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	 We newly developed a histamine-triggered electrochemical switching aptazyme by utilizing 
a hemin molecule and a hemin-targeting aptamer (AptDNA) complex (hemin/AptDNA).  We 
spectroscopically and electrochemically found that the electroactivity of hemin/AptDNA is 
suppressed or restored in the presence or absence of histamine, respectively.  The observed 
hyperchromicity of the Soret band of hemin at 404 nm showed the interaction of hemin with 
the G-quadruplex structure of AptDNA.  The absorbance at 418 nm for the hemin/AptDNA 
solution increased in the presence of dihydrogen peroxide (H2O2) and 2,2’-azinobis(3-
ethylbenzothiozoline)-6-sulfonic acid (ABTS), where the colorless ABTS2– was oxidized to 
the green ABTS•–.  These results led us to conclude that hemin/AptDNA worked as a redox 
aptazyme for the redox reaction of H2O2 and ABTS.  The presence of histamine inhibited 
this reaction.  This was also electrochemically ascertained.  Electrochemical investigation 
demonstrated that the reduction reaction of H2O2 was facilitated by hemin/AptDNA compared 
with the case of AptDNA and that the reaction was restrained by the addition of histamine 
to the solution.  These spectroscopic and electrochemical investigations revealed that the 
electroactivity of hemin/AptDNA is switched on/off in the presence/absence of histamine as a 
redox aptazyme, respectively.

1.	 Introduction

	 In the last few decades, oligonucleotide detection was investigated as indicators of chemical 
toxicity and for biomedical diagnosis.  For testing chemical toxicity, cell-based assays are widely 
performed using model cells exposed to chemicals and are based on oligonucleotide detection 
techniques for DNAs and RNAs reflecting biological responses to chemical stimuli.(1,2)  Among 
biomedical diagnoses, cancer diagnosis is one of the attractive applications of oligonucleotide 
detection, where micro-RNAs (miRNAs), emerging in the past decades, are present in the blood 
of cancer patients and can be utilized as cancer biomarkers specific to the types and stages of 
cancers.(3,4)
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	 For faster and simpler detection, a great deal of research has been carried out for the 
development of oligonucleotide detection techniques based on various approaches, including 
microgravimetric, optical, and electrochemical techniques.(5)  In particular, electrochemical 
techniques have remarkable merits in terms of the simple design and size reduction of detection 
systems.(6)

	 We have studied electrochemical oligonucleotide detection sensing techniques, 
without labeling target oligonucleotides, aiming at the simple and rapid detection of target 
oligonucleotides.  Recently, we have developed “switching probe molecules”, i.e., artificially 
synthesized probe molecules with redox active moieties switching electrochemical signals on or 
off upon hybridization with target oligonucleotides.(7)  One is the probe with a ferrocene moiety (Fc) 
at the probe terminal.(8,9)  Before hybridization, the flexible single-stranded (ss) probe structure 
allows the terminal Fc to access the electrode surface and yield the redox current for Fc redox 
reaction.  After hybridization, in contrast, the formation of a double-stranded (ds) probe/target 
pair inhibits the access and decreases the redox current.  The other one is the probe with Fc as 
an electroactive moiety at one terminal and β-cyclodextrin (β-CD) as its suppresseor moiety at 
the other terminal.(10)  Before hybridization, the formation of an internal complex between Fc 
and β-CD suppresses the redox activity of Fc.  After hybridization, in contrast, the formation 
of the ds-probe/target pair makes the Fc/β-CD complex dissociate and allows the redox 
activity of Fc to be restored.  These switching probe molecules have electroactive moieties that 
can generate electrochemical signals sensitive to hybridization with target oligonucleotides.  
Therefore, they have the advantage of omitting the use of external electroactive markers.  This 
advantage can greatly contribute to the simple and rapid detection of oligonucleotides.
	 For further development of the switching probes to enhance the detection signals, we 
studied the usage of redox enzymes in the switching system.  Redox enzymes are popularly 
used to enhance the electrochemical signals as catalysts where they conduct multiple-electron 
reactions,(11,12) whereas redox molecules, such as Fc used in our previous studies, conduct one-
electron reactions.
	 Recently, redox enzymes based on hemin-involving enzymatic DNA aptamers (aptazymes) 
have been studied.(13–15)  The aptazymes are composed of a hemin, an Fe-coordinated 
porphyrin, and a hemin-targeting aptamer (AptDNA).  The aptamer forms a stable 
guanine (G)-quadruplex structure, and a hemin is intermolecularly bound to the G-quadruplex 
structure, as schematically shown in Fig. 1.(16)  Aptazymes are artificial enzymes, which 
are considered more favorable for the fabrication of sensors from the viewpoint of sensor 
lifetimes than naturally occurring enzymes.  Moreover, they are easily synthesized via DNA 
synthesizers.  There are many reports on the bioanalytical applications of aptazymes based 
on various approaches,(17) including electrochemical,(18) optical (colorimetric, fluorescent),(19) 
and chemiluminescent(20) approaches.  To the best of our knowledge, nevertheless, the target-
sensitive switching function of the electroactivity of the hemin/G-quadruplex complex as an 
aptazyme has rarely been studied.  Therefore, in this study, we performed basic investigations 
of the multiplex-electron-reaction-based switching function of the hemin/G-quadruplex 
complex triggered by molecular recognition as an aptazyme that is the signal generation moiety 
for switching probes.
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	 In this study, we developed a novel histamine-triggered electrochemical switching aptazyme 
by utilizing a hemin molecule and an AptDNA complex (hemin/AptDNA).  It is known that 
an imidazole moiety coordinates to a central metal Fe of hemin.(21,22)  We expected that the 
binding of histamine, having an imidazole moiety, would modulate the switching of the 
aptazyme activity.  We spectroscopically and electrochemically found that the electroactivity of 
hemin/AptDNA is suppressed or restored in the presence or absence of histamine, respectively.  
The observed hyperchromicity of the Soret band of hemin at 404 nm showed the binding of 
hemin to the G-quadruplex structure of AptDNA.  The absorbance at 418 nm for the hemin/
AptDNA solution increased in the presence of dihydrogen peroxide (H2O2) and 2,2’-azinobis(3-
ethylbenzothiozoline)-6-sulfonic acid (ABTS), where the colorless ABTS2– was oxidized to 
the green ABTS•–.  These results led us to conclude that hemin/AptDNA worked as a redox 
aptazyme for the redox reaction of H2O2 and ABTS.  The presence of histamine inhibited 
this reaction.  This was also electrochemically ascertained.  Electrochemical investigation 
demonstrated that the reduction reaction of H2O2 was facilitated by hemin/AptDNA compared 
with the case of AptDNA and that the reaction was restrained by the addition of histamine 
to the solution.  These spectroscopic and electrochemical investigations revealed that the 
electroactivity of hemin/AptDNA is switched on/off in the absence/presence of histamine as a 
redox aptazyme, respectively.

2.	 Materials and Methods

2.1	 Reagents

	 The synthesized oligonucleotide was purchased from Eurofins Genomics Japan (Tokyo, 
Japan), the sequence of which was 5’ GGG TAG GGC GGG TTG GG 3’ (AptDNA).  Sodium 
dihydrogen phosphate (H2NaPO3), sodium hydroxide (NaOH), potassium hydroxide (KOH), 
potassium chloride (KCl), dihydrogen sulfate (H2SO4), H2O2, ABTS, hemin, and histamine 
were purchased from Wako Chemical (Tokyo, Japan).  10X TE buffer (100 mM Tris-HCl 
buffer, 10 mM EDTA, pH 8.0; Tris and EDTA represent tris(hydroxymethyl)aminomethane 
and ethylenediamine-tetraacetic acid, respectively) was from Dojindo (Kumamoto, Japan).  
Triton X-100 (octylphenol polyethoxylate) was from Sigma-Aldrich (Tokyo, Japan).  All of the 

Fig. 1	 Chemical structure of hemin and structure of hemin/AptDNA. The structure is stabilized by a K+ cation.
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chemicals used were of analytical reagent grade.  All aqueous solutions were prepared with 
deionized and charcoal-treated water (specified resistance > 18.2 MΩ), obtained using a Milli-Q 
reagent-grade water system (Millipore; Bedford, MA).  In this study, buffer solutions containing 
the K+ cation were used.  This is because the K+ cation stabilizes the G-quadruplex structure (Fig. 1), 
four guanines of which are connected to each other by Hoogsteen hydrogen bonds.(16)

2.2	 Spectroscopic measurement

	 Spectroscopic measurement was performed using a NanoDrop 2000c UV–vis spectrometer 
(Thermo-Fisher; Tokyo, Japan) in a 20-fold-diluted 10X TE buffer (5 mM Tris-HCl buffer, 
0.5 mM EDTA) + 10 mM KCl + 0.02% Triton X-100.  The concentrations of AptDNA were 
also measured using a NanoDrop 2000c.  A solution of AptDNA was prepared as follow.  The 
TE buffer containing 50 µM AptDNA was incubated at 95 °C for 5 min and then gradually 
cooled to 25 °C at a rate of 1 °C min–1 to form a G-quadruplex structure, for the preparation 
of an AptDNA solution.  A hemin solution is the TE buffer containing 50 µM hemin.  A 
hemin/AptDNA solution is the TE buffer containing 50 µM AptDNA and 50 µM hemin.  The 
temperature of the solutions was controlled using a Thermal Cycler Dice Gradient TP600 
(TAKARA; Tokyo, Japan).

2.3	 Colorimetric analyses of hemin/AptDNA 

	 Colorimetric analyses of hemin/AptDNA solutions were performed by visually comparing 
the colors of the hemin/AptDNA solutions containing 1 mM ABTS, 1 mM H2O2, 1 mM ABTS 
+ 1 mM H2O2, or 1 mM ABTS + 1 mM H2O2 + 1 mM histamine.  The color changes were 
qualitatively expressed from “–” (as negative) to “+” (as positive).

2.4	 Preparation of gold disk electrodes

	 Gold disk electrodes (2 mm2 area) were purchased from Bioanalytical Systems (BAS) 
(Tokyo, Japan) and used in all the electrochemical experiments.  The electrodes were prepared 
according to previous reports.(8,23,24)  Briefly, the electrodes were mechanically polished with 
wet 0.3 and 0.05 µm alumina slurries (Buehler; Lake Bluff, IL).  The polished electrodes were 
electrochemically polished by cycling the potential between –0.4 and –1.2 V in 0.5 M KOH 
solution until the cyclic voltammogram (CV) did not change.  Then, the electrode was dipped 
in 1 M H2SO4 solution, followed by cycling the potential between 0 and +1.6 V until a constant 
CV was observed.

2.5	 Electrochemical measurement

	 Electrochemical measurement was performed at room temperature with a three-electrode 
configuration consisting of a Ag/AgCl reference electrode, a platinum auxiliary electrode, and 
the prepared gold disk electrode as a working electrode, using an ALS 760C electrochemical 
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analyzer (BAS).  Cyclic voltammetry was performed in 5 mM phosphate-buffered solution 
(pH 7.0, Na+ salt) + 20 mM KCl.  The potential at the working electrode was scanned from 
+0.2 to –1.0 and back to +0.2 V at a rate of 0.1 V s–1.  CVs were measured for 50 µM AptDNA, 
50 µM AptDNA + 0.5 mM hemin (hemin/AptDNA), 50 µM AptDNA + 0.5 mM hemin + 
50 µM histamine (hemin/AptDNA + histamine), and a bare gold electrode in phosphate-
buffered saline (PBS), PBS containing 0.6 mM H2O2, and PBS containing 5 mM H2O2.  All 
electrochemical solutions were prepared from PBS deoxygenated by purging with Ar gas for 
15 min.

3.	 Results and Discussion

3.1	 Spectroscopic characterization of hemin/AptDNA

	 To ascertain the interaction of hemin with the G-quadruplex structure of AptDNA to 
form hemin/AptDNA and to study the function of hemin/AptDNA as a redox enzyme, the 
spectroscopic characterization of hemin/AptDNA was firstly performed.  Figure 2 shows spectra 
for AptDNA, hemin, and hemin/AptDNA.  The spectrum for AptDNA (dotted line) showed a 
large absorption peak at around 260 nm, corresponding to the presence of nucleotides.  The 
spectrum for hemin showed no remarkable peaks except for a broad and small peak at around 
395 nm (dashed line), corresponding to the Soret band of hemin.  Next, the hemin/AptDNA 
prepared by the incubation of hemin with AptDNA gradually cooled from 95 to 25 °C for 
60 min showed an markedly large absorption peak at 406 nm, slightly redshifted from 395 nm.  
This sharp hyperchromicity of the Soret band of hemin suggests the interaction of the porphyrin 
moiety of hemin with the G-quadruplex structure of AptDNA (Fig. 1).  This consequently 
caused the increase in the planarity of the hemin porphyrin ring and the expansion of the hemin 
π-conjugated system.
	 In this study, we used Triton X-100 to increase the solubility of hemin to aqueous solutions.  
However, Triton X-100 has large absorption peaks at around 270 nm derived from an aromatic 
moiety.(25)  Therefore, Triton X-100 was used as minimally as possible so as not to affect the 

Fig. 2.	 UV–vis spectrum of PBS solutions containing AptDNA (dotted line), hemin (dashed line), and 
hemin/AptDNA (solid line).
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measurements.  In Fig. 2, the spectrum for hemin shows no absorption peaks caused by the 
aromatic moiety, and we considered that there was no effect of Triton X-100 on the study.

3.2	 Colorimetric characterization of hemin/AptDNA

	 To further investigate the function of the thus prepared hemin/AptDNA as a redox enzyme, 
we performed the colorimetric analysis of the redox activity of the complex to ABTS and H2O2.  
We added only ABTS, H2O2, or both ABTS and H2O2 to the solutions containing hemin/
AptDNA (Table 1).  In the only case of ABTS and H2O2, the solution showed the change in 
color from colorless to green and a large and sharp absorbance at 418 nm [Table 1(D)].  This 
phenomenon is due to the redox reaction of ABTS and H2O2 via hemin/AptDNA as a redox 
mediator, as follows.

	 2ABTS2– (colorless) + H2O2 + 2H+  ⇄  2ABTS•– (green) + 2H2O	 (1)

	 In contrast, the addition of histamine to the solution showed only a relatively small change in 
color [Table 1(E)].  This indicates that histamine restrains the above reaction in Eq. (1).
	 These results tell us that hemin/AptDNA induced from the interaction of hemin with the 
G-quadruplex structure of AptDNA mediates the redox reaction between ABTS and H2O2 (Fig. 
3, upper), and it also tell us that the presence of histamine in the solution restrains the redox 

Fig. 3.  Working principle of hemin/AptDNA as an aptazyme mediating a redox reaction of ABTS2– (colorless) and 
H2O2 to ABTS•– (green) and H2O. The reaction is inhibited in the presence of histamine and restored in the absence 
of histamine.

Table 1
Colorimetric analysis of hemin/AptDNA solutions with 1 mM ABTS, 1 mM H2O2, and/or 1 mM histamine. 
Solutions without any components (A), with only ABTS (B), with only H2O2 (C), with ABTS and H2O2 (D), and 
with ABTS, H2O2, and histamine (E). The color changes are qualitatively expressed from “–” (as negative) to “+” (as 
positive).

(A) (B) (C) (D) (E)
ABTS – + – + +
H2O2 – – + + +
Histamine – – – – +
Color change – – – +++ +
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reaction (Fig. 3, lower).  As a result, the prepared hemin/AptDNA worked as a redox enzyme 
that can switch on or off its own activity as a mediator in the absence or presence of histamine, 
respectively.

3.3	 Electrochemical characterization of hemin/AptDNA

	 Next, the electrochemical characterization of hemin/AptDNA was performed to demonstrate 
its electrochemical function as a switching aptazyme responding to the presence of histamine.  
CVs were measured in solutions of AptDNA, hemin/AptDNA, and hemin/AptDNA + histamine 
containing 0 M, 0.6 mM, and 5 mM H2O2 (Fig. 4).
	 Figure 4(a) shows the CVs measured in the solutions containing 0 M H2O2.  For AtpDNA, 
there were no redox peaks in the CV, but for hemin/AptDNA, small and broad peaks were 
observed at –0.293 and –0.074 V.  The latter peak can be attributed to the reduction reaction of 
hemin in the presence of residual O2 in the solution.(26)  Figure 4(b) shows the CVs measured in 
the solutions containing 0.6 mM H2O2.  For AtpDNA, a large peak at –0.687 V and a relatively 

Fig. 4.  CVs for electrochemistry of AptDNA (solid line), hemin/AptDNA (dashed line), and hemin/AptDNA + 
histamine (dotted line) in PBS containing (a) 0 M, (b) 0.6 mM, and (c) 5 mM H2O2.

(a)

(b) (c)
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Fig. 5.  Working principle of hemin/AptDNA as an aptazyme mediating a reductive reaction of H2O2 to H2O on an 
electrode surface. The reaction is inhibited in the presence of histamine and restored in the absence of histamine.

small peak at –0.219 V were observed, showing the reduction reaction of H2O2.  On the other 
hand, for hemin/AptDNA, two large reduction peaks were observed at –0.349 and –0.091 V.  
The large and positive shift of these peaks indicates that the reduction reaction of H2O2 was 
facilitated by hemin/AptDNA.  Moreover, the addition of histamine in the solution decreased 
the reduction peaks of H2O2 and the potentials were restored to –0.657 V (a large peak) and 
–0.184 V (a small peak), similarly to the case of AptDNA.
	 Furthermore, this tendency was markedly observed in higher H2O2 concentrations.  Figure 
4(c) shows the CVs measured in the solutions containing 5 mM H2O2.  For AptDNA, a reduction 
reaction for H2O2 was observed as a broad peak at –0.730 V.  For hemin/AptDNA, however, 
the reaction was observed as a large and sharp peak at –0.202 V accompanied by a small peak 
at –0.025 V.  In contrast, after the addition of histamine to the solution, the reaction peak was 
observed at –0.800 V, which weakened and shifted to the original potential shown as in the case 
of AptDNA.
	 Considering these results, it can be concluded that H2O2 is reduced via hemin/AptDNA as 
a mediator (Fig. 5, upper) and that the presence of histamine restrained the reduction reaction 
of H2O2 (Fig. 5, lower).  Here, the working principle of the switching mechanism of the 
hemin/AptDNA aptazyme responding to histamine is still unknown.  We consider that this is 
partially based on the coordination of an imidazole moiety of histamine to a central metal Fe of 
hemin.(21)  The coordination of histamine can affect the reduction reaction of H2O2.  For more 
detailed information on the switching mechanism, further studies should be carried out.

3.4	 Electrochemical signal switching of hemin/AptDNA in the absence and presence of 
histamine

	 In Sect. 3.3, on the basis of the difference between the measured CVs of H2O2, we mentioned 
that the reduction reaction of H2O2 was facilitated by hemin/AptDNA and that the reaction 
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was restrained by the addition of histamine.  The peak potentials of H2O2 reduction markedly 
changed here in the measurement.  By focusing on the current change at a fixed potential, we 
expect to more easily comprehend the switching effect of hemin/AptDNA.
	 In Fig. 4(b), the CV for hemin/AptDNA shows the reduction current at the reduction peak 
potential (= –0.349 V) of –4.838 μA, whereas those for AptDNA and Hemin/AptDNA + 
histamine show –2.063 and –2.469 μA, respectively.  Namely, the reduction current increased 
about twofold (from AptDNA to hemin/AptDNA) and decreased about 1/2-fold (from 
hemin/AptDNA to hemin/AptDNA + histamine).  Figure 4(c) shows more remarkable changes.  
The CVs for hemin/AptDNA show the reduction current at the reduction peak potential 
(= –0.202 V) of –46.63 μA, whereas those for AptDNA and Hemin/AptDNA + histamine show 
–10.03 and –18.44 μA, respectively.  Namely, the reduction current increased about fivefold 
(from AptDNA to hemin/AptDNA) and decreased about 1/2.5-fold (from hemin/AptDNA to 
hemin/AptDNA + histamine).  Here, we can find the potential showing the largest change in 
current.  In Fig. 4(c), the potential of –0.023 V shows the largest current change.  The current 
from AptDNA to hemin/AptDNA increased about 28-fold, and that from hemin/AptDNA to 
hemin/AptDNA + histamine decreased about 1/16-fold.  In this case, however, the changes 
should be considered only as a reference because the potential for measuring the current is 
close to the peak potential for the H2O2 reduction in the presence of residual O2.  These data are 
summarized in Table 2.
	 Thus, we are able to observe the switching of electrochemical signals from H2O2 on the basis 
of the change in redox potential or current.  In a previous study, we developed the probe DNA 
with a ferrocene moiety (Fc) on one terminal and a β-cyclodextrin moiety (β-CD) on the other 
terminal.(10)  This probe enabled the target recognition based on a “signal-on” architecture, 
increasing the redox current of Fc upon the sequence-specific recognition of target DNAs.(10)  
Upon hybridization with the target, the dissociation of Fc, forming an inclusion complex with 
β-CD before hybridization, restores the electroactivity of Fc and negatively shifted the redox 
potential.  Here, the current at a certain potential showed a fivefold increase upon hybridization.  
The prepared hemin/AptDNA was also revealed to switch electrochemical signals on or off in 
the absence or presence of histamine, respectively.  This study is expected to contribute to the 
development of molecular probes with a switching function.

Table 2
Summary of reduction currents and their relative current intensities at the specific potentials for CVs for 
electrochemistry of AptDNA, hemin/AptDNA, and hemin/AptDNA + histamine in PBS containing 0.6 mM H2O2 [Fig. 
4(b)] and 5 mM H2O2 [Fig. 4(c)].
H2O2 0.6 mM [Fig. 4(b)] 5 mM [Fig. 4(c)]
Potential (V) –0.349 –0.202 –0.023

Current (µA) Relative current 
intensity Current (µA) Relative current 

intensity Current (µA) Relative current 
intensity

AptDNA –2.063 1 –10.03 1 –0.7547 1
hemin/AptDNA –4.838 2 –46.63 5 –21.01 28
hemin/AptDNA 
+ histamine –2.469 1/2 –18.44 1/2.5 –1.288 1/16
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4.	 Conclusions

	 In this study, we demonstrated that the hemin/AptDNA aptazyme works as a mediator of 
reduction reaction between H2O2 and ABTS on the electrode surface, and that the activity 
of the mediator is switched on or off in the absence or presence of histamine as an inhibitor, 
respectively.  This inhibitor-sensitive aptazyme can contribute to the development of molecular 
probes that enable molecular-recognition-based signal switching.
	 In contrast to natural enzymes that tend to be deactivated with short lifetimes, 
artificial-enzyme-based molecular probes have advantages and play important roles of 
contributing to the simplicity of sensing systems and the improvement of system handling.  We 
are now designing new molecular probes on the basis of the thus developed aptazyme.
	 In hemin/AptDNA, the imidazole moiety is considered to coordinate the central metal Fe of 
hemin.  For the development of molecular probes with a high switching effect, which means a 
greater difference in redox potential shift or absorption peak shift upon molecular recognition, 
further studies using other imidazole-containing inhibitors other than histamine are needed.  
We used histamine as a representative of imidazole-containing derivatives from the viewpoint 
of availability in this study to demonstrate a concept of artificial enzymes with a signal 
switching function.  As a result, we were able to show the histamine-amenable switching effect 
on the reduction reaction of H2O2.  We believe that we obtained relatively significant results to 
open a way to new molecular probes with a switching function.
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