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ABSTRACT: Visual DNA amplification using a simple PCR 

device is useful for field tests to detect target DNA and RNA. We 

hereby describe a detection system involving PCR amplification 

visualized with the naked eye, by genetic alphabet expansion. The 

system employs fluorescence resonance energy transfer (FRET) 

between unnatural base combinations: self-quenched dinucleo-

tides of 2-amino-6-(2-thienyl)purine (s) as a donor and Cy3-

conjugated 2-nitro-4-propynylpyrrole (Cy3-hx-Px) as an acceptor. 

During PCR, the triphosphate substrate of Cy3-hx-Px (Cy3-hx-

dPxTP) is incorporated into DNA opposite its pairing partner, 7-

(2-thienyl)-imidazo[4,5-b]pyridine (Ds), in the primer, which also 

contains the dinucleotides of s.  Thus, the amplified DNA can be 

visualized by the Cy3 fluorescence resulting from the FRET be-

tween the s-dinucleotides and the incorporated Cy3-hx-Px upon 

365 nm irradiation. Using this system, we demonstrated the visual 

SNP detection of a series of quinolone-resistant bacteria genes.  

Advancements in smaller and lighter PCR instruments have in-

creased the need for simple detection methods of amplified target 

DNA and RNA sequences for field use. In particular, in combina-

tion with recent PCR technologies using droplets or microfluidics, 

a visualizing PCR system could provide straightforward and less 

expensive detection, using a diagnostic apparatus and reagents.1-3 

Visualization of amplified DNAs with the naked eye is one of the 

attractive solutions, and various visual PCR methods have been 

reported, using gold nanoparticles, G-quadruplex peroxidase, a 

metal indicator for pyrophosphates, pH-sensitive dyes, RNase H 

(cycleave ICAN), and exciton primers.4-12 Some popular qPCR 

methods using SYBR Green or TaqMan probes are generally 

difficult to apply to a visualizing PCR system, because the fluo-

rescent intensity changes are not large enough for detection by the 

naked eye (see Supplementary Figure S9). One exception is the 

LAMP method using SYBR Green I, in which the amplified target 

DNAs can be visualized by adding the dye after isothermal ampli-

fication.13   

Previously, we developed a qPCR method by a genetic alphabet 

expansion technology using our unnatural base pair system.14 The 

unnatural base pair, Ds–Px, functions as a third base pair in 

PCR.15,16 In addition, the side chain of the Px base can be modi-

fied with any functional groups, according to the user’s prefer-

ence. We found that the fluorescent intensity of dye-conjugated 

Px substrates, such as Cy3-conjugated Px (Cy3-hx-Px), increases 

upon incorporation into amplified DNA.14 By monitoring the 

fluorescence changes, we developed the qPCR detection method. 

However, because of the background fluorescence of Cy3-hx 

dPxTP, the amplified DNA cannot be detected with the naked eye 

and a qPCR apparatus is required.    

Here we present a visual PCR detection system by improving 

the previous qPCR method, using the combination of the Ds–Px 

system and another fluorescent unnatural base, 2-amino-6-(2-

thienyl)purine (s)17,18 (Figure 1). The s base is strongly fluores-

cent, with 299 and 352 nm excitation and 434 nm emission in 

oligonucleotides (Figure 2A, lane 2).18 In contrast, the two adja-

cent s bases are self-quenched and their fluorescence completely 

disappears (Figure 2A, lane 3). However, we previously found 

that the dinucleotides of s still effectively act as a donor for fluo-

rescence resonance energy transfer (FRET), as demonstrated by 

the FRET effect between two s bases and FAM.17 Here, we exam-

ined the FRET system between two s bases and Cy3-hx-Px for a 

light on-off switch in visual PCR amplification (Figure 3). 

Figure 1. Unnatural base components for the visual DNA amplifica-

tion system. The Ds–Px pair functions as a third base pair in PCR 
(A). Fluorescent s base (B). Cy3-conjugated dPx substrate (C). 

We examined this FRET system using the combination of s 

with Cy3 (excitation: ~550 nm and emission: ~570 nm) in short 

synthetic DNA fragments (Figure 2). Upon 365 nm irradiation, no 

fluorescence was observed in the DNA fragments containing ei-

ther two adjacent s bases (ss) or Cy3 (Figure 2A, lanes 3 and 4). 

In contrast, the ss-Cy3 combination yielded strong Cy3-

fluorescence in the oligo-T (Figure 2A, lane 7 and Figure 2B). 

Even under the highly quenching conditions in the oligo-G, the 

FRET combination still functioned (Figure 2A, lane 6). Thus, we 

applied this phenomenon to visualize the PCR amplification pro-

cess.  



 

Figure 2. FRET system using a combination of the dinucleotides of 
s and Cy3. (A) Visual detection of 5 µM DNA fragments in 10 mM 
phosphate buffer (pH 7.0) with 100 mM NaCl and 0.1 mM EDTA (0.1 
ml) upon UV irradiation at 254, 302, and 365 nm. Cy3 emission 
upon 365 nm irradiation (the bottom panel) was much less than 
those upon 254 nm (the top panel) and 302 nm (the middle panel). 
(B) The fluorescence spectra of each DNA fragment with excitation 
at 365 nm.    

Figure 3. Visual PCR method using unnatural-base FRET system. 
The target DNA is amplified by PCR using a primer containing “Ds” 
and two adjacent s bases “ss”, in the presence of natural dNTPs 
and Cy3-hx-dPxTP. During PCR, Cy3-hx-dPxTP is incorporated at 
the specific position opposite Ds, close to the “ss” part, which 
allows FRET between “ss” and Cy3.  

We designed a PCR primer containing two adjacent s bases and 

one Ds base at the 5′-terminal region, in which we added two 

natural bases between ss and Ds (Figure 3 and Supplementary 

Table S1). All primers containing s and Ds were chemically syn-

thesized by the standard phosphoramidite method, using s- and 

Ds-amidites.19,20 The purity of the primers was confirmed by UV, 

HPLC, and gel electrophoresis (Supplementary Figures S1–S3). 

The one Ds and two s bases in the primers were characterized by 

the specific absorbances of Ds at 309 nm and s at 347 nm in their 

UV spectra (Supplementary Figures S2 and S3). For the PCR 

amplification, the Cy3-conjugated Px substrate (Cy3-hx-dPxTP)14 

was added to the reaction: Cy3-hx-Px was incorporated into the 

complementary strands at the position opposite Ds, yielding 

strong Cy3 fluorescence through FRET from “ss” upon 365 nm 

irradiation. This Cy3 fluorescence through FRET can be directly 

visualized with the naked eye at the end-point of PCR. In addi-

tion, as we developed previously14, Cy3-hx-dPx fluorescent inten-

sity changes can be monitored upon its incorporation into ampli-

fied DNA with a qPCR equipment.  

 First, we tested this PCR detection system using a model DNA 

template (98-mer)14 and PCR primers (Figure 4 and Supplemen-

tary Table S1). We added an AATAA(ss)GC(Ds) sequence at the 

5′-terminus of one of the primers as the detector sequence. PCR 

was performed with 30, 35, 40, 45, and 55 cycles (two steps: 5 sec 

at 94°C and 40 sec at 68°C, after 2 min at 94°C) using a series of 

different DNA template concentrations (3–3×106 copies), primers 

(1 μM each), TITANIUM Taq DNA polymerase, Cy3-hx-dPxTP 

(2 μM), and natural dNTPs (0.2 mM each). DNA amplification 

was monitored by two methods: our previous method (qPCR) 

using the fluorescent change of Cy3-hx-dPxTP upon its incorpo-

ration into amplified DNA with a qPCR equipment (Figure 4A)14 

and our new FRET method (visualization) by 365 nm irradiation 

with detection by the naked eye (Figure 4B). In the qPCR meth-

od14, the increasing Cy3 fluorescence by the Cy3-dPx incorpora-

tion is monitored using a conventional qPCR apparatus with a 

filter set for Cy3 (excitation: 560–590 nm and emission: 610–650 

nm). We confirmed the high linearity between the initial DNA 

concentration and the fold-amplification in qPCR (Supplementary 

Figure S4). In the visualization method, either with or without an 

orange filter, the Cy3 fluorescence after PCR amplification is 

easily detected with the naked eye. Three DNA copies can be 

detected by 45-cycle PCR. The visual color strengths correlated 

well with each qPCR profile (Figure 4).  

Figure 4. Visual PCR amplification. (A) Representative PCR ampli-
fication profiles monitored through the increase of Cy3 fluores-
cence intensity, which occurs when Cy3-hx-Px is incorporated 
opposite Ds in the primer. (B) After the indicated PCR cycles, the 
end-point PCR solutions in the tubes were visualized by irradiation 
at 365 nm, with and without an orange filter. 

Next, to evaluate the PCR system, we performed the single nu-

cleotide polymorphism (SNP) detection of four types of quino-

lone-resistant bacteria mutants: gyrA S81F (SgA-S81F) and parC 

S79Y (SpC-S79Y) mutants of Streptococcus pneumoniae and 

gyrA S83L (EgA-S83L) and D87G (EgA-D87G) mutants of 

Escherichia coli, as well as their wild types. For example, we 

prepared one common primer containing a detector sequence, 

AA(ss)GC(Ds)TCG (5′-SgA+ssDs), and two other primers—the 

matched sequence for the wild-type (3′-SgA-C(WT)) and the 

mutant sequence (3′-SgA-T(S81F)) (Supplementary Table S1 and 

Figure 5A and 5B). Each of these primer sequences was opti-

mized to avoid mishybridization with their non-target strands. 

We examined the detection sensitivity using various amounts 

(0.5–16 ng) of the wild-type (SgA-WT) and mutant (SgA-S81F) 

DNAs (Supplementary Figure S5) by the two methods (qPCR and 

visualization). Although the amplification efficiency of the mutant 



 

DNA was lower than that of the wild-type DNA, 0.5 ng of DNA 

(SgA-S81F) was detectable by comparing the color strengths of 

two tubes using the matched and mismatched primers. After 35-

cycle PCR, each of the wild-type and mutant DNAs (5 ng) was 

clearly identified (Figure 5). 

This visual PCR method also identified other SNP mutants 

(SpC-S79Y, EgA-S83L, and EgA-D87G) (Supplementary Figures 

S6 and S7) using the isolated DNA samples (5 ng) from wild-type 

or mutant bacteria, respectively. Furthermore, this method was 

applied to colony PCR to detect the target DNAs directly from the 

bacteria without DNA isolation. The E. coli wild-type gyrA genes 

were detected from three colonies (Supplementary Figure S8). 

Figure 5. PCR detection of a single nucleotide polymorphism in 
quinolone-resistant Streptococcus pneumoniae. Genomic DNA (5 
ng) from a wild-type strain (SgA-WT) and a quinolone-resistant 
strain (SgA-S81F, a mutation in gyrA) was PCR-amplified by qPCR 
using two primer sets, respectively, with Cy3 fluorescence moni-
toring (A–D). After 35-cycle PCR, the end-point PCR solutions in 
the tubes were visualized by irradiation at 365 nm, with and with-
out an orange filter (E). 

Hereby, we have presented a visual PCR detection system us-

ing three types of unnatural bases, enabling colorimetric SNP 

detection with the naked eye. In the system, the self-quenched 

dinucleotides of the s base efficiently act as the FRET donor, 

which is useful for further development of visualization methods.  

The amplification sensitivity of qPCR of our method is lower 

than that of the conventional qPCR system using SYBR Green 

(Supplementary Figure S9A). This is because many SYBR Green 

molecules bind to one amplified DNA, but only one Cy3-hx-Px is 

incorporated into one amplified DNA. Nevertheless, the visibility 

with naked eye of our FRET method using the unnatural base pair 

system at the end-point PCR is significantly higher than that of 

the conventional SYBR Green method (Supplementary Figure 

S9B).  

This FRET system with the “ss” and Cy3-hx-Px pair combina-

tion reduced the background misincorporation of Cy3-hx-Px dur-

ing PCR amplification. Although the fidelity (>99.9%) of the Ds–

Px pair is extremely high as a third base pair in PCR, a tiny 

amount of misincorporation (<0.1%) might occur16,21. However, if 

the misincorporation sites of Cy3-hx-Px are far away from “ss”, 

then the FRET efficiency is reduced, thus decreasing the back-

ground. As demonstrated here, this amplification method using 

the genetic alphabet expansion provides two detection methods, 

visualization and qPCR. In combination with other improved PCR 

methods22-26, such as PNA-LNA Clamp PCR22, this system could 

provide more precise and simple SNP detection.  
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