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ARTICLE INFO ABSTRACT

Electrochemical detection of specific nucleic acid sequence remains a hot topic in current bioanalytical research.
Here, a novel ratiometric electrochemical biosensor based on Exo Ill-assisted recycling amplification and gra-
phene-modified electrode was fabricated for quantitative detection of trinucleotide repeat sequence d(CAG),.
The double-signals used are the hairpin DNAs labeled with ferrocene and methylene blue respectively as report
DNAs, which can hybridize to target DNA. The hybridized DNA was digested by Exo III, resulting in the release of
target and report fragments. The graphene-modified electrode can selectively adsorb the released report frag-
ments to generate double electrochemical signals. The signal ratio (F/M) of ferrocene and methylene blue was
used to determine the repeat length accurately: a linear relationship was found between F/M and numbers of
repeats (n), F/M = 0.061 n + 1.97, with a correlation coefficient of 0.992. Moreover, any electrochemical signal
can be used to test repeat concentration with detection limit of 0.22 pM. Therefore, this novel ratiometric
electrochemical biosensor provided a reliable and efficient method for the analysis of d(CAG), trinucleotide
repeat and a potential simplified clinical tool for neurodegenerative diseases.
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1. Introduction

Trinucleotide repeat (TNR) disease is caused by repeated unstable
expansions in a particular gene by any group of trinucleotide, such as
CCG, CAG, AAG, CTG, GCG (Fu et al., 1991; La Spada et al., 1991;
Stevens et al., 2013). As the length of the repetition increases, the
chances get the disease increases accordingly (Kremer et al., 1994;
Ranen et al., 1995). For example, an increase in the CAG trinucleotide
repeat leads to the Huntington's disease. Abnormal expression of the
GAA trinucleotide repeat causes Friedreich's ataxia, which is present in
the 5 untranslated region of the FMR1 gene. The CGG trinucleotide
repeat is associated with fragile X syndrome (Diirr et al., 1996;
Evansgalea et al., 2013; Lépez Castel et al., 2010; Lin et al., 2015;
Mirkin, 2007; Sutherland and Richards, 1995). Furthermore, a common
feature of the diseases caused by amplification of trinucleotide repeat is
the phenomenon of the hereditary prevalence which refers to the pre-
sence of certain genetic diseases for several generations: in this case,
their associated symptoms are increasingly severe generation, while
their onset time is one generation earlier than one generation (Lange
and Mcinnis, 2002). Therefore, early diagnosis of trinucleotide repeat
disease is particularly crucial.

The scientific community generally believes that extensible repeat
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sequences have abnormal structural properties. It has found that se-
quences such as d(CGG),, d(CTG),, d(CAG),,, can form a sliding hairpin-
like structure consisting of a composition of the Watson-Crick base pairs
and the non-Watson-Crick base pairs (Mitchell et al., 1995; Suen et al.,
1999; Yu et al., 1995). Due to its structural characteristics, the rapid
diagnostic process is rather complex. Currently, the detection of tri-
nucleotide repeat relies mainly on traditional sequencing techniques,
such as gel electrophoresis, southern blotting, and PCR amplification
(Fu et al., 1991; Snow et al., 1993; Ziihlke et al., 2015). However, these
methods have some limitations, such as the need of professional tech-
nology for complex operations, and expensive equipment. Recently,
developing rapid and simple medical diagnosis methods and devices
have attracted increasing attention. Compared to other methods, elec-
trochemical method exhibits its unique advantages, including simple
operation, low power consumption, and high sensitivity (He et al.,
2014; Kannan et al., 2011; Lin et al., 2015). However, few studies on
the detection of trinucleotide repeat by the electrochemical method are
available in the literature. Emil Palecek and coworkers used nucleic
acid hybridization to study the electrochemical detection of TTC and
GAA trinucleotide repeat PCR products(Fojta et al. 2004, 2005). In
previous work, we had studied some electrochemical methods, in-
cluding bifunctional electrochemical probes, magnetic separation
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technology, and impedance spectroscopy, to detect trinucleotide re-
peats (He et al. 2013, 2014; Li et al., 2017c; Liu et al., 2018; Zhu et al.,
2017).

In order to improve stability and sensitivity of the electrochemical
signal, several signal amplification techniques have been used in the
DNA detection, such as signal amplification induced by Exo III-assisted
cycle, DNA polymerase, hybridization chain reaction, toehold-mediated
strand displacement reaction, and rolling circle replication (Bi et al.,
2015; Cai et al., 2014; Hu et al. 2017, 2018a, 2018b; Kahn et al., 2015;
Lawal, 2018; Lou et al., 2015; Qi et al., 2018; Ren et al., 2015; Sheng
et al., 2015; Yan et al., 2017; Yue et al., 2019). Exo III is a universal
signal amplification tool for constructing a universal detection platform
because it does not require a specific recognition sequence (Zhang
et al., 2013; Zou et al., 2011). Exo III can be used to gradually catalyze
the hydrolysis of 3’ concave or blunt end of double-strand DNA
(dsDNA) and, single-strand DNA (ssDNA), while the 3’ convex end in
duplex is resistant to the action of the enzyme (Rogers and Weiss, 1980;
Zou et al., 2011). Here, Exo III was chosen for recycling amplification
because of its universality and excellent repeatability.

In this work, hybridization reaction and Exo III digesting were
performed directly in solution. As shown in Scheme 1, two hairpin re-
port DNAs that served as double signals were introduced to hybridize
the target. After Exo III was added, the target and report fragments
(ssDNA) were released. The resulting recycling and double-signals im-
prove the accuracy and sensitivity of the sensor. In most research, the
releasing report fragments were captured through hybridization with
some DNA modified on the electrodes (Li et al. 2016b, 2017a); how-
ever, these techniques are relatively complicated. Simplifying mod-
ification of the electrode and the combination of the interface with the
solution reaction can improve the stability and repeatability of the
biosensor, and simplify the biosensor operation. Recent studies de-
monstrated that graphene preferentially binds to ssDNA than dsDNA via
st—g stacking (Li et al. 2015, 2016a, 2017b; Liu et al. 2008, 2013;
Zhang et al., 2017). Thus, combining solution reactions to the gra-
phene-modified interface was used in the biosensor. The released report
fragments (ssDNA) are adsorbed selectively on the surface of the gra-
phene-modified electrode to generate electrochemical signals. This
novel strategy allows both sequence and length of repeats to be de-
tected with high selectivity, accuracy, sensitivity, and stability. This
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biosensor has great potential as early warning and clinical diagnostic
tools for neurodegenerative diseases.

2. Experimental section
2.1. Fabrication of electrochemical biosensor

First, GCE was polished with a 0.05pum Al,O3; powder. After pol-
ishing, the electrodes were sonicated once in ethanol and twice in ul-
trapure water for 5 min, and the cleaned electrodes were dried at room
temperature. Next, the graphene suspension in 5pL of DMF was
dropped on the electrode surface and dried at room temperature and
stable humidity.

2.2. DNA hybridization and digestion process

First, target/H-Fc/H-MB complex was prepared by the hybridization
reaction that was performed through different concentrations of target
DNA, 3 uM of H-Fc (Ferrocene-labeled hairpin DNA), and 1 uM of H-MB
(Methylene Blue-labeled hairpin DNA) at 90 °C for 5 min in water bath,
followed by naturally cooling to room temperature. After addition of
Exo III, the mixture was allowed to react at 37 °C for 80 min in a con-
stant temperature incubator. The reaction system was terminated by
heat treatment at 80 °C for 20 min. Finally, 3 uM S1 and 1 uM S2 DNA
were added to hybridize with the remaining hairpin DNA to form a
double strand at 80 °C for 5 min, followed by naturally cooling to room
temperature. The hybridization reaction and enzymatic cleavage were
studied by the 15% native polyacrylamide gel electrophoresis (Fig. S3)
and electrochemical impedance spectroscopy (Fig. 1B and Fig. 1C). The
details can be seen in supporting information.

3. Results and discussion
3.1. Design principle of the sensor

Several techniques, including ratiometric technique, Exo III-Assisted
recycling and selective adsorption of graphene for ssDNA, were used to
set up a novel electrochemical method (as shown in Scheme 1) for the
detection of CAG trinucleotide repeat. Both concentration and repeat

H-MB T-DNA

S1 S2 Exolll

Scheme 1. Schematic diagram of a novel electrochemical biosensor based on double-signal technique, Exo III-Assisted Recycling and adsorption selectivity of

graphene, for the detection of the trinucleotide repeat d(CAG),.
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Fig. 1. (A). SWV response of the biosensor:
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number of the repeat DNA can be tested through the application of
these techniques. The double-signal was based on the H-Fc DNA, H-MB
DNA. The relative length of repeat may be calculated from the ratio of
two kinds of electrochemical signal intensities: in the absence of target
DNA, the hairpin DNAs would exist stably in their respective stem-loop
configuration, while the hairpin DNAs were opened and hybridized
with the target to produce double-strands with a blunt 3’-terminus in
the presence of target DNA. In consideration of the high propensity of
trinucleotide repeat DNA to form a stable hairpin structure, the hy-
bridization reaction can't be done in normal hybridization condition
according to our previous work (Li et al, 2017c). Thus, the hy-
bridization was carried out at 90 °C for 5 min in water bath, followed by
naturally cooling to room temperature.

An important problem is how to achieve these electrochemical
signals efficiently and simply. Here, the Exo III-Assisted Recycling and
adsorption selectivity of graphene were used to achieve this aim. Exo III
cleavage process was triggered, accompanied by the autonomous re-
lease of the target DNA and report fragments (short ssDNA with Fc or
MB: Fc-GCAGGCTA, MB-GCACACGCT). The released target DNAs can
be continuously hybridized with H-Fc and H-MB to form duplex DNA.
The target recycling would expand detection signals, and the signals of
Fc and MB in the report fragments can be detected by the graphene-
modified electrode that selectively adsorbed ssDNA. As shown in Fig.
S1, in the presence of ssDNA labeled Fc (2 uM), the graphene electrode
showed the highest electrochemical signal. However, the graphene
electrode showed almost no signal in the presence of dsDNA labeled Fc
(2uM). Indeed, our data confirmed that the graphene-modified elec-
trode can absorb ssDNA selectively. In addition, in the presence of
hairpin DNA labeled Fc (2 uM), the graphene electrode also showed
some current, meaning that hairpin DNA can also be absorbed by a
certain amount, which indicates that the remaining hairpin DNA may
affect the accuracy of detection (Fig. S2). In order to eliminate the
signal of hairpin DNA, two ssDNA (S1 and S2) that were fully com-
plementary pairing with hairpin DNA were introduced to form a duplex
with the remaining hairpin DNA. The hairpin report DNA (H-Fc, H-MB)
had been hybridized with S1 or S2 to form the duplex, which results in
almost zero current (Fig. S1 curve c). In the sensor, the current values
have a decrease because of the elimination of background signal after
the treatment. As shown in Fig. S2, the electrochemical signals had

some decrease because of the elimination of background signal, after
the addition of S1 and S2 (Fig. S2). The unreacted hairpin report DNA
(H-Fc: 3uM, H-MB: 1uM) had been hybridized with S1 (3 uM) or S2
(1 uM) to form the duplex.

3.2. Hybridization of DNA and detection effect of the biosensor

Hybridization is very key process for successful preparation of the
biosensor (Nie et al., 2018; Xiong et al., 2015). The results of native
polyacrylamide gel electrophoresis (PAGE) and electrochemical im-
pedance spectroscopy (EIS) confirmed the excellent DNA hybridization
reaction and digestion process. The detail discussion was seen in sup-
porting information.

Another important issue concerns the electrochemical signal ac-
quisition when CAG trinucleotide repeat was detected through H-Fc and
H-MB DNA probes. In the presence of target DNA, the probe DNA would
be opened, and formed duplex DNA with blunt 3’-terminus. Exo III
triggered the cycle of target DNA and released free short ssDNA frag-
ments labeled with Fc or MB, which could be adsorbed on the surface of
the graphene-modified electrode, and which was certificated by the
observed current (curve a in Fig. 1A). However, the hairpin report DNA
could not be opened and maintained the original hairpin structure in
the absence of repeat DNA. Consequently, no dsDNA with a blunt 3’-
terminus can't be formed, which can't trigger the enzymatic cleavage
process and release the short ssDNA fragments with electrochemical
signals. Pleasantly, there was no obvious current in the absence of
target, as shown at curve b in Fig. 1A. In the absence of Exo III, the
sensor could not be activated, no free report fragments were released.
Accordingly, no obvious current was observed (curve c in Fig. 1A).
These results indicated that the strategy based on hybridization, Exo III
recycling and selective adsorption of graphene is successful, and the
biosensor can detect the target DNA. Furthermore, no current could be
recorded in the presence of target when the electrode without graphene
was used (curve a in Fig. S5). No current was also found when the
modified-graphene electrode was used in the absence of target (curve b
in Fig. S5).
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3.3. Selectivity of the electrochemical sensor

High selectivity is one of the core elements of an efficient biosensor.
To assess the specificity of the proposed method, several interfering
gene sequences associated with neurodegenerative diseases were
tested, including d(CTG);s, d(CCG)15, d(GAA);5, d(TGG)1s, d(CGG)1s,
and d(ATT);s. A comparative study was performed by measuring a low
concentration of target DNA (100 pM) and a high concentration of in-
terfering species (1nM). The amperometric responses of Fc for d
(CAG);5 repeat and other interfering DNA repeats were shown in Fig.
S7. The highest current could be observed for d(CAG);s even if the
concentration of d(CAG);s was only 1/10 times of interfering species.
These results demonstrated the high selectivity of the proposed bio-
sensor for d(CAG);s among the TNR biomarkers of neurodegenerative
diseases.

3.4. Effect of target DNA on signals from ferrocene and methylene blue

The relationship between the output signals and target concentra-
tion was investigated for the quantitative detection of d(CAG), TNRs.
The double signals of the proposed biosensor were monitored at the
different concentrations of d(CAG),s under the optimal experimental
conditions. As shown in Fig. 2A, the currents of Fc and MB were gra-
dually increased with the increasing concentrations of repeats from the
curve a to f, indicating that both signal responses relied highly on the
target concentrations. It was found that the plot of current change vs.
The logarithm of d(CAG);s concentration exhibited a strong linear re-
lationship from 1 pM to 100nM (Fig. 2B and C). For ferrocene, the
linear equation was I = 1.948 Igc+13.41with a correlation coefficient
of 0.998; the limit of detection (LOD) was calculated to be 0.27 pM in a
3s rule (LOD = 30/k, o is the standard deviation of the blank and k is
the slope of the corresponding calibration curve). For methylene blue,
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the linear equation was I = 0.6649 lgc+4.687 with a correlation
coefficient of 0.9992; the limit of detection (LOD) was calculated to be
0.22 pM in a 3s rule. These results showed that the biosensor had an
admirable quantitative correlation with higher sensitivity and lower
LOD in comparison with other DNA biosensors (Table S3).
Theoretically, the current ratio of ferrocene and methylene blue
should be certain as the repeat number should be unchanged whatever
concentrations of repeat DNA. Fortunately, the current ratio (F/M) of
ferrocene and methylene blue was very much stable at different target
concentrations based on our data as shown in Fig. 2D. The result in-
dicated that the current ratio (F/M) had no correlation with d(CAG),
concentrations, which provided strong experimental basis for next
further correlation research of repeat length and current signals.

3.5. The correlation of repeat numbers and current signals

For TNR biomarker of neurodegenerative diseases, different lengths
of TNR led to different disease severity. Once the threshold repeat
length reached, the disease symptoms would appear. The numbers of
repetitions are crucial for diagnosing neurodegenerative diseases.
Therefore, the study of the relationship between numbers of repetitions
(n value) and current signals is essential. However, rapid detection
methods of TNR sequence lengths, such as sequencing and gel elec-
trophoresis, have not attracted much attention because their special
structure rendered the detection behavior more difficult.

In this study, the ratiometric biosensor was specifically designed to
determine more reliable numbers of repetitions. Under the optimal
experimental conditions, d(CAG), trinucleotide repeat (1nM) with
different repeat numbers was used to study the correlation (Fig. S8).
Based on the principle of the biosensor, one strand of the target only
binds to one strand of H-MB. Thus, the currents of MB remained rela-
tively constant with increasing n because of the same concentrations of
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Fig. 2. (A) Current responses of the electrode incubated with different d(CAG); s trinucleotide repeats concentrations in PBS (pH = 7.4) (from a to f: 0.001, 0.01, 0.1,
1, 10, 100 nM); (B) The calibration plots of Fc current versus the logarithm concentration of d(CAG);s trinucleotide repeats; (C) The calibration plots of MB current
versus the logarithm concentration of d(CAG);s trinucleotide repeats. The error bars represent the standard deviation of three measurements. (D) The ratio of two

signals (F/M) in different concentrations of d(CAG);s trinucleotide repeats.
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Fig. 3. (A) The current responses of F signal

and M signal when different repeat number
was detected (black line: Fe, red line: MB);
(B) The corresponding linear curves of ratio
of the electrode incubated with different
number of n of CAG trinucleotide repeat in
PBS (pH = 7.4) (n = 10, 15, 20, 25, 30, 35).
The average of three samples was studied.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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DNA, as shown in Fig. 3A. Meanwhile, target DNA can bind with more
strands of H-Fc, even when repeat numbers increased at the same target
concentration. It was found that the current signal of ferrocene had
increased with the repeat numbers increasing from 10 to 35 with ex-
cellent linearity. The linear equation was I = 0.2966 n + 9.081, with a
correlation coefficient of 0.993, where n is length of the repeat of CAG
trinucleotide.

The determination of n value of repeats is crucial. Although the
linear correlation between Fc and n was excellent, the current of Fc also
changed with difference of the target concentrations. It is unreliable
and unscientific if one signal variable was only used to determine n
value. Based on the above discussions, we employed the ratio F/M to
determine the n value as it is almost a constant for the same repeat with
different concentrations (Fig. 2D). As shown in Fig. 3B, an excellent
linear relationship between F/M and n was observed with a correlation
coefficient of 0.992 (the equation was F/M = 0.061 n+1.97). Note
here that the equation is invalid when n value is less than 5, because
there is a low chance that H-Fc hybridizes with the target. Other con-
centration of the target was also used to demonstrate further that the
ratio of both signals (F/M) has no significant relationship with the
target concentration. It was found that the obtained results were almost
consistent (Figs. S9 and S10). Reasonably, the number of TNR was re-
liably obtained from measurements of F/M via this double-signal
technique: such a simple, rapid, and the inexpensive electrochemical
sensor is, thus, extremely useful for the early diagnosis of neurode-
generative diseases.

3.6. Application of the sensor to real samples

To further assess the applicability of the novel electrochemical
sensor in real samples, we determined d(CAG),, TNRs samples in human
serum. A series of samples were prepared by adding d(CAG), repeats
with different concentrations and n values in 10-fold-diluted human
serum (obtained from ZiJing Hospital of Wuhan, Hubei Province).
Then, the concentrations and n values of the targets were determined
via the novel sensor. First, n value was determined by the ratio F/M
based on the above described linearity relationship. As shown in
Table 1, the obtained n values based on the method are quite accurate.
The relative standard deviations (RSDs) were in the range of
2.2%-3.2%, while the recoveries were from 95.4% to 103%. Further-
more, we randomly chose another concentration(100 pM)for the test

Table 1
Detection different repeat number of CAG trinucleotide repeats (1 nM) added in
human serum (n = 3).

Sample nvalue of d(CAG),/1nM signal Found nvalue RSD% Recovery%
1 15 F/M 14.31 2.2 95.4
2 25 F/M 25.72 2.5 103

3 35 F/M 34.17 3.2 97.6

n
Table 2
Detection of different concentrations (CAG),5 added in human serum (n = 3).
Sample Added concentration signal Found RSD% Recovery%
of d(CAG);5/nM concentration/nM
1 0.1 MB 0.11 2.2 110
Fc 0.10 4.1 100
2 1 MB 1.03 1.8 103
Fc 0.93 2.8 93.0
3 10 MB 9.46 1.9 94.6
Fc 9.63 1.9 96.3

(Table S2); the recoveries ranged from 98.3% to 101%, and the RSDs
were in the range of 3.7%-4.2%, respectively. These results indicated
that the repeat length can be determined accurately by the ratio (F/M)
even in a complex biological environment as the test was not affected
by target concentration. Moreover, the concentration of targets can be
detected by any signal of both Fc and MB. As shown in Table 2, the
detected concentrations were consistent regardless of Fc or MB. The
RSDs were in the range of 1.9%-4.1%, the recoveries were from 93% to
100%. These outcomes confirmed that the sensor can be applied for the
detection of repeat length and sequence in complex biological en-
vironment, indicating that the novel biosensor is an excellent potential
tool for early diagnosis of neurodegenerative diseases.

4. Conclusions

In this work, we designed a novel ratiometric electrochemical
sensor with excellent specificity and sensitivity for the detection of d
(CAQG), trinucleotide repeats. The biosensor was constructed mainly
based on ratiometric technique, Exo III-Assisted target recycling and
adsorption selectivity of graphene for ssDNA. An excellent linear re-
lationship was observed between the electrochemical signal and the
concentration of d(CAG), repeats in the range from 1 pM to 100 nM
with a LOD as low as 0.22 pM. Importantly, the signal ratio, F/M, is
used as the metric for determining reliable repeat numbers, which are
independent of target concentrations. The linear equation F/M = 0.061
n + 1.97 (n = 10-35) was obtained with a correlation coefficient of
0.992. Furthermore, the tests of repeat numbers and concentrations can
be performed in complexed human serum, indicating the potential of
this novel biosensor for the early diagnosis of neurodegenerative dis-
eases. This new ratiometric electrochemical biosensor provides a fea-
sible strategy to determine the sequence and repeats length of trinu-
cleotide repeats in clinical applications. Furthermore, some advantages
of the biosensor, including double-signal technique, direct hybridiza-
tion in solution with dependent of electrode interface and excellent
selectivity, render the method simple and feasible even for non-pro-
fessional operators.
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