0.4× SGI, the SGI signal failed to increase, and even decreased
a little, as shown in Fig. 2D and E. However, amplification of
the template DNA was indeed completed, as verified by the
electrophoresis results in Fig. 2F. This suggested that the
negative results from the on-chip fluorescence were falsenegative results. Increasing the SGI concentration from 0.4×
to 1.6× helped to restore the vanished SGI signal, but the
fluorescence increase was still insignificant, less than 100%.
Whatever factors should be blamed for SGI's poor
performance on-chip, the CRoA enhancer helped to restore
and enhance the SGI signal. With CRoA in the mixture, the
droplets containing DNA templates brightened up normally
after amplification at 0.4× SGI, with a 150% fluorescence
increment, as shown in Fig. 2D–F. The fluorescence
increment at higher SGI concentrations was also increased to
a larger extent, ∼200%. Fig. 2D also reveals that at the same
SGI concentration, the fluorescence increase in the presence
of CRoA was 3 times brighter than that without CRoA. CRoA
functions in on-chip applications by utilizing a similar
mechanism to off-chip. However, besides clipping and
preventing SGI from interfering with the amplification
process, in on-chip applications CRoA also acts as a shelter
for SGI, protecting the dye molecules from factors that might
hinder their function as amplification indicators.
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As shown in Fig. 2E, the on-chip fluorescence images before
amplification demonstrated the ability of CRoA to lower the
background signal. Since the CRoA quencher moiety suppressed
the intensity of the clipped dyes to a lower level than the freefloating dyes, the samples with CRoA looked darker than those
without CRoA under the investigated fluorescence channel. The
signal contrast before and after PCR was increased, and the
fluorescence increase of the amplification was enhanced. This
was consistent with the higher saturated fluorescence with
CRoA than without CRoA in the off-chip amplification curves
shown in Fig. 2A. Since the off-chip fluorescence shown here
was a relative unit with baseline subtraction, the reduced
background with CRoA resulted in a higher relative fluorescence
signal at the plateau stage.
In Fig. 2F, a fade band above the product band showed up
without CRoA, indicating nonspecific amplification. In the
presence of CRoA, the product was much cleaner, with only
the product band showing up. Nevertheless, samples with
CRoA migrated faster than samples without CRoA. To test
whether the presence of CRoA affected the specificity of PCR
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amplification, the PCR products at 0.4× SGI, both with CRoA
and without CRoA, were sent out for Sanger sequencing. The
perfectly matched sequencing results (Fig. S3†) indicated that
CRoA had no negative effect on the amplification specificity.
The offset of the band position on the gel image may be due
to the complex interaction between the CRoA and the
amplification product on the electrophoresis.

Optimization of CRoA function by stem length and
concentration
To test the impact of the CRoA stem length on its function,
we tested a series of CRoA termed “AnQ”, with n standing for
the base pair number of the stem. To counteract the possible
impact of the loop sequence on the function of CRoA, the
loop was designed to consist of oligo A.
Fig. 3A and B show the comparative results of samples
with these various CRoA enhancers at 0.4× SGI, both on-chip
and off-chip. For on-chip PCR, A0Q failed to function well,
indicating that the stem in the hairpin structure of CRoA is a

Fig. 3 The off-chip and on-chip PCR results for CRoA with various stem lengths and at various concentrations, at 0.4× SGI. (A) End-point analysis
results of on-chip PCR for samples with 500 nM CRoA, stem length ranging from 0 bp to 20 bp. Fluorescence images of one droplet in each
triplicate of positive samples taken before and after PCR are also displayed. (B) Off-chip amplification curves for samples with 500 nM CRoA, stem
length ranging from 0 bp to 20 bp. Controls w/o CRoA are also listed. (C) End-point analysis results of on-chip PCR for samples with 100–900 nM
A8Q. Fluorescence images of one droplet in each triplicate of positive samples taken before and after PCR are also shown. (D) Off-chip
amplification curves for samples with 100–900 nM A8Q. Controls w/o CRoA are also listed.

This journal is © The Royal Society of Chemistry 2020

Lab Chip, 2020, 20, 1928–1938 | 1931

View Article Online

Published on 23 April 2020. Downloaded on 7/1/2020 9:10:09 AM.

Paper
key motif. A20Q also caused failure in on-chip PCR, the same
as the off-chip result. CRoA with stem length from 2 bp to 15
bp worked for on-chip PCR. Among them, A8Q performed the
best on-chip, with a 500% fluorescence increment.
Apparently, a longer stem offered more SGI binding sites,
and its higher Tm rendered a larger fraction of CRoA to
maintain its hairpin structure (evidence shown in Fig. S4†),
leading to better performance. According to ref. 31, SGI's
binding site on DNA is 3–4 bp, indicating an average binding
of one SGI molecule per 3 to 4 bp of dsDNA. However, the
interaction of SGI with DNA is complicated, with two binding
modes: intercalation and minor groove binding. Which
binding mode is prevalent highly depends on parameters
such as salts, solution viscosity and dye/DNA ratio.12,32 Based
on Fig. 3A and B, a 2 bp stem can trap at least one dye
molecule. What's more, the fluorescence of the droplets
before PCR in Fig. 3A revealed a trend in decreasing
background fluorescence before amplification as the hairpin
stem was extended from 2 bp to 15 bp, while the 20 bp stem
caused a sudden increase in the background fluorescence.
This indicated an enhanced overall quenching effect as the
stem became longer in the range of 2 bp to 15 bp. However,
with stems longer than 8 bp, the inhibition of amplification
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by CRoA, as shown in Fig. 3B, counteracted the bright side of
CRoA and cut down the fluorescence increment. In the offchip assay, A10Q led to a delay in the Cq value for 2 cycles
and A15Q for 10 cycles. Further increasing the CRoA stem
length to 20 bp resulted in amplification failure.
Then, using A8Q as a model, the impact of CRoA
concentration on its enhancement efficiency was tested. For
on-chip PCR, as revealed by Fig. 3C, the higher the
concentration of A8Q, the better the PCR performance. An
on-chip fluorescence increment as large as 800% was gained
by samples with 900 nM A8Q at 0.4× SGI. On the other hand,
in the off-chip assay, as shown in Fig. 3D, increasing the
CRoA concentration from 100 nM to 900 nM showed some
inhibition of PCR at 0.4× SGI, but to a trivial extent.

Impact of quencher and loop on CRoA function
The structure of CRoA can be simply divided into a hairpin
consisting of a loop sequence and a stem, plus a quencher
moiety attached to the 3′ end. The performance of A0Q
shown in Fig. 3B indicates the importance of the doublestranded stem. To test the effect of the quencher moiety and
loop specificity, we adjusted the structure of A4Q (Fig. 4A) to

Fig. 4 Structural change from A4Q to A4spacer and the MB probe and their function in off-chip and on-chip PCR. (A) Schematic of A4Q. (B)
Schematic of A4spacer, with a C3 spacer modified at the 3′ end. (C) Schematic of the MB probe, with a loop sequence specific to the target. (D)
End-point analysis results of on-chip PCR for samples with A4spacer, A4Q, and MB1, respectively, at 0.4× SGI. Fluorescence images of positive
samples taken before and after PCR are also shown. (E) Off-chip amplification curves for samples with A4spacer, A4Q, and MB1, respectively, at
0.4× and 0.8× SGI.
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A4spacer (Fig. 4B) and MB1 (Fig. 4C), and applied these in
the above PCR system, respectively.
As shown in Fig. 4D and E, A4spacer failed to enhance
both on-chip and off-chip PCR, while MB1 still worked. For
on-chip PCR at 0.4× SGI, Fig. 4D shows that samples with
A4spacer did not brighten after amplification, and the signal
of some droplets even decreased. On the other hand, MB1
succeeded in restoring the SGI signal after on-chip
amplification, with a fluorescence increase of nearly 200%. It
is also worth noting that in the presence of MB1, the signal
before PCR was lower than that for the samples with A4Q.
This may be attributed to the 5′ CY5 fluorophore of MB1, the
absorption spectrum of which overlaps with SGI's emission
spectrum. The 5′ fluorophore of MB1 can thus absorb part of
the SGI signal, rendering a lower background. For off-chip
PCR at 0.4× SGI, the three groups of samples showed no
difference in the Cq value. However, at 0.8× SGI, MB1 canceled
out the dye-mediated PCR inhibition, just like A4Q, while the
samples with A4spacer had a delayed Cq for 5 cycles.
Thus, we conclude that a 3′ moiety in CRoA to turn off the
signal of the clipped dye is necessary for the enhancer's
function. Therefore any moiety that can absorb the emission
fluorescence of the clipped dye, including but not limited to
the generally used quenchers, should work as well. On the
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other hand, the loop sequence is a trivial factor. However, a
nonspecific loop sequence is preferable to avoid interference
with amplification resulting from the loop's hybridization
with templates.

Dynamic range of SGI and impact of CRoA on amplification
sensitivity and specificity
From the above results, we discovered that more SGI could
be added to the PCR mixture in the presence of CRoA, which
gave a higher end-point fluorescence signal. To explore the
upper limit of SGI concentration that can be applied in PCR,
we screened a series of A8Q concentrations at different SGI
levels from 0.8× to 2.0×.
Fig. 5A shows off-chip amplification results at each SGI
level. The A8Q concentration listed in Fig. 5A was the
minimum amount of A8Q required at each SGI level for best
performance. The amplification curves of the samples at 0.2×
SGI and 0.4× SGI without CRoA are also listed as control
groups. Through this optimization of A8Q concentration, as
much as 1.2× SGI was used in PCR without causing any
inhibition, and nearly 8 times greater fluorescence was gained
than at 0.2× SGI. At 1.6× SGI and 2.0× SGI, the fluorescence
change further increased, although with a reduced

Fig. 5 The optimized off-chip amplification results (A) and their on-chip performance (B) at different SGI levels. A8Q concentrations listed here
are the lowest A8Q concentrations needed to gain the greatest PCR enhancement at each SGI level. (C) Off-chip amplification of human genomic
DNA, from 1 cp to 1 × 104 cp, for samples w/o CRoA and samples with 500 nM A4Q, at 0.4× SGI. The arrows indicate nonspecific products. (D)
Off-chip amplification of human genomic DNA, from 1 cp to 1 × 104 cp, for samples w/o CRoA and samples with 1100 nM A8Q, at 2.0× SGI.
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amplification efficiency, and the saturated fluorescence was
boosted up to 10-fold. We thus conclude that CRoA greatly
broadens the dynamic range of SGI's usage, and generates
higher fluorescence reported by SGI in amplification.
On-chip PCR trials for the corresponding samples were
also conducted, and the results are shown in Fig. 5B. With
CRoA, the fluorescence increment after amplification doubled
when the SGI concentration increased from 0.8× to 1.6×, while
a further increase to 2.0× caused a decrease in fluorescence.
This might be explained by the reduced amplification
efficiency at 2.0× SGI, indicated by the delayed Cq for 10 cycles
in off-chip PCR. At the cutoff time for end-point analysis, the
amplification may have not reached a plateau yet.
Additionally, the amplification sensitivity and specificity
with CRoA were tested at 0.4× and 2.0× SGI, respectively. Tenfold serial diluted human genomic DNA was used as a
template, from 3.5 pg to 35 ng (from 1 cp to 1 × 104 cp). As
shown in Fig. 5C, at 0.4× SGI, as little as 10 cp of the starting
template could be amplified without CRoA. Adding 500 nM
A4Q to the reaction mixture increased the detection limit to 1
cp. Moreover, CRoA eliminated the nonspecific amplification
products in cases of low abundance templates when CRoA
was absent, as determined by the melting peak. At 2.0× SGI,
as displayed in Fig. 5D, the amplification of templates at all
dilutions failed without CRoA. By adding 1100 nM A8Q, as
previously optimized, the amplification sensitivity was
increased to a large extent, with the limit of detection being
10 cp. Besides, the presence of CRoA not only increased the
detection sensitivity, but also cleaned up nonspecific
amplifications in all cases. The underlying mechanism for
this improved specificity by CRoA is not thoroughly explored
in this work. However, it is possible that the presence of
CRoA can reduce the dyes' binding with the primer–target
complex, thus reducing the primer's Tm with its target, since
dsDNA-binding dyes have been reported to be able to
stabilize duplex DNA.33 As shown in Fig. S5,† the primer's Tm
with a mutant target was affected more than that with the
completely complementary target, although both were
decreased by CRoA. Since the annealing temperature of PCR
remained unchanged, adding CRoA might lower the Tm of
the mispriming complex to a level that blocks nonspecific
amplification, thus increasing specificity.

General application of CRoA for enhancing DNA amplification
So far, the enhancing function of CRoA in PCR systems using
SGI has been proven in principle by amplification of the
G269 target. To verify that CRoA can act as a more general
DNA amplification enhancer, we tested its application with
various dsDNA-binding dyes on various DNA targets, using
various DNA amplification methods and on various
microfluidic platforms.
To verify whether the clip-to-release on amplification
mechanism works for other dsDNA-binding dyes, we tested
the performance of CRoA in PCR systems using Sytox Green
or EvaGreen as dsDNA-binding dyes, respectively. Sytox Green
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and EvaGreen share similar excitation/emission spectra to
SGI, so their fluorescence signals can be quenched by the
same quencher as used above.
As revealed in Fig. 6A, the addition of CRoA doubled the
fluorescence signal of positive samples in the on-chip PCR assay
when 200 nM Sytox Green was applied as the amplification
indicator. For the off-chip assay, as revealed in Fig. 6B, similarly
to SGI, Sytox Green showed inhibition of amplification at a
concentration of 400 nM and terminated PCR at 500 nM in the
absence of CRoA. With CRoA, 400 nM of Sytox Green had no
negative effect on the PCR efficiency, while 500 nM delayed
PCR but still resulted in successful amplification.
For EvaGreen, CRoA also made a great improvement to
the dye signal in on-chip nucleic acid amplification. As
Fig. 6C reveals, the addition of CRoA boosted the end-point
amplification signal of on-chip PCR at 1× EvaGreen by almost
two-fold. The background fluorescence signal before
amplification was lowered to a significant extent so that the
signal contrast of the positive samples before and after
amplification was obviously improved. On the other hand, in
off-chip assays, the addition of CRoA did not make a
difference to the amplification efficiency when EvaGreen was
used, in contrast to the significant enhancing effect observed
with SGI and Sytox Green as the indicators. Due to
EvaGreen's homodimeric configuration and its ability to shift
between the “inactive” form (bent form) and the “active”
form (linear form),34,35 this dye can generate active dyes on
demand as PCR proceeds. In this case, as revealed in Fig. 6D,
EvaGreen itself showed little inhibition of PCR at the
commonly used 1× or 2× concentration,5 offering CRoA no
opportunity to display its enhancing ability off-chip. Although
EvaGreen shared a similar concept of “release on demand”
to dsDNA-binding dyes, it was realized by conformational
change in an environment-dependent manner.35,36 In the
CRoA strategy, the dyes underwent positional change from a
shorter dsDNA region to a longer dsDNA region in a less
environment-dependent manner. These two strategies
functioned complementarily, not in conflict with each other.
Thus, CRoA could still work for EvaGreen, especially in onchip applications where CRoA might offer protection for the
dye molecules. Moreover, improved amplification sensitivity
and specificity were observed in off-chip PCR assays using
EvaGreen, as revealed in Fig. S6 in the ESI.†
Based on these results, we verified that CRoA also works
for other dsDNA-binding dyes, especially in on-chip
applications. For EvaGreen, CRoA increases the dye signal
as an amplification indicator for on-chip PCR. For other
dyes, such as SGI and Sytox Green, CRoA can not only
enhance the fluorescence signal of on-chip amplification,
but also reduce dye-mediated PCR inhibition at high
concentrations of the dyes.
To prove the efficacy of CRoA in different DNA
amplification systems for various targets, we applied CRoA in
two other nucleic acid amplification systems: a PCR assay for
the human KRAS gene and a LAMP assay to detect the
T. brucei SRA gene. In both assays, SGI was applied at different
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Fig. 6 CRoA PCR enhancing function in reactions utilizing other dsDNA-binding dyes. (A) End-point analysis results of on-chip PCR for samples
w/o CRoA and with 500 nM A4Q, at 200 nM Sytox Green. (B) Off-chip amplification curves and comparison between samples w/o CRoA and with
500 nM A4Q at various Sytox Green concentrations. (C) End-point analysis results of on-chip PCR for samples w/o CRoA and with 1 μM A8Q, at 1×
EvaGreen. (D) Off-chip amplification curves and comparison between samples w/o CRoA and with 1 μM A8Q at 1× and 2× EvaGreen.

levels, together with the above optimized concentration of
A8Q. Samples without CRoA were also run as control groups.
As Fig. 7A shows, CRoA functioned well in the KRAS PCR
system. Without CRoA, 0.8× SGI induced an obvious delay in
the Cq value, and 1.2× SGI caused the amplification to fail.
With CRoA, increasing the SGI concentration from 0.4× SGI
to 1.2× did not cause any inhibition of amplification.
Additionally, we also demonstrated the function of CRoA to
enhance amplification in nucleic acid amplification systems
besides PCR in the T. brucei LAMP assay, as Fig. 7B reveals.
This LAMP assay was more tolerant of higher levels of SGI in
the absence of CRoA: 0.8× SGI led to about 3 minutes of
delay, and 1.2× SGI led to about 10 minutes of delay.
However, adding CRoA undoubtedly benefited the LAMP
reaction. With the addition of the optimized concentration of
A8Q, 1.2× SGI only induced 1 minute of delay, indicating
minor inhibition in the presence of CRoA.
To verify the general application of CRoA on microfluidic
platforms other than digital microfluidics, we also performed
G269 asymmetric PCR on a polydimethylsiloxane (PDMS) based
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channel microfluidic system. A schematic of the PDMS chip is
shown in Fig. 8A and B. Detailed fabrication and operation
processes can be found in the ESI.† The molecular beacon
probe (MB2) applied to determine amplicon specificity also
worked as a CRoA enhancer, as already discussed.
As Fig. 8C shows, the signal of the molecular beacon
probe under the CY3 channel indicated successful and
specific amplification. However, for samples without CRoA
(MB2 here), even though SGI at a low concentration (0.24×)
was used here, its background fluorescence under the GFP
channel was bright before amplification. In contrast to the
amplification result, the SGI signal decreased to nearly
nothing after PCR. By adding the CRoA enhancer to the
reaction mixture, this unexpected phenomenon disappeared.
For samples with both SGI and CRoA, SGI restored its
function as an amplification indicator, with a low
background signal before amplification and an elevated
signal after PCR. This was highly consistent with what we
observed on digital microfluidic chips: CRoA reduced the SGI
background signal before amplification and increased its
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Fig. 7 CRoA PCR enhancing performance in other nucleic acid amplification systems. CRoA was applied with different concentrations at different
SGI levels: 100 nM of A8Q at 0.4× SGI, 300 nM of A8Q at 0.8× SGI, and 500 nM of A8Q at 1.2× SGI. Samples without CRoA were run as controls.
(A) Off-chip amplification curves in the KRAS PCR assay. (B) Off-chip amplification curves in the T. brucei LAMP assay.

signal after amplification, thus improving the fluorescence
contrast.
Based on the above results, we conclude that CRoA as an
on-chip PCR enhancer is not restricted to the DMF system,
but works generally for microfluidic platforms.
As a brief summary, CRoA works universally to promote
the amplification of different targets in different nucleic acid
amplification systems, as long as dsDNA-binding dyes are
employed. With the general utilization of CRoA, we can

foresee the utilization of dsDNA dyes for nucleic acid
amplification in a broader and more robust way.

Conclusions
In this study, we propose a novel DNA amplification enhancer
named CRoA to promote amplification in the presence of
dsDNA-binding dyes. CRoA benefits amplification by acting as
a temporary reservoir for the dsDNA-binding dyes and

Fig. 8 CRoA as an on-chip PCR enhancer on a PDMS-based channel microfluidic chip. (A and B) Top view and side view schematic of the PDMS
channel microfluidic chip. (C) Fluorescence microscopy images under GFP and CY3 channels of the on-chip PCR chambers, before and after
amplification.
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modulating the number of dye molecules in the solution. By
adjusting the number of free-floating dye molecules, CRoA
can reduce the inhibitory effect of a high concentration of dye
on the amplification efficiency. The experimental results
showed a significant amplification enhancement. With the
integration of the proposed enhancer, higher levels of dsDNAbinding dyes can be applied without causing inhibition, and
the fluorescence signal of the dye was boosted up to 10-fold
after amplification. Moreover, an additional effect of CRoA in
increasing amplification specificity, especially for low
abundance templates, was suggested.
In on-chip applications, CRoA functions in the same
temporary storage and release on-demand manner, but with
an extra beneficial effect. By providing binding sites for the
dsDNA-binding dye, the proposed CRoA is capable of
sheltering the dye from on-chip damaging factors. In both
the digital microfluidic chip and the PDMS-based channel
microfluidic chip, adding CRoA to the reaction mixture
restored the fluorescence signal of the false-negative results.
PCR enhancers targeting dsDNA-binding dyes have been
proposed and investigated before, as already discussed in the
introduction.24,28,29 However, the enhancing effect of most of
these existing enhancers could only be modulated by changing
the concentrations of additives, thus in a restricted manner. In
contrast, CRoA functions through attraction of the stem to the
dsDNA-binding dye, which is ion independent, and its
performance can be modulated not only by concentration, but
also via fine tuning of different motifs of the CRoA structure,
in a more flexible manner. Among the three parts of the CRoA
structure, the stem and the 3′ quencher are key components,
while the loop sequence matters little.
The robustness and broad utility of CRoA as a DNA
amplification enhancer for both on-chip and off-chip
applications has been demonstrated. Besides, the finding that
CRoA enables the utilization of SGI at a high concentration
offers the possibility that SGI may find applications in areas
such as high resolution melting (HRM) analysis. SGI has never
been considered as a possible HRM dye because its PCR
inhibition effect limits the use of the dye to a low concentration
range, resulting in insufficient sensitivity for HRM. However,
with CRoA, SGI can be used at higher concentrations, offering
an elevated signal and higher resolution for HRM.
The clip-to-release on amplification mechanism that CRoA
utilizes to enhance PCR is simple but effective. With the help of
CRoA, the drawbacks of dsDNA-binding dyes can be mitigated,
enabling the more flexible and robust utilization of nucleic acid
amplification methods in both off-chip and on-chip scenarios.
A patent has been filed.
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