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Abstract

In the present study, a highly sensitive and specific bio-sensing platform for
enzyme-free and colorimetric detection of nucleic acids was developed. The
biosensor is composed of two DNA nanostructures and two fuel strands that
construct the foundation of a feed-forward catalytic DNA circuit. Upon binding
the target strand to a specific DNA nanostructure, the circuit is run in order
that at the end a hemin-binding aptamer, with the ability to convert a colorless
substrate into a colored substance is released. Based on this strategy, 4 pM of
the target DNA can be easily detected in serum samples by naked eyes after
only a two-hour incubation with the circuit; meanwhile, if the incubation time
is extended to three hours, the biosensor can detect 1 pM of the target DNA.
Besides the elevated sensitivity, the circuit can truly discriminate a spurious
target containing one nucleotide mismatch with high specificity. Overall, the
enzyme-free catalytic DNA circuit could be used as a sensitive alternative
method to enzyme-based biosensors for the specific and cost-effective detection

of nucleic acids.

Keywords: Colorimetric Detection, Nucleic Acids, HRP-mimicking DNAzyme,

Feed-forward Catalytic DNA Circuit, DNA Circuit, Toehold Exchange



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1- Introduction

One of the main aspects of living cells is their ability to transduce and amplify
a low extracellular signal to a huge intracellular response. The discovery of
such phenomena in living organisms has inspired researchers to develop signal
amplifiers that are able to detect a low concentration of an input biomolecule
for producing a high signal output. In this respect, several signal amplification
strategies have been exploited for bio-sensing of nucleic acids, including
enzyme-mediated signal amplification [1-3], mnanoparticle-based signal
enhancement [4, 5], DNA template reactions [6], and enzyme-free nucleic acid
circuits [7, 8]. Among them, enzyme-free DNA circuits due to robustness across
diverse conditions [9, 10], low cost in terms of dependency to sophisticated
reagents such as protein enzymes, and programmability of the reaction
networks [11, 12] have recently become more popular.

Non-enzymatic nucleic acid circuits can be divided based on the reaction
strategy into three major classes, including entropy-driven catalysis (EDC),
hybridization chain reaction (HCR), and catalytic hairpin assembly (CHA) [13].
The functional part of all classes is a single-stranded toehold domain
containing between 3 and 8 nucleotides that binds to an input nucleic acid [14-
16]. Upon binding of the toehold, a reversible strand displacement reaction
occurs between the target and one or more pre-hybridized strands. However,
these amplifiers in the basic format have not been sensitive enough to be used
in diagnostic applications. To further improve signal amplification, in the

present study, an amplification strategy by combining a two-layer catalytic
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DNA circuit with an HRP-mimicking DNAzyme sequence was developed. The
assay provides a highly sensitive, highly specific, enzyme-free and colorimetric
detecting platform for nucleic acids.

Figure 1 represents the analytical framework of the feed-forward catalytic DNA
circuit for the detection of nucleic acids. The circuit is composed of two
substrate nanostructures, S1 and S2 and two fuel strands, F1 and F2 (each
DNA sequence contains several functional domains labeled numerically) (Table
S1). The reaction is initiated by hybridization of a target strand T to the toehold
domain 1* on the S1 complex. After binding, a strand displacement reaction
can occur between domain 2 of the T strand and a pre-hybridized strand, PI-1,
on S1 complex. Then, domain 3 of the PI-1 spontaneously dissociates and
provides a binding site for domain 3 of the F1 strand. With a new toehold-
mediated strand displacement reaction, the other pre-hybridized strand, PI-2,
is released and enters the second layer of the circuit. In addition, upon
hybridization of the F1 strand, the T strand is also dissociated and enters a
new cycle of PI-2 generation. At the second layer, PI-2 acts as the input and
triggers the release of a sequestered HRP-mimicking DNAzyme sequence from
S2 complex. Here, PI-2 is also released in a manner like the T strand. In this
feed-forward circuit (the output of one layer serves as the input for the
subsequent layer), a single target can generate many PI-2s and activate many
DNAzyme molecules. Based on this strategy, the two-layer DNA circuit can
detect a target DNA 150 times more sensitive than the one-layer DNA circuit.

2- Materials and Methods



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

2-1 Reagents

DNA oligonucleotides designed in this study were synthesized by Bioneer Co.
(South Korea), which were purified by the polyacrylamide gel electrophoresis
(PAGE) method. Table S1 represents the domain sequences of the circuit. 2, 2'-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and hemin were
purchased from Sigma-Aldrich Chemical Co. (USA). The hemin stock solution
was prepared in dimethyl sulfoxide (DMSO) and stored in the dark at -20 °C.

All other reagents were of analytical grade.

2-2 Colorimetric measurements

To construct substrate nanostructures, each strand participant in the
structure was mixed in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) Buffered Saline (HBS; 10 mM HEPES buffer containing 200 mM NaCl, 20
mM KCl and 1.5 mM MgClz, pH 7.4). The samples were heated to 95 °C and
slowly cooled down to 25 °C at the rate of 1 °C/min. The annealed
nanostructures were purified by non-denaturing PAGE based on Qian
procedure with some modifications [17]. To obtain better yields in gel
purification, the DNA nanostructures were prepared at a high concentration of
their components (40 pM of each oligonucleotide). After hybridization, the
substrate complexes were loaded on 12% mnon-denaturing PAGE (19:1
acrylamide: bisacrylamide, 240 pL ammonium persulfate, and 24 puL
Tetramethylethylenediamine (TEMED)). The gels were stained with ethidium

bromide, and then visualized under UV light. The proper band of the
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substrates were cut out and eluted in 2 mL of HBS buffer for 2 days. The
purified nanostructures were quantified by measuring the absorbance intensity
at 260 nm [17]. A solution containing 300 nM of each substrate nanostructure
and 350 nM of each fuel strand were mixed with different concentrations of the
target strand T (from 1 pM to 50 nM) for 3 hours at 37 °C. Hemin was added to
the solution at the final concentration of 300 nM and incubated for another 30
min. Then, the peroxidase-mimicking reaction was started by the addition of 2
mM H202 and 2 mM ABTS. The colorimetric result was measured at 414 nm

after 10 min incubation, using a BioTek Microtiter plate reader.

2-3 Analysis of the circuit behavior with PAGE

Non-denaturing PAGE was performed on 12% acrylamide (19:1 acrylamide:
bisacrylamide) to analyze the substrates and circuit behavior. Non-denaturing
loading dye containing 0.04 g Bromophenol Blue in 50% glycerol was added in
a ratio of 1:5 (V/V) to the samples. The electrophoresis was run in Tris-acetate
EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1.5 mM MgCl> and 1 mM
EDTA, pH 8.0) at 180 V for 1 hour. The gels were stained with ethidium

bromide for 30 min, and then visualized by a gel documentation system.

2-4 The detection of target strand in artificially spiked serum samples

In order to analyze the efficiency of the biosensor in biological samples, several
serum samples were harvested and diluted with HBS containing 1 mM EDTA at
1:6 ratio. The diluted samples were artificially spiked with different

concentrations of the target strand. To the samples, 300 nM of each substrate
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nanostructure and 350 nM of each fuel strand were added and incubated for 3
hours at 37 °C. Then, hemin was added at a final concentration of 300 nM for
30 min. Finally, the reaction was started by the addition of peroxidase
substrate (2 mM H202 and 2 mM ABTS), and the absorbance was measured at

414 nm after 10 min incubation [21].

3- Results and discussion

In the present study, a two-layer catalytic DNA circuit that provides a highly
sensitive and specific detecting platform for nucleic acids was developed. The
target nucleic acid triggers to run a cascade of DNA strand displacement
reactions in a way that at the end a hemin binding aptamer is released. The
aptamer folds into a G-quadruplex peroxidase-mimicking DNAzyme, namely
PW17 (domains 11—10—9 in Figure 1), that has recently been used for
designing various colorimetric and chemiluminescent assays [18-21]. One of
the challenges regarding the use of guanine-rich sequences in the design of
DNA circuits is the folding of the sequences by unpredictable non-canonical
base-pairs [22]. In this respect, | made minimal use of the guanine repeats in
the design of the circuit, except for the DNAzyme sequence. For instance, the
F2 strand that was similar to a part of the DNAzyme sequence was truncated
by removing the domain 10 from its 5’ end. Although this trimming seems to
thermodynamically disfavor the circuit function, the strand displacement

reactions proceed acceptably well to release the aptamer sequence.

3-1 Analysis of the circuit behavior with PAGE
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At first, the efficacy of the circuit was analyzed by non-denaturing PAGE. As
shown in Figure S1, in the absence of the target strand, almost no reaction
between fuels and substrate nanostructures occurred even after a prolong
incubation. This means that the substrate nanostructures are stable in the
solution medium. Meanwhile, in the presence of the target strand, the
substrate nanostructures are consumed and new electrophoretic bands
belonging to the hemin-binding aptamer as well as waste products appear.
These results indicate that the target strand can properly run the circuit in

order to release a large number of the aptamer molecules.

3-2 Optimizing the concentration of the fuel strands

Since the fuel strands provide the running energy of the circuit, the optimum
concentration of those components must be determined. In this respect, 300
nM of each substrate complex and 0.3 nM of the target strand were mixed with
different concentrations of the fuel strands ranging from 300 to 360 nM. The
optimum concentration of the fuel strands was determined to be 350 nM and

used for other circuit optimizations (Figure S2).

It should be noted that in order to obtain the optimal concentration of the
substrates, different concentrations of the DNA nanostructures (0O to 500 nM,
interval 50 nM, and 1:1 ratio) were incubated with 1 pM target DNA (the LOD
value) for 3 hours. The results revealed that the absorption intensity gradually
increased as the substrate concentration increases from 50 to 300 nM (data

not shown). In concentrations higher than 300 nM, however, absorption
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intensity does not experience any changes. This concentration was chosen as

the optimal one.

3-3 Optimizing the incubation time

The performance of the toehold exchange circuits is strongly dependent on the
assembly time. To optimize the time of the reaction, the absorbance intensity of
the biosensor in the presence of the target and non-complementary strands (as
the negative control) for 3 hours was recorded. In Figure S3, the plot of
absorbance versus time was represented for 0.3 nM of the target DNA. In this
concentration, the largest signal to background ratio was obtained after a 1.5-
hour incubation. However, I have reported the incubation time needed for the
appearance of a detectable signal for 4 pM of the target DNA. Based on my
experiments, the given signal was achieved after a 2-hour incubation. The
detection limit of catalytic strand displacement-based assays (the strategy used
in this study) heavily depends on the incubation time for interaction between
the target and metastable DNA nanostructures [7]. Since in these methods, the
depletion of the DNA nanostructures and the fuels halts the reaction, different
initial concentrations of the target can consume all the substrates in different
incubation times. Therefore, the plot of absorbance versus incubation time for
lower concentrations of the target DNA reaches to plateau at longer incubation

times.

3-4 Optimizing the toehold length
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The behavior of toehold exchange circuits can be controlled by the length and
the sequence of toehold domains (binding energy between toehold domain and
its complementary counterpart) [15]. In this system, the properties of the
target- and fuel-binding toeholds (domains 1* and 3* for the first layer and
domains 5* and 7* for the second layer, respectively), especially toehold
domains belonging to the first layer, determine the overall sensitivity and
specificity of the circuit. In this respect, Song and coworkers conducted a study
to find the optimum length and sequence of these toehold domains [23]. For a
sequence with a 50% GC content, they found that the highest discrimination
capability between perfect and spurious targets is achieved when the target-
and fuel-binding toeholds are chosen with n and n-1 nucleotides, respectively.
In the experimental conditions of the Song’s system, the best value for n was
determined to be 6 nucleotides. Since in the present system, the experimental
conditions are different from the Song’s system, we designed different target
strands (T8/7, T7/6, and T6/5) that bind to 8, 7, and 6 nucleotides of the
target-binding domain and leave 7 to 5 nucleotides as the fuel-binding domain
on the S1 nanostructures, respectively (Figure S4). The target strands were
separately added to the two-layer DNA circuit and the effect of toehold lengths
on the circuit behavior was analyzed by releasing the hemin-binding aptamer
in a colorimetric signaling readout. As shown in Figure 2, the highest signal to
noise intensity is achieved with a target- and fuel-binding toehold containing 8

and 7 nucleotides, respectively.
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It should be noted that the signal intensity of T9/8 (for other set of the
substrate) was also obtained. The results showed that the signal intensity of

T9/8 was slightly lower than the T8/7 (data not shown).

The results of a semi-empirical study conducted by Zhang and Winfree showed
that in 1 M NaCl (or 11.5 mM MgCly) and 25 °C, toeholds longer than 7
nucleotides have no effect on the rate of toehold exchange reaction [15]. Based
on different studies, deviation from 1 M NaCl and 25 °C to lower salt
concentrations and higher temperatures can decrease the rate of DNA
association and increase the rate of DNA dissociation reactions [24-26]. In the
experimental conditions used in this study (0.22 M Na*/K*, 1.5 mM MgCl, and
37 °C), which were selected based on the optimum condition of the HRP-
mimicking DNAzyme reaction [27-34|, the DNA hybridization reaction
proceeded in a way that the DNA melting reaction is favored over 1 M NaCl and
25 °C. To compensate for this issue, the selection of longer toeholds helps
improve the behavior of the DNA circuit, especially via a decrease in the rate of

DNA melting reaction.

3-5 Analyzing the sensitivity of the circuit

In order to find the sensitivity of the biosensor, we defined a limit of detection
(LOD) for the two-layer DNA circuit in the optimum conditions (350 nM of the
fuel strands and a 2-hour incubation time). The LOD of the biosensor was
established based on the mean values plus three standard deviations of the

negative controls (non-complementary strand). In this respect, absorbance
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values greater than 0.085 were considered positive and values equal or lower
than 0.085 were considered as negative. Different concentrations of the target
strand (from 1 pM to 30 nM) were added to the circuit solution at the optimum
conditions. The results showed that the two-layer circuit can detect target DNA
with an LOD value equal to 4 pM (Figure 3). It should be noted that if the
incubation time is increased to 3 hours, the biosensor can detect the target

strand with an LOD value equal to 1 pM.

In order to evaluate the sensitivity of different layers of the biosensor, we
implemented a one-layer DNA catalytic circuit containing the reagents
belonging to the second layer of the biosensor. Different concentrations of the
PI-2 strand, which acts as the input for the second layer, entered the circuit
and the LOD of the second layer was solely measured. As shown in Figure 3,
one-layer DNA circuit can detect DNA with an LOD value equal to 600 pM.
Based on this analysis, it can be concluded that the two-layer DNA circuit can

detect DNA 150 times more sensitive than the one-layer catalytic DNA circuit.

3-6 Analyzing the specificity of the circuit

In addition to the stability of toehold domain, the position of mismatch
nucleotides from the toehold domain is another factor which can determine the
capability of toehold exchange DNA circuits for mismatch discrimination [9]. To
investigate the influence of mismatch position on discrimination capability, we
designed three spurious targets where the mismatch nucleotides were located

at the position 3, 6, and 9 of the displacement domain 2 of the target strand.

12
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These positions were respectively referred to as the proximal (close to the
toehold domain 1%), intermediate, and distal mismatches (Table S1). To
evaluate the discrimination capability of the biosensor, we defined a
discrimination factor (DF) based on (AbsT-AbsM)/(AbsT-AbsN), where AbsT,
AbsM and AbsN are the absorbance intensities produced by the addition of
complementary target (T), mismatched target (M), and the non-complementary
strand (N), respectively (DF ranges from O to 1). The results showed that the
proximal and intermediate mismatches have a similar DF close to 1 (0.98),
while the distal mismatch has a DF of 0.85 (Figure 4). The discrepancy between
the DF of proximal and distal mismatches can be interpreted by a change in
the kinetic of DNA toehold exchange. Generally, any mismatch can provide an
energy barrier for DNA toehold exchange reactions; however, a mismatch closer
to the toehold domain presents a higher kinetic barrier than others [35, 36]. In
this respect, it is suggested that the mismatched nucleotides of the target be

located at the proximal or intermediate position when a circuit is designed.

3-7 Strategies to suppress the circuit leakage

In addition to these challenges, fuel-substrate leakage can decrease the signal
to noise ratio in a toehold exchange circuit. In this type of circuit leakage, fuel
strands react directly with the substrate nanostructures, yielding DNAzyme
even in the absence of target strand. This is mostly due to base breathing near
the end of helices, which provides a binding site for the fuel strands. To

overcome this type of circuit leakage, we introduced G or C nucleotides at the

13
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start and at the end of the fuel binding domains, that strongly suppress the
blunt-end strand exchange reactions [10, 17]. The experimental results also
confirmed this design rule so that the absorbance of negative control samples

makes almost no changes during the reaction time.

3-8 Detection of target strand in serum samples

To evaluate the feasibility of the biosensor for detecting target DNA in a natural
environment, several diluted serum samples were spiked with different
concentrations of the target strand. The results of the target detection in the
pure buffer were compared with a real biological sample. As shown in Figure 5,
the absorbance intensities of the positive and the negative controls in serum
samples were slightly higher than the pure buffer. Meanwhile, the LOD of the
assay in this specimen was determined as low as 4 pM, which is similar to that
found for the pure buffer. Recently, Zheng and co-workers have developed an
enzyme-free signal amplification DNA circuit based on the catalytic hairpin
assembly [21]. Their results showed that the signal intensity in saliva samples
is significantly higher than the signal in a pure buffer for a given concentration.
The authors have not provided any accounts of or justification for their results;
but I surmise that the reason is related to the presence of proteins and other
molecules, which act as crowding agents to increase the kinetic of the DNA
strand displacement reaction. The increase in the rate of DNA strand

displacement as a result of the presence of the molecular crowders has led to
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more signals obtained over the same time course from a given concentration of

the target DNA in serum samples.

Free DNA is known to be rapidly degraded by nucleases in serum, with a half-
life varying from a few minutes to several hours. As a solution, I applied two
strategies: 1) The serum samples were diluted in order to partially inhibit the
nucleases [37], and 2) Serum samples were diluted in a solution containing
“EDTA” [38]. Most single-strand-specific nucleases are either metalloenzymes
or metal-requiring enzymes, and hence they are strongly inhibited by metal
chelators like EDTA, EGTA, citrate and 8-hydroxyquinoline [39]|. These two

strategies guarantee the stability of single —stranded DNA in serum samples.

3-9 Generalizability of the signal amplification strategy

The signal amplification strategy presented in this study can be optimized for
any nucleic acid with any length and sequence. It is well known that the trace
amounts of circulating DNA and RNA are present in human blood [40]. The
most potent target for present signal amplification system is microRNAs. A
microRNA is a small non-coding RNA molecule (containing about 22
nucleotides single-stranded RNA) is found in plants, animals, and some
viruses. In 2008, it was discovered that microRNAs are also present in human
blood, where they were detected in plasma, platelets, erythrocytes, and
nucleated blood cells [41]. The circulating microRNA increases in several
diseases, including cancers [42], cardiovascular diseases [43], and microbial

infections.
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For longer DNA/RNA molecules or nucleic acids with specific secondary
structures, however, the target must be, firstly, confined on the solid surface
by, for instance, biotin-labeled oligonucleotides [1]. Then a second
oligonucleotide, which contains a target-specific region and a wuniversal
translator [14], was added to the surface-confined target molecule. After
hybridization of the target-specific region of the second oligonucleotide, the
universal translator is overhung, and it can be used as a T8/7 target to

produce a plenty of DNAzyme molecules.

Conclusion

In the present study, we developed a highly sensitive and specific bio-sensing
platform on the basis of DNA catalytic circuit for the enzyme-free and
colorimetric detection of nucleic acids. Four picomolars of the target DNA can
be evaluated by naked eyes after only a 2-hour incubation with the circuit;
meanwhile, if the incubation time is extended to 3 hours, the biosensor can
detect 1 pM of the target DNA even in a complicated matrix such as serum
samples. Since in the field of molecular diagnostics, enzyme-based
amplifications tend to provide highly sensitive and specific detecting platforms,
we compared the properties of these methods with the enzyme-free nucleic acid
biosensors. As shown in Table 1, in comparison with the enzyme-free two-layer
DNA circuit, the enzyme-based amplification systems provide an approximately
10-fold enhanced sensitivity and a slightly faster analysis time. However, the

enzyme-free catalytic circuits provide a highly selective and cost-effective
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platform for the detection of nucleic acids. It seems that the feature of
molecular diagnosis can take advantage of enzyme-free DNA circuit to make
clinical decisions more logically than today. In this respect, such studies help
reveal the potential capabilities of enzyme-free DNA circuits for use in clinical

diagnosis.
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Figure legends

Figure 1- Schematic illustration of the two-layer feed-forward catalytic DNA
circuit. Each DNA sequence contains several functional domains labeled
numerically. Upon binding of the target strand to the DNA nanostructure S1,
the circuit is run in order that at the end a hemin-binding aptamer, with the

ability to convert a colorless substrate into a colored substance, is released.

Figure 2- Effects of different target strands with different toehold lengths on
the signal intensity of detection system. The bars represent the intensity of
absorbance at 414 nm with different target strands (T8/7, T7/6, and T6/5) (0.3

nM) and negative control.

Figure 3- Comparison between the detection sensitivity of the two-layer feed-
forward catalytic DNA circuit (Two-layer in graph) and the second layer of the
circuit (One-layer in graph). Cut-off value represents the limit of detection for

the circuits.

Figure 4- Signal intensity of two-layer catalytic DNA circuit at 414 nm in the
presence of 0.3 nM target strand (T), 10 nM non-complementary strand
(Negative) 10 nM proximal mismatched target (Proximal), 10 nM intermediate

mismatched target (Intermediate), and 10 nM distal mismatched target (Distal).

Figure 5- Target DNA detected by two-layer catalytic DNA circuit in buffer and
in 1:6 dilution of serum samples. The graphs represent the difference in

absorbance intensity of the target DNA and the cut-off value in the pure buffer
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and serum samples. The concentration of S1 and S2 was 300 nM and the

concentration of the fuel strands was 350 nM.

Supplementary Figure Legends

Figure S1- Non-denaturing PAGE (12%): from left to right; lane 1- 10 bp DNA
Ladder, lane 2- S1 nanostructure, lane 3- S2 nanostructure, lane 4- 300 nM
S1+ 300 nM S2+ 350 nM of each fuel strands (after a two-hour incubation),
lane 4- 300 nM S1+ 300 nM S2+ 350 nM of each fuel strands + 0.3 nM of the

Target strand T (after a two-hour incubation).

Figure S2- Effect of the fuels concentration on the signal intensity of the
detection system. The graph represents the intensity of absorbance at 414 nm
with target strand (0.3 nM). The concentration of S1 and S2 was 300 nM. The

concentration of the fuel strands varied from 300 nM to 360 nM.

Figure S3- Effect of the assembly time on the signal intensity of the detection
system. The bars represent the intensity of absorbance at 414 nm with (0.3
nM) or without the target strand. The concentration of S1 and S2 was 300 nM

and the concentration of the fuel strands was 350 nM.

Figure S4- The position of different target strands (T8/7, T7/6, and T6/5) on

the S1 nanostructure.
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Table 1- Comparison of different enzyme-based and enzyme-free bio-sensing
strategies for detection of nucleic acids.

System Detecting Assay Detecting LOD (M) Ref.
strategy time (h) indicator

PCR*-HRP Enzyme-based 2 Colorimetric 1 x 10-10 [31]
mimicking
DNAzyme

EXPAR**-HRP  Enzyme-based 1 Colorimetric 2.5 x 10-12 [32]
mimicking
DNAzyme

RCA***-HRP Enzyme-based 2 Colorimetric 1 x 10-13 [33]
mimicking
DNAzyme

HCR-HRP Enzyme-free 2 Colorimetric 7.5 x 10-° [34]
mimicking
DNAzyme

CHA-HRP Enzyme-free 2 Colorimetric 2 x 10-11 [21]
mimicking
DNAzyme

Two-layer Enzyme-free 2 Colorimetric 4 x 10-12 Present study
catalytic
circuit

* PCR: Polymerase Chain Reaction
**EXPAR: isothermal EXPonential Amplification Reaction
***RCA: Rolling Circle Amplification
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Highlights

« A catalytic DNA circuit for enzyme-free and colorimetric detection of
nucleic acids

» The circuit can detect 4 pM of the target DNA after a 2-hour incubation

¢ The circuit can truly discriminate a spurious target with one nucleotide
mismatch



