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The ultrasensitive detection of DNA is achieved by PCR-

induced evolution of a DNAzyme.

Amplification is a fundamental element of bioanalysis.

Enzymes,1–3 DNAzymes,4,5 nanoparticles6–8 and nano-scale force

interactions9 are widely used for the sensitive detection of

biorecognition events. Within this area, amplified analysis of

DNA is particularly challenging, since it can provide an effective

means to detect pathogens, analyze genetic disorders, and be used

for forensic applications.

There is a continuous impetus to improve the polymerase chain

reaction (PCR) process by providing fast and reliable methods for

in situ monitoring and quantification of the analyte nucleic acids.

Ingenious approaches that apply tailored photonically active

primers10 or DNAzyme units11 have been reported. The QZyme

technology11 includes the complementary sequence to DNAzyme

as part of a primer, and its replication leads to the DNAzyme. The

resulting DNAzyme triggers the cleavage of an internally-

quenched donor–acceptor oligonucleotide that acts as a fluorescent

reporter for DNA analysis. An alternative approach utilises an

internally-quenched hairpin nucleic acid tethered to the PCR

primer. Upon the replication of the template and the subsequent

opening of the hairpin loop, followed by hybridization to the

product, a fluorescent scorpion-type structure is formed which acts

as the reporter for DNA analysis.10

We report on a novel approach to monitor and quantify PCR

products, using a DNAzyme label that yields colorimetric or

chemiluminescent readout signals. The novel method, an alter-

native to the Real-Time polymerase chain reaction (Real-Time

PCR), is applied to detect y40 molecules of M13 phage DNA in a

sample of 50 ml.

PCR provides a general protocol for amplified detection of

DNA, and Real-Time PCR allows quantification of analyte

nucleic acids. In Real-Time PCR fluorescent-labeled primers or

intramolecular quenched ‘‘hairpin’’ primers, that are ‘‘lightened-

up’’ upon the PCR process, are commonly used as active labels for

the PCR process.12–15 Besides the high cost of the modified

primers, the sensitivity of the method is controlled only by the

PCR. The specific DNAzyme employed in our study is a nucleic

acid G-quadruplex structure that binds hemin to yield a complex

that mimics peroxidase activities.16,17 The DNAzyme catalyzes the

oxidation of 2,29-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid),

ABTS22, by H2O2, to a green colored product or leads, in the pre-

sence of H2O2/luminol, to the generation of chemiluminescence.18

The method for the amplified detection of the M13 phage DNA

is depicted in Fig. 1. The primer 1 includes a nucleic acid segment

(green) complementary to the M13 phage DNA analyte, and is

linked by a nucleic acid sequence (light green) and an

oxyethyleneglycol bridge (blocker, red) to the nucleic acid

exhibiting the DNAzyme sequence (light blue). The DNAzyme

sequence forms a hairpin structure with the other end of the

primer, thus prohibiting the active DNAzyme structure. The PCR

cycle includes the replication of the double-strand between 1 and

the analyte (target DNA) and the separation of the double-strand.

Subsequently, the synthesized template is hybridized with the

second primer 2 that includes a nucleic acid segment (black)

complementary to the template, a sequence (light green) linked

through the oxyethyleneglycol (blocker, red) tether to the
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Fig. 1 Scheme for the amplified detection of DNA by the PCR

replication of DNAzyme-containing units and their analysis by colori-

metric or chemiluminescence methods.
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DNAzyme sequence (light blue). As before, the hairpin structure

prohibits the generation of the G-quadruplex DNAzyme structure.

Subsequent polymerization, in the presence of polymerase,

replicates the template, and the process results in the zipping off

of the hairpin structure. This leads to the formation of the

G-quadruplex structure that, upon intercalation of hemin, yields

the active DNAzyme. Thus, by the application of the two primers

1 and 2, the respective nucleic acid templates are continuously

generated by the appropriate replication/thermal cycles. Note that

the polymerization of the respective templates is always terminated

at the oxyethyleneglycol tethers (blocker). Thus, free single-

stranded nucleic acid residues that yield, in the presence of hemin,

the peroxidase-mimicking DNAzyme are generated.

Fig. 2 shows the time-dependent oxidation of ABTS22 by H2O2

catalyzed by the DNAzyme templates generated after 30 PCR

cycles of 1.5 min, and using different concentrations of the analyte

M13 phage DNA. As the concentration of the M13 phage DNA is

higher, the oxidation of ABTS22 is enhanced, implying a higher

content of the active DNAzyme units. The system in its present

composition reaches optimal DNAzyme activities at a concentra-

tion of M13 phage DNA, which corresponds to 3 6 10212 M; and

higher analyte concentrations have a minute effect on the rate of

the ABTS22 oxidation. This is due to the rapid consumption of the

added nucleotide bases that yield similar amounts of the active

DNAzyme. Fig. 2, inset, shows the visual colorimetric detection of

different concentrations of the M13 phage DNA. Fig. 2 curve (f)

shows the rate of ABTS22 oxidation upon the application of the

primers 1 and 2 to analyze the foreign Calf Thymus DNA, 3 6
10212 M, and subjecting the system to the same number of thermal

cycles used to analyze the M13 phage DNA. A minute rate of

oxidation of ABTS22 is observed. In fact, the same low rate of

ABTS22 oxidation is observed upon the application of hemin only,

or the foreign Calf Thymus DNA–hemin mixture itself as catalysts

for the H2O2-mediated oxidation of ABTS22. Thus, the low

intensity color signal, observed upon analyzing the foreign DNA

may be attributed to the inefficient oxidation of ABTS22 by free

hemin. This low absorbance due to the oxidation of ABTS22 by

free hemin may be considered as the background color of the

system. Taking into account the volume of the M13 phage DNA

that is analyzed, the experimental detection limit translates to

90 molecules of analyte in the 50 ml sample.

Fig. 3(A) depicts the results of a similar experiment using the

DNAzyme-stimulated generation of chemiluminescence in the

presence of H2O2–luminol. As the concentration of the analyte

increases, the content of the PCR-induced replicated templates that

include the G-quadruplex DNAzyme structures increases, and the

biocatalytic generation of chemiluminescence by the DNAzyme–

hemin complex is enhanced. In these experiments, we maintain the

Fig. 2 Time-dependent absorbance changes resulting from the oxidation

of ABTS22, 1.82 6 1024 M, by H2O2, 4.4 6 1025 M, in the presence of

hemin, 4 6 1027 M, and the DNAzymes formed upon the analysis of

M13 phage DNA: (a) 3 6 10210 M (b) 3 6 10212 M (c) 3 6 10214 M (d)

3 6 10216 M (e) 3 6 10218 M (f) Analysis of the foreign Calf Thymus

DNA 3 6 10212 M. In all experiments 30 PCR cycles consisting of

denaturation, 94 uC, 30 s; annealing, 55 uC, 30 s; polymerization, 68 uC,

30 s, were employed. Inset: Images of the colored solutions generated by

the replicated DNAzyme products upon analyzing the respective systems.

Fig. 3 (A) Chemiluminescence intensities generated by the DNAzyme-

labeled replicas formed upon analysis of M13 phage DNA: (a) 1.2 6
10210 M (b) 1.2 6 10212 M (c) 1.2 6 10214 M (d) 1.2 6 10218 M (e)

Control experiment analyzing the foreign Calf Thymus DNA, 1.2 6 10212

M. In all experiments hemin, 1 6 1029 M, H2O2, 3 6 1022 M, and

luminol, 5 6 1024 M, are included in the analyzed reaction media. All

experiments involved 30 PCR cycles, as described in the caption of Fig. 2.

(B) Chemiluminescence intensities generated by systems analyzing M13

phage DNA, 1.2 6 10218 M, and employing different numbers of PCR

replication cycles.
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concentration of hemin at a low level, corresponding to 1 6
1029 M, to generate a low intensity of chemiluminescence

background generated by the hemin–luminol–H2O2 system itself.

In fact, the chemiluminescence intensity levels-off at a concentra-

tion of M13 phage DNA which corresponds to 1.2 6 10212 M.

This originates from the fact that the hemin concentration is

limited, and is fully consumed in generating the active DNAzyme

at high concentrations of the analyte. It should be noted that the

M13 phage DNA at a concentration of 1.2 6 10218 M (that

corresponds to y36 copies in the sample) is detected with a signal-

to-background ratio corresponding to 4, upon analyzing the

control sample of Calf Thymus DNA at a concentration of 1.2 6
10212 M(!!!). The effect of the number of PCR cycles on the

intensity of emitted chemiluminescence was examined too.

Fig. 3(B) shows the intensity of the emitted chemiluminescence

upon analyzing M13 phage DNA, 1.2 6 10218 M, using a

variable number of PCR cycles. A non-linear increase in the

chemiluminescence intensity is observed, and after 36 PCR cycles,

the emitted light intensity levels off to a constant saturated value.

This is due to the consumption of hemin by its incorporation into

the DNAzyme units. The reproducibility of the analytical

procedure is very good, and within a set of eight experiments,

analyzing 3610214 M of the M13 phage DNA, the color or

chemiluminescent signals were within a range of ¡4%.

The replication of the DNAzyme-functionalized templates was

confirmed by electrophoretic experiments. Fig. 4 shows the

denaturating electrophoresis of the generated PCR products

consisting of the labeled DNAzymes formed upon analyzing

different concentrations of the viral DNA, while performing

30 PCR cycles. Runs (b) to (f) show the DNAzyme-labeled

products (consisting of ca. 242 bp being replicated, tethered to a

DNAzyme label composed of a single-stranded sequence of

23 bases). As the content of the analyzed DNA is higher, the

intensity of the electrophoretic band is enhanced. The appropriate

product-band is clearly visible upon the analysis of the M13 phage

DNA at a concentration of 3 6 10218 M. Run (a) shows the

negative electrophoretic control experiment, where the Calf

Thymus DNA, 3 6 10212 M, is analyzed according to Fig. 1

using 1 and 2 as the primers. No band is formed in this system,

indicating that no replication occurred.

In conclusion, the present study introduces a novel method to

quantify PCR products. While the Real-Time PCR method allows

the continuous analysis of the replication process, it suffers from

fundamental limitations encountered with the expensively tailored

primers and the need for expensive instrumentation. Our method

introduces an alternative protocol that allows the time-dependent

withdrawal of PCR samples and the quantitative analysis of the

products by colorimetric or chemiluminescent reactions of the

generated DNAzymes. The formation of the DNAzymes in our

systems represents a further advantage, since the resulting catalysts

amplify the recognition events by their colorimetric or chemilumi-

nescence readout signals. We note, however, that the DNAzyme-

mediated reactions used in our study employ H2O2 as co-substrate.

This ingredient is certainly a disadvantage, as it is not compatible

with the PCR reaction, thus allowing the readout of the process

only through the analysis of the final end-point product. The

paradigm of the PCR replication of DNAzymes that act as

effective catalytic reporter units may be extended to other

DNAzymes. Although at this phase it is premature to assess the

cost-effectiveness of the primers used in the present study and the

internally-quenched reporters used in the other Real-Time PCR

system, a rough estimation suggests that the cost of our primers is

less than 50% of the price of currently available reporters. We

believe that the method has broad applicability for rapid, easy,

quantitative, and ultrasensitive, analysis of any DNA.
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Fig. 4 Agarose-gel electrophoresis of the DNAzyme-labeled replicated

DNAs (30 replication cycles) formed upon the analysis of M13 phage

DNA: (b) 3 6 10210 M (c) 3 6 10212 M (d) 3 6 10214 M (e) 3 6 10216 M

(f) 3 6 10218 M. Run (a) corresponds to the analysis of the control foreign

Calf Thymus DNA, 3 6 10212 M.
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