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Xiuhua Zhang ab and Shengfu Wangab

A novel bifunctional nanoprobe was designed and used in an electrochemical sensor to rapidly detect CGG

trinucleotide repeats. The bifunctional nanoprobe was synthesized using carboxyl-functionalized Fe3O4

magnetic nanoparticles as carriers of nucleic acids recognition molecule and electron mediator-

ferrocene derivatives. Both the small molecules with the terminal amino group were immobilized on the

surface of the magnetic nanoparticles via an amide bond, which resulted in double functions of

recognition and electrochemical activity. An electrochemical sensor based on the new bifunctional

nanoprobe was established for CGG trinucleotide repeat detection. After the target DNA was captured

by the sensor, the recognition molecule on the surface of the bifunctional nanoprobe could interact with

the G base of the CGG trinucleotide repeat selectively. This allowed the bifunctional nanoprobes to be

enriched on the modified electrode surface, which resulted in a remarkable electrochemical signal. CGG

trinucleotide repeat can be easily discriminated from other trinucleotide repeats by the sensor.

Furthermore, these results demonstrated that the new sensor exhibited an excellent selectivity to the

Fragile X syndrome disease biomarker CGG repeat DNA. The proposed method is simple and rapid, the

target DNA is label-free and has excellent repeatability for the detection of the CGG trinucleotide repeat

because of the double function of the designed nanoprobe. This sensing strategy will provide great

promise for the early diagnosis of neurodegenerative diseases associated with trinucleotide repeats.
1. Introduction

The sequence detection of trinucleotide repeats has attracted
signicant interest because the expansion of trinucleotide
repeats was correlated with various neurodegenerative
diseases,1–5 such as Fragile X syndrome (CGG),6,7 myotonic
dystrophy (CTG),8 Friedreich ataxia (GAA),9,10 several types of
spinocerebellar ataxia (CAG)11 and Huntington's disease
(CAG).12,13 In these studies, the dynamic expansion of the CGG
trinucleotide repeat in the 50-untranslated region of the rst
exon of the FMR1 gene engendered the Fragile X syndrome, the
single most common cause of inherited mental impairment.6,7

Moreover, the study has revealed that the transcriptional
silencing of FMR1 occurs together with the specic hyper-
methylation of a promoter CpG island and of the fully expanded
CGG trinucleotide repeat. Thus, the Fragile X syndrome was
closely correlated with the CGG trinucleotide repeat.2,4 Hence,
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selective and sensitive detection of CGG trinucleotide repeat
has become very important.

Electrochemical techniques have proven to be one of the
most advantageous ways of determining DNA sequences
because of their rapid response, simple operation, low cost and
affordable instrumentation.14–16 However, the study of trinucle-
otide repeats was very limited because of the difficulty of repeats
determination. Such determination is extremely important in
early clinical diagnostic of these neurodegenerative diseases,
and the development of a simple and rapid electrochemical
method for selective detection of trinucleotide repeats is still
a challenging and long-standing goal. Our recent studies have
made a little contribution to the eld. Simple electrochemical
biosensors to detect the CGG trinucleotide repeat with excellent
selectivity and sensitivity were reported using a new bifunctional
electrochemical probe containing a recognition part of NCD and
an electro-active ferrocenyl group,14 and the electrochemical
impedance sensors were investigated by the recognition
molecule-modied electrode.15 These studies have opened paths
for the development of trinucleotide repeats-based electro-
chemical sensors, which are important for the early diagnosis
and treatment of neurodegenerative diseases.17,18

Currently, various nanomaterials (gold, carbon, magnetic
nanoparticle, semiconducting, etc.) have received much attention
in the eld of electrochemical sensors, for example, as capture
This journal is © The Royal Society of Chemistry 2017
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View Article Online
probes, reporting molecules, target labels, electrode fabrication,
and electrode coatings.19 These nanomaterials offer improved
biocompatibility, additional binding sites and higher signal
intensities compared to traditional electrochemical sensor mate-
rials. Among these nanomaterials, magnetic nanoparticles
(MNPs) have received tremendous attention in diverse elds, such
as biomedical sciences, biochemical sensing, magnetic separa-
tion, imaging and targeted drug delivery. The advantages were
attributed to the unique nanoscale physicochemical properties of
MNPs, particularly their magnetic properties, low toxicity,
biocompatibility and easy purication.20–28 In order to introduce
chemical functionalities for the conjugation of affinity ligands,
increasing specicity, better biocompatibility, and reduction of
risk of cytotoxicity etc., the surface of MNPs was normally modi-
ed with a variety of materials.21,27 The carboxyl modication of
Fe3O4 MNPs (CMNPs) has attracted increasing attention because
of the application in ligand exchange. The CMNPs were prepared
through the co-precipitation method with good chemical stability
and dispersion in the water phase, which is usually a further
modication.29 For example, Fe3O4 MNPs functionalized with
carboxyl as the carrier for carbonic anhydrase immobilization
were reported to capture CO2 with high reusability.28

Except for utilizing nanomaterials to amplify the signals,
another effective function is usually introducing electron
mediators in electrochemical detection systems for increasing
the sensitivity.19,30 Ferrocene and its derivatives were frequently
adopted as electron mediators in electrochemical sensing
because of their favourable electrochemical properties.31 To
avoid the unstable adsorption on the electrode's surface and the
leakage of the mediators, proper strategies can be used by
covalently linking ferrocene derivatives with polymers, high
molecular weight compounds or nanoparticles before immo-
bilization.32,33 For example, ferrocene derivatives can be easily
self-assembled on the surface of gold nanoparticles34,35 and
Fe3O4@AuNPs.33,36 Thus, to design and synthesize a ferrocene
derivative with the specied terminal group may be a promising
proposal in biosensing techniques.

In a previous study, synthetic naphthyridine derivatives
exhibited excellent recognition for specic sequences of DNA
such as G bulge, G–G mismatch or trinucleotide repeats DNA
because of the complementary hydrogen bonding between the
naphthyridine group and the guanine base.14,15,37–41 Reasonably,
the selectivity and high affinity of naphthyridine derivatives and
nucleotide binding might be achieved by a combination of
stacking and complementary hydrogen-bonding interaction of
the naphthyridine group and the G base. Recently, other
methods for the detection of CGG trinucleotide repeat were also
developed.42,43 Although successful exploration results were
obtained, it would be very important to design a new electro-
chemical probe that has excellent ability to selectively detect the
CGG trinucleotide repeat and can be directly used for a facile
electrochemical detection.

In this study, we designed a bifunctional nanoprobe using
CMNPs as carriers covalently bound with nucleic acids recog-
nition molecule (NC-linker)15 and ferrocene derivatives (AFFA),
opening up wide applications in biosensors. The prepared
CMNPs possessed a high surface area, good chemical stability
This journal is © The Royal Society of Chemistry 2017
and good water-solubility, which provided a compatible plat-
form for maintaining the activity of the immobilized NC-linker
and AFFA. More importantly the bifunctional nanoprobe was
endowed with a double function, recognition domain and
electrochemical activity, which can be applied in the electro-
chemical sensor for rapid detection of the CGG trinucleotide
repeat based on the signicant and selective changes in elec-
trochemical signals. All the results obtained in this study would
provide a sound basis for further exploration.
2. Experimental
2.1 Reagents and apparatus

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), FeCl3$6H2O, FeSO4$7H2O and NH3$H2O were obtained
from Sinopharm Chemical Reagent Co., Ltd. N,N-Diisopropy-
lethylamine (DIPEA), 6-mercapto-1-hexanol (MCH), ferrocene-
carboxylic acid, N-hydroxysuccinimide (NHS), 2-(N-morpholino)
ethanesulfonic acid (MES), N-(tert-butoxycarbonyl)-ethyl-
enediamine, o-benzotriazol-1-yl-tetramethyluronium hexauoro-
phosphate (HBTU), oleic acid, and KMnO4 were obtained from
the Aladdin Reagent Database Inc. (Shanghai, China). Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) was purchased
from Sigma-Aldrich. All other reagents were analytical grade
and used without further purication. PBS buffer solution
(10 mM, pH ¼ 7.4), MES buffer solution (0.1 M, pH 6.0 con-
taining 0.5 M NaCl), and Tris–HCl (20 mM, pH ¼ 7.4) contain-
ing 140 mM NaCl and 5 mM MgCl2 were used in the
experiments. All aqueous solutions were prepared with ultra-
pure water (18.25 MU cm). All the DNA strands were synthesized
and HPLC-puried by the Shanghai Sangon Biotechnology Co.,
Ltd. (Shanghai, China) as shown in Table S1.†

Ultraviolet visible (UV-vis) absorption spectra were measured
with a UV-2700 spectrophotometer (Shimadzu Co., Japan). The
morphology and size of theMNPs were checked via transmission
electron microscopy (TEM) (JEM-1200EX, JEOL, Japan). Fourier
transform infrared (FTIR) spectra were obtained on a Fourier
transform spectrometer (Spectrum one, PerkinElmer, USA). The
XRD pattern was obtained using an X-ray diffractometer (Rigaku
D/Max-IIIC, Japan). 1H (600MHz) NMR spectra were recorded on
a Varian INOVA 600 spectrometer and tetramethylsilane was
used as the internal standard. Liquid chromatography mass
spectrometry (LC-MS) was measured using an Agilent 1260-6224
LC-MS TOF instrument. All the electrochemical measurements
were carried out employing a CHI660E electrochemical work-
station (CH Instruments, Inc. Shanghai) using a conventional
three-electrode system with a gold electrode (GE), a saturated
calomel electrode (SCE), and a platinum wire as the working,
reference, and the counter electrodes, respectively.
2.2 Synthesis of bifunctional nanoprobe

The bifunctional nanoprobe was synthesized using CMNPs as
carriers of the nucleic acids recognition molecule (NC-linker)
and the electrochemical active molecules-ferrocene derivatives
(AFFA). The synthesis process of the bifunctional nanoprobe is
as shown in Scheme 1.
RSC Adv., 2017, 7, 36124–36131 | 36125
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Scheme 1 Synthesis process of bifunctional nanoprobe (probe).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
16

/2
02

5 
2:

31
:5

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.2.1 Preparation of carboxyl functionalized Fe3O4 MNPs.
CMNPs were prepared by the co-precipitation method described
by Su et al.29 First, the solution of 4.05 g FeCl3$6H2O in 75 mL
ultrapure water was transferred into a three-necked ask and
heated to 70 �C. Furthermore, 2.3074 g FeSO4$7H2O was poured
into the ask, followed by quick addition of 9 mL 25% (mass
fraction) of NH3$H2O into the ask under vigorous stirring for
5 min. Then, 2.5 g oleic acid was added dropwise, and the
mixture was allowed to react for 1 h at 70 �C. The black particles
obtained were cooled to room temperature and washed 3 times
with absolute ethanol and 4 times with ultrapure water until no
residual acid was present. Then, 0.8 g KMnO4 dissolved in 80mL
ultrapure water was added into the ask, and the mixture was
sonicated for 4 h with continuous stirring at room temperature.
Aer magnetic separation, the product was washed 3 times with
ultrapure water and nally redispersed in 50 mL ultrapure water
as the storage solution at 4 �C for future use. The CMNPs were
diluted 200 times for the next modication.

2.2.2 Modication of carboxyl functionalized Fe3O4 MNPs.
Initially, 4 mL of 0.174 mg mL�1 storage solution of CMNPs
were re-dispersed into 2 mL of MES buffer solution containing
200 mM EDC and 200 mM NHS, followed by sonication for
40 min at 37 �C in order to activate the carboxyl group on the
surface of the MNPs. The mixture was washed 3 times with the
above MES buffer solution to remove excess EDC and NHS. The
CMNPs were re-suspended in 2 mL of PBS buffer solution. The
synthesis process of AFFA was as shown in Scheme S1.† Then,
100 mL of 1 mM AFFA solution and 80 mL of 1 mM NC-linker
solution were added to the abovementioned CMNPs solution,
followed by sonication for 90 min at 37 �C. The product was
washed at least 3 times with PBS buffer solution. The obtained
product was redispersed in 120 mL of PBS buffer solution and
stored at 4 �C as the bifunctional nanoprobe for further use.
2.3 Sensor fabrication

The GE with a diameter of 2 mm was polished using 0.05 mm
alumina slurry, followed by sonicating successively in both
ethanol and ultrapure water to remove the residual alumina
36126 | RSC Adv., 2017, 7, 36124–36131
powder. Then, the electrode was electrochemically cleaned in
0.5 M H2SO4 to remove any remaining impurities and rinsed
thoroughly with ultrapure water. The fresh pretreated GE was
immediately incubated in 50 mL of 2 mM capture DNA contain-
ing 10 mL of 1 mM TCEP for 12 h at room temperature, followed
by rinsing with ultrapure water. TCEP is used to prevent the
terminal cysteine from forming disulde bonds. Then, the
electrode was immersed into 60 mL of 0.1 mM MCH for 1 h at
room temperature to block the nonspecic binding sites, fol-
lowed by rinsing with ultrapure water.

2.4 DNA detection

In a typical DNA analysis, the capture DNA modied electrodes
were incubated in 60 mL of different concentrations of trinu-
cleotide repeat DNA for 5 min at 65 �C in a water bath, followed
by naturally cooling to room temperature to perform the
hybridization reaction. Then, the electrode was washed with
ultrapure water three times. Next, it was further incubated with
60 mL of the bifunctional nanoprobe for 2 h at 37 �C. Finally, the
electrode was washed thoroughly with PBS buffer solution to
remove non-specically bound MNPs. The analytical procedure
involved SWV scanning from �0.1 to 0.6 V in PBS buffer solu-
tion. The electrochemical responses were recorded at about
0.46 V for DNA detection.

3. Results and discussion
3.1 Design of bifunctional nanoprobe

In a previous study, the synthetic naphthyridine derivatives
exhibited excellent recognition of the G–G mismatch DNA and
CGG trinucleotide repeat selectively.14,15,37–41 It is very important
to design a bifunctional probe that can selectively recognize the
CGG trinucleotide repeat and posses an electrochemical
response for a facile electrochemical detection. Although
successful exploration results were obtained using a bifunc-
tional probe,14 the sensitivity of the CGG trinucleotide repeat
detection also could be further improved. Considering that
MNPs have unique nanoscale physicochemical properties,
a new bifunctional nanoprobe was designed, as shown in
Scheme 1 which used CMNPs as carriers covalently bound with
nucleic acids recognition molecule and ferrocene derivatives,
that could amplify the signals in electrochemical detection
systems for increasing the sensitivity. The bifunctional nanop-
robe was endowed with a double function, recognition domain
and electrochemical activity, which can be applied in an elec-
trochemical sensor for rapid detection of the CGG trinucleotide
repeat.

3.2 Characterization of carboxyl-functionalized Fe3O4 MNPs

The CMNPs were prepared by synthesis of the oleic acid-coated
Fe3O4 MNPs, and subsequently the oleic acid on the surface of
the MNPs was oxidized by KMnO4. Then, the obtained hydro-
philic monolayer CMNPs were characterized by TEM, XRD and
FTIR.

The morphology and size of the CMNPs were observed and
analyzed via TEM (Fig. 1A). The CMNPs present a spherical
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) TEM image of the CMNPs. (B) XRD pattern of Fe3O4 MNPs (a)
and CMNPs (b). (C) FTIR spectrum of the CMNPs.
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morphology, are relatively uniform in size and exhibit a rela-
tively narrow size distribution with an average diameter of
10 nm. The MNPs maintained a good stability and dispersity
and could act as excellent immobilized carriers for other
molecules.28 The CMNPs were further conrmed by typical XRD
patterns (Fig. 1B). The Fe3O4 MNPs (curve a) exhibited diffrac-
tion peaks centred at 2q values of 30.2�, 35.5�, 43.2�, 53.5�,
57.1�, and 62.7�, which were identical to the standard spectrum
of Fe3O4 corresponding to the crystal planes of (220), (311),
(400), (422), (511), and (440), respectively.28,29 The diffraction
peaks of CMNPs (curve b) appeared at 30.2�, 35.7�, 43.4�, 53.8�,
57.3� and 63.0�, which were also identical to the standard
spectrum of Fe3O4 corresponding to the crystal planes of (220),
(311), (400), (422), (511), and (440), respectively. These results
revealed that the crystal structure of Fe3O4 was substantially
unchanged during the oxidation process of oleic acid-coated
Fe3O4 MNPs by KMnO4.

FTIR spectroscopy was used to observe the surface compo-
sition of the CMNPs (Fig. 1C). The characteristic absorption
This journal is © The Royal Society of Chemistry 2017
peak for Fe3O4 MNPs was observed at 567 cm�1. The stretching
vibration and deformation of the C–O appeared at 1048 and
1400 cm�1, respectively. The peak located at 1657 cm�1 corre-
sponded to the bending vibration of C]O. The peaks at 2921
cm�1 and 2853 cm�1 were also observed, attributed to the
symmetric and asymmetric stretching vibration of CH2. In
addition, a high intensity O–H stretching vibration appeared at
3400 cm�1. These results indicated that the carboxylic group
was present on the surface of the Fe3O4 MNPs, which indicated
the relatively successful preparation of CMNPs.28,29
3.3 Successful preparation of bifunctional nanoprobe

Aer activation of carboxyl on the surface of CMNPs in the pres-
ence of EDC/NHS, NC-linker and AFFA were immobilized on the
surface of the CMNPs via amide bond to get the bifunctional
nanoprobe, which has both the function of recognition and
contribution of electrochemical signal as the redox probe. The
resulting bifunctional nanoprobe can quickly respond to an
externalmagneticeld and quickly be redispersed homogeneously
by shaking with the hand because of the magnetite content. The
excellent magnetic property of the bifunctional nanoprobe can be
used for efficient and simple magnetic separation.

Important issues that must be considered are whether the
NC-linker and AFFA were successfully immobilized on the
surface of CMNPs. Thus, the UV-vis absorption spectra were
used to study every step of modication of the bifunctional
nanoprobe (Fig. 2A). For comparison, the NC-linker modied
CMNPs and AFFA-modied CMNPs were also measured. No
signicant absorbance peak was observed for the CMNPs (curve
a). Three extra absorption peaks were clearly observed at 225,
319 and 332 nm for the NC-linker modied CMNPs (curve b),
attributed to the characteristic absorptions of the free NC-linker
solution (Figure S1A,† curve b). An additional absorption peak
was also clearly observed at 260 nm for the AFFA-modied
CMNPs (curve c) corresponding to the characteristic absorp-
tion peaks of the free AFFA solution (Figure S1B,† curve b). All
the characteristic absorption peaks of the free NC-linker and
AFFA solution were observed at 225, 260, 319, and 332 nm for
the bifunctional nanoprobe (curve d), indicating the successful
coupling of amine of the NC-linker and AFFA with the carboxylic
acids on the surface of CMNPs.

Having an excellent electrochemical signal for the bifunc-
tional nanoprobe is also our greatest concern. The corre-
sponding SWV spectra were measured. As shown in Fig. 2B, the
electro-active compound, AFFA solution, exhibited a typical
oxidation peak at about 0.46 V. However, no signicant peaks
were observed for the CMNPs (curve a) and NC-linker modied
CMNPs (curve b), indicating that they had no electrochemical
signal. Importantly, we found a clear redox peak at about 0.40 V
for the AFFA-modied CMNPs (curve c) and the bifunctional
nanoprobe (curve d), which can be attributed to the redox of the
ferrocene group in AFFA.14,33 The results conrmed that AFFA
had been successfully modied on the surface of CMNPs. Thus,
the bifunctional nanoprobe can be further used in the detection
of the CGG trinucleotide repeat to give a successful electro-
chemical response as the redox probe.
RSC Adv., 2017, 7, 36124–36131 | 36127
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Fig. 2 (A) UV-vis and (B) SWV spectra of the CMNPs (a), NC-linker
modified CMNPs (b), AFFA modified CMNPs (c) and the bifunctional
nanoprobe (d).
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In order to obtain a large electrochemical signal, an experi-
ment with different volumes of the NC-linker (1 mM) from 40 to
100 mL, while keeping the AFFA amount intact, was carried out.
The UV absorption curves of the resulting bifunctional nanop-
robe were tested. It was found that the absorbed intensity of the
NC-linker on the surface of the biofunctional nanoprobes
increased gradually and reached a plateau with an increase in
the NC-linker volume, as shown in Fig. 3. The most signicant
increase in the absorbance was achieved when 80 mL of NC-
linker was used. Thus, 80 mL NC-linker (1 mM) was selected
as the optimal condition.
Fig. 3 Effect of dosage of NC-linker.

36128 | RSC Adv., 2017, 7, 36124–36131
3.4 Principle of the sensor

The question of how to use the bifunctional nanoprobe for the
detection of DNA-correlated diseases is another important
issue. According to our previous study, the NC-linker on the
surface of the bifunctional nanoprobe was able to bind to the
G–G mismatch DNA and the CGG trinucleotide repeat selec-
tively.14,15,37–41 Herein, the bifunctional nanoprobe was expected
to be used for the detection of the CGG trinucleotide repeat that
is correlated to neurodegenerative disease Fragile X syndrome.

The principle of the bifunctional nanoprobe for electro-
chemical DNA biosensing is outlined in Scheme 2. SH-DNA is
immobilized on a gold electrode surface via Au–S bonds. Then,
MCH is further assembled on the electrode to block blank
binding sites. In the presence of the target DNA, the electrode
can capture the target DNA because the SH-DNA are comple-
mentary to the part of the target DNA. Aer incubation with the
bifunctional nanoprobe, the bifunctional nanoprobe is incor-
porated into the CGG trinucleotide repeat on the surface of the
electrode via binding of the NC-linker with the CGG trinucleo-
tide repeat. The corresponding electrochemical responses
attributed to AFFA of the bifunctional nanoprobe are used to
detect the CGG trinucleotide repeat. Moreover, the poor binding
of the NC-linker on the surface of the bifunctional nanoprobe
with other trinucleotide repeats would result in no or a less
apparent electrochemical response compared to the experi-
mental groups.
3.5 Characterization of the biosensor

EIS is a sensitive and effective method to characterize the
conductivity of the electrode surface and the increase in the
semicircle diameter is equal to the increase in the electron-
transfer resistance (Ret). EIS and CV were used to characterize
the assembly processes of the gold electrode using [Fe(CN)6]

3�/

4� as the electro-active probes. As shown in Fig. 4A, the bare
gold electrode (curve a) exhibited a nearly straight line, reect-
ing the excellent conductivity. When SH-DNA was self-
assembled onto the electrode surface, the Ret increased (curve
b), which suggested that SH-DNA formed an additional barrier
to inhibit the electron transfer on the electrode surface because
of the electrostatic repulsion between the negative charges of
Scheme 2 Schematic of the stepwise sensor construction process.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) EIS and (B) CV responses at the bare GE (a), SH-DNA/GE (b),
MCH/SH-DNA/GE (c), CGG/MCH/SH-DNA/GE before (d) and after (e)
its incubation with the bifunctional nanoprobe. Electrochemical
species: 0.5 mM [Fe(CN)6]

3�/4� with 0.5 M KNO3.

Fig. 5 SWV response of the CGG-modified electrode before (a) and
after (b) incubation with bifunctional nanoprobe.
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the SH-DNA phosphate backbone and the [Fe(CN)6]
3�/4� ions.

Aer MCH was used to block nonspecic sites, the Ret further
increased (curve c) because of the insulating property of MCH.
The Ret was largely increased (curve d) aer the target DNA was
captured on the surface of the electrode, implying that the
increased negative charges of the nucleotide greatly inhibited
the electron transfer. The increase in Ret indicated successful
immobility of SH-DNA and hybridization of the trinucleotide
repeat DNA with SH-DNA. When the sensor was incubated with
bifunctional nanoprobes, the Ret signicantly increased (curve
e), which was attributed to the introduction of the bifunctional
nanoprobe that obstructed the interfacial electron transfer. The
results indicated that the biosensor was effectively and
successfully fabricated.

The corresponding CV curves are shown in Fig. 4B. With the
stepwise construction of the sensor, the peak current decreased
successively and the peak separation increased continuously,
ascribed to the sequential increase in hindrance. These CV
results were consistent with those obtained from the EIS
measurements, conrming that the biosensing interface had
been fabricated successfully.
Fig. 6 Selectivity of the proposed electrochemical biosensor to CGG
at 0.2 mM and other trinucleotide repeats at the same concentration of
1 mM.
3.6 Performance of the sensor

To test the feasibility of the bifunctional nanoprobe-based
biosensor, SWV curves of the biosensor were obtained in PBS
This journal is © The Royal Society of Chemistry 2017
buffer solution before and aer incubation of the biosensor
with the bifunctional nanoprobes. As shown in Fig. 5, clearly the
CGG modied biosensor did not show any electrochemical
signal before incubation with the bifunctional nanoprobes
(curve a). Importantly, an evident current peak was observed at
about 0.47 V (curve b) because of the excellent binding ability of
the bifunctional nanoprobe with the CGG trinucleotide repeat
aer the CGG-modied biosensor was incubated with the
bifunctional nanoprobe. These facts further demonstrated the
successful preparation and application of the bifunctional
nanoprobes. The bifunctional nanoprobes could be used for the
sensitive detection of the CGG trinucleotide repeat using the
electrochemical system.

3.7 Selectivity

Another important question we must consider is the sequence
selectivity in electrochemical detections. The specicity is a key
issue in the early diagnosis of the Fragile X syndrome disease.
Based on our previous study, the NC-linker compound and its
derivative had excellent selectivity for the CGG trinucleotide
repeat.14,15 The specicity of the proposed biosensor was
investigated by incubating with different repeat DNA. For
comparison, other trinucleotide repeats (1 mM) including CCG,
GAA, TGG, CTG, CAG and ATT with multiple concentrations of
the CGG trinucleotide repeat was used (Fig. 6). Different trinu-
cleotide repeats-modied sensors were fabricated according to
the same procedures with the CGG trinucleotide repeat. In
order to minimize the nonspecic interaction of the
RSC Adv., 2017, 7, 36124–36131 | 36129
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bifunctional nanoprobe and DNA, the biosensors were rinsed in
2 mL PBS buffer solution before SWV analysis. Aer incubation
with the bifunctional nanoprobe, CGG trinucleotide repeat (0.2
mM) produced an evident current response. Pleasantly, other
trinucleotide repeats caused almost negligible electrochemical
changes because of the poor binding of the bifunctional
nanoprobe with the trinucleotide repeats. According to the
above results, the bifunctional nanoprobe has the ability to
bind with the CGG trinucleotide repeat selectively, clarifying
that the present bifunctional nanoprobe can be used in prin-
ciple to detect the CGG trinucleotide repeat. The responses of
other trinucleotide repeats were almost ignored. These results
suggested that the biosensor had a high sequence specicity
and could be used for the detection of the CGG trinucleotide
repeat.

Thus, the advantages of the proposed method such as fast,
excellent selectivity, and low cost were clear. In addition, the
method was based on the novel bifunctional nanoprobe that
can selectively bind with the CGG trinucleotide repeat and was
very different from other DNA sensors utilizing oligonucleotides
as a probe and working either in the hybridization or denatur-
ation modes. The studies showed that the bifunctional nanop-
robe had an excellent selectivity, exhibiting promising clinical
applications. These abovementioned aspects make the method
useful and important for the development of CGG trinucleotide
repeat detection. Next, we will try to nd real samples and
improve the method to explore the value and the feasibility in
a clinical setting.
4. Conclusions

In summary, a bifunctional nanoprobe was successfully
synthesized using CMNPs as carriers for NC-linker and AFFA
immobilization via the amide bond, which was endowed with
a double function, recognition domain and electrochemical
activity. The characterizations of CMNPs and the bifunctional
nanoprobe were studied systematically. Based on the bifunc-
tional nanoprobe, a simple and rapid electrochemical sensor
was developed for the detection of the CGG trinucleotide repeat.
The results demonstrated that the new electrochemical sensor
had an excellent ability to selectively detect the CGG trinucleo-
tide repeat label-free. This new method explored the successful
application of the functional MNPs in the electrochemical
detection of the CGG trinucleotide repeat and would be a very
promising option for the early diagnosis and treatment of
neurodegenerative diseases.
Acknowledgements

This study was supported by the National Natural Science
Foundation of China (Grant 21575035) and Foreign Science and
Technology Cooperation Fund of Hubei province, China
(2015BHE025).
36130 | RSC Adv., 2017, 7, 36124–36131
Notes and references

1 G. R. Sutherland and R. I. Richards, Proc. Natl. Acad. Sci.,
1995, 92, 3636–3641.

2 R. S. Hansen, S. M. Gartler, C. R. Scott, S. H. Chen and
C. D. Laird, Hum. Mol. Genet., 1992, 1, 571–578.

3 R. D. Wells, J. Biol. Chem., 1996, 271, 2875–2878.
4 S. M. Mirkin, Nature, 2007, 447, 932–940.
5 M. V. Evans-Galea, A. J. Hannan, N. Carrodus, M. B. Delatycki
and R. Saffery, Trends Mol. Med., 2013, 19, 655–663.

6 R. I. Richards and G. R. Sutherland, Trends Biochem. Sci.,
1997, 22, 432–436.

7 P. Weisman-Shomer, E. Cohen, I. Hershco, S. Khateb,
O. Wolfovitz-Barchad, L. H. Hurley and M. Fry, Nucleic
Acids Res., 2003, 31, 3963–3970.

8 C. J. Cummings and H. Y. Zoghbi, Hum. Mol. Genet., 2000, 9,
909–916.

9 V. Campuzano, L. Montermini, M. D. Moltò and L. Pianese,
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