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A B S T R A C T

A novel electrochemical DNA (E-DNA) biosensing strategy was designed and used for the detection of breast
cancer susceptibility gene (BRCA-1). The biosensor was based on gold nanoparticles-reduced graphene oxide
(AuNPs-GO) modified glass carbon electrode (GCE) covered with the layer of molecularly imprinted polymers
(MIPs) synthesized with rhodamine B (RhB) as template, methacrylic acid (MAA) as the monomer, and Nafion as
additive. The signal amplification tracing tag SiO2@Ag NPs were prepared by covering AgNPs on the surface of
SiO2 nanoparticles in situ, and then DNA probes were modified on AgNPs by Ag-S bond, forming the composites
SiO2@Ag/DNA. In presence of target DNA (T-DNA), homogeneous hybridization was performed with SiO2@Ag/
DNA and RhB labeled DNA, and the resulting SiO2@Ag/dsDNA/RhB was specifically recognized by MIPs via the
interaction between imprinting cavities and RhB. Under optimal conditions, the proposed biosensor exhibited
wide linear range from 10 fM to 100 nM, low detection limit of 2.53 fM (S/N=3), excellent selectivity, re-
producibility, stability, and feasibility in serum analysis. Overall, these findings suggest the promising prospects
of the proposed biosensing strategy in clinical diagnostics.

1. Introduction

In the past decades, DNA detection methods have attracted tre-
mendous attention due to their pertinent applications, notably in mo-
lecular diagnostics and early diagnosis of different diseases, such as
genetic disorders, cancer, viral infection, and chronic diseases (Farjami
et al., 2011; Mahshid et al., 2015; Saito et al., 2012). Varieties strategies
have recently been employed for the manufacturing of DNA sensing
platforms (Du and Dong, 2017; Zhao et al., 2015), including optical
(Wang et al., 2013), electrochemical (Ling et al., 2015), mass spectro-
metric (Tretyakova et al., 2013), chromatographic (Nagai et al., 2016)
and microgravimetric analysis (Becker and Cooper, 2011). Among
these, electrochemical DNA sensing has attracted increasing attention
due to its high sensitivity and selectivity, rapid response, amenability to
miniaturization, simple instrumentation, and low cost (Diculescu et al.,
2016; Palecek and Bartosik, 2012). However, most of the E-DNA sen-
sing approaches require immobilization of the DNA probes on the
electrode surface (Drummond et al., 2003; Xiao et al., 2009), which
undoubtedly results in lower recognition efficiency and speed with
targets when compared to homogeneous recognition. Therefore,
homogeneous electrochemical aptasensing strategies were used to take
full advantage of their high recognition efficiencies, configurational
freedom of probes, and preservation of DNA under physiological

conditions (Zhang et al., 2016, 2013). On the other hand, the electro-
active substances in most homogeneous E-DNA detection are freely
dispersed in solutions, leading to limited sensitivities.

To enhance response signals in homogeneous E-DNA biosensor,
several approaches have been developed to capture the electroactive
substances from solution to the electrode surface, including host-guest
interaction (Cui et al., 2014), π-π stacking interaction (Wang et al.,
2015), thiol self-assembly (Hong et al., 2017), biotin-avidin interaction
(Zhang et al., 2005), and molecular imprinting adsorption (Tiwari
et al., 2012). Among these techniques, molecular imprinting adsorption
offers a promising approach to improve sensitivity and selectivity of
homogeneous E-DNA biosensors. This is due to recognition of target
molecules by MIPs through the specific size, shape, and functionality of
three-dimensional imprinting cavities (Yoshikawa et al., 2016), dis-
playing the outstanding affinity. Moreover, MIPs often exhibit better
stability than natural biomolecules (Schirhagl, 2014; Wackerlig et al.,
2016), coupled with easy preparation and extensive application in
biosensing.

In this study, a novel homogeneous electrochemical DNA biosensing
strategy with high sensitivity and selectivity was developed based on
the specific recognition of MIPs and the signal amplification using
SiO2@Ag nanoparticles. As illustrated in Scheme 1, the target DNA
homogeneously hybridized with SiO2@Ag modified DNA and RhB
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labeled DNA, forming the recognizable nanocomposite SiO2@Ag/
dsDNA/RhB. This resulting nanocomposite was transferred from solu-
tion to the MIPs modified electrode surface thanks to the recognition of
imprinting cavities to RhB. This yielded an amplified electrochemical
signal with a detection limit down to 2.53 fM (S/N=3), coupled with
high selectivity and promising applicability in real samples.

2. Experimental sections

2.1. Materials and reagents

Silver nitrate (AgNO3), sodium dodecyl sulfate (SDS), trisodium
citrate, chloroauric acid (HAuCl4·4H2O), L-ascorbic acid (AA), sodium
borohydride (NaBH4), graphite powder (analytical grade), rhodamine
B, ethanol, n-hexanol, cyclohexane, tetraethoxysilane (TEOS),
NH3·H2O, Triton X-100, N, N′-methylenebis(acrylamide) (MBA), me-
thacrylic acid, methacrylamide (MAC), poly(acrylamide) (PAA, MW =
3 000 000), aqueous ammonia solution (28 wt%), poly(ethylene glycol)
(PEG, MW = 2000), and azobisisobutyronitrile (AIBN) were all pur-
chased from Sinopharm Chemical Reagent (Shanghai, China). Tris(2-
carboxyethyl)phosphine (TCEP), polyvinylpyrrolidone (PVP, MW =
55,000), poly(diallyldimethylammonium chloride) solution (PDDA,
MW: 200,000–350,000, 20 wt%), 2-trifluoromethacrylic acid (TFMAA),
4-vinylpyridine (4-VPY), Nafion 117 solution (5%), and ethylene glycol
dimethacrylate (EGDMA) were provided by Sigma-Aldrich (St. Louis,
MO). The RhB labeled DNA probe was obtained from TaKaRa
Biotechnology (Dalian, China), and the other DNA sequences with
HPLC purification (Table S1) were obtained from Sangon Bio-
technology (Shanghai, China). MAA was distilled under reduced pres-
sure to remove the polymerization inhibitor. Clinical human serum
samples were collected from a local pathology laboratory and stored at
4 °C. Ultrapure water obtained by Millipore water purification system
(≥ 18MΩ cm, Milli-Q, Millipore) was used throughout the experi-
ments. Phosphate buffer saline (PBS, 0.1 M, pH = 7.4) was prepared
with ultrapure water and employed as the supporting electrolyte. The

other chemicals and reagents were all of analytical grade and used as
received without further purification.

2.2. Instruments

The surface morphologies were observed with scanning electronic
microscopy (SEM, HITACHI S-4800, Hitachi, Tokyo, Japan), transmis-
sion electron microscopy (TEM, JEOL JEM-2100F), and atomic force
microscopy (AFM, Veeco Nanoscope IIIa MultiMode) in tapping mode.
The UV–visible (UV–vis) absorption spectra were obtained with UV-
1800 spectrophotometer (Shimadzu, Japan). The electrochemical
measurements were performed using a CHI 820B electrochemical
workstation (CH Instruments, Shanghai, China) with a conventional
three-electrode system in 10mL of glass cell, composed of a modified or
bare glassy carbon electrode (GCE, 3mm in diameter) as working
electrode, an Ag/AgCl with saturated KCl solution as reference, and a
platinum wire as auxiliary electrode.

2.3. Preparation of SiO2@Ag/DNA

The preparation procedures of SiO2@Ag/DNA are illustrated in
Scheme 1A. Monodisperse silica nanoparticles were synthesized ac-
cording to previous literature with some modifications (Fan et al.,
2013). The details were provided in the Supporting information. The
SiO2@Ag was prepared according to reported literature (Deng et al.,
2007), where 1.0mL of 0.1 g/mL SiO2 nanoparticles in aqueous solu-
tion was quickly added to 10mL of freshly prepared [Ag(NH3)2]+ so-
lution under magnetic stirring at room temperature. [Ag(NH3)2]+ was
allowed to absorbed for 1 h onto SiO2 nanoparticles surface via elec-
trostatic attractions between [Ag(NH3)2]+ and negatively charged Si-
OH groups. The resulting dispersion was mixed with 50mL of 5×10−4

M PVP ethanol solution placed in a 250 mL three-neck flask under
vigorous magnetic stirring at 70 °C for 7 h. The obtained product was
then collected by centrifugation (10,000 rpm) and washed at least three
times with ultrapure. The resulting SiO2@Ag was further resuspended

Scheme 1. Schematic illustration of the MIPs-based E-DNA biosensing. Inset of (A) and (B) display the preparation of SiO2@Ag/DNA and homogeneous DNA
hybridization.
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in 1mL of 5 μM HS-DNA, followed by activation with TCEP (10mM)
and then continuously shaken for 12 h. Finally, SiO2@Ag/DNA was
acquired by centrifugation at room temperature for 10min. The pro-
cedure was performed twice to remove unbound DNA. The particles
were finally dispersed in 1.0 mL of 0.1M PBS for further use.

2.4. Preparation of MIPs film

The composite of AuNPs-GO was prepared according to previous
reports with some modification (Han et al., 2012; Zeng et al., 2013),
and the details were reported in the Supporting information. A bare
GCE was first polished with alumina slurry and washed by ultrapure
water under ultrasonication. Next, 5 μL of 1% chitosan solution was
dropped on the pretreated GCE and dried in air for 1 h (Scheme 1).
Then, 5 μL of 1.0 mg/mL AuNPs-GO solution was cast onto the surface
and dried in air. To form MIPs layer, the above modified electrode was
immersed into a pre-polymer mixture containing 0.4 mM RhB, 0.5%
Nafion, 2.0 mM MAA, 10mM AIBN and 1.25mM EGDMA at room
temperature. After reaction for 12 h, the resulting electrode was rinsed
with 0.1 M HCl containing 10% SDS (w/v) to remove the template. For
comparison, nonimprinted polymers (NIPs) coated electrode was pre-
pared with the same procedures as MIPs covered electrodes, with the
exception of adding template molecule during the polymerization
process.

2.5. Electrochemical detection of T-DNA

The electrochemical detection was performed using differential
pulse voltammetry (DPV) in a three-electrode cell configuration. To
fabricate the recognizable nanocomposite SiO2@Ag/dsDNA/RhB,
100 μL of homogeneous DNA solution containing 5 μM RhB-DNA, 0.1 g/
mL SiO2@Ag/DNA and T-DNA at different concentrations in PBS buffer
were incubated at 37 °C for 1 h. Next, 5 μL of the hybridization solution
was dropped onto the MIPs covered electrode. After incubation in a
humidified chamber for 35min, the electrode was washed with 0.1 M
PBS-acetonitrile solution (pH 7.4, 70:30, v/v) for 5min. Finally, the
electrode was dried at room temperature and DPV signals were re-
corded by CHI 820B in 0.1 M PBS (pH 7.4).

3. Results and discussion

3.1. Characterization of SiO2@Ag/DNA and MIPs film

The formation of SiO2@Ag NPs was confirmed by TEM micro-
graphs. Pure SiO2 NPs with average diameters around 200 nm exhibited
uniform size distributions and smooth surfaces (Fig. 1A). After mod-
ification with Ag NPs, the surface of SiO2 NPs was uniformly covered by
dark particles (Fig. 1B), indicating the successful preparation of core-
shell SiO2@Ag NPs. UV–vis spectroscopy was employed to confirm the
successful synthesis of SiO2@Ag/DNA. HS-DNA displayed a character-
istic peak at 260 nm (Fig. 1C, curve a), attributed to the absorption of
purine and thymine bases (Fan et al., 2015; Saito et al., 2012). For SiO2

nanoparticles, no absorption peaks were observed before the coverage
of Ag NPs (Fig. 1C, curve b). On the other hand, the formation of
SiO2@Ag nanoparticles induced an obvious plasmon absorption peak at
around 420 nm (Fig. 1C, curve c) attributed to Mie plasmon resonance
excitation issued from silver nanoparticles (Deng et al., 2007). The
covalent bonding of HS-DNA to SiO2@Ag NPs through Ag-S induced a
characteristic peak of DNA at 260 nm and plasmon absorption peak at
420 nm (Fig. 1C). This demonstrated the successful synthesis of
SiO2@Ag/DNA. The SiO2@Ag/dsDNA/RhB nanocomposite was con-
structed by SiO2@Ag/DNA, T-DNA, and RhB-DNA through homo-
geneous DNA hybridization was also confirmed by UV–vis shown in Fig.
S2.

The FT-IR spectroscopy was employed to investigate the structural
changes of MIPs film before and after removal of the template RhB. As

shown in Fig. 1D, AuNPs-GO hardly exhibited characteristic absorption
peaks. However, the other three materials all presented the character-
istic peaks at 2959 cm−1 and 2928 cm−1, attributed to stretching vi-
brations of -CH3 and -CH2 in MAA and RhB (Haldorai and Shim, 2014;
Su et al., 2015), respectively. The characteristic peak at 1722 cm−1 was
assigned to the stretching vibration of C˭O in carboxyl group and that at
1296 cm−1 to stretching vibration in C-N (Liu et al., 2015; Lukose et al.,
2015). However, the peak intensity of MIPs before removal of the
template appeared stronger. Furthermore, the characteristic vibration
peaks of benzene rings in RhB were spotted at 1634 cm−1, 1513 cm−1

and 1453 cm−1 (Lu et al., 2015), confirming that RhB was successfully
imprinted in MIPs. On the other hand, the weakened characteristic
peaks displayed by MIPs after removal of the template were indicative
of successful synthesis of final MIPs.

To identify the surface topography of NIPs and MIPs, AFM imaging
was used in a 2×2 µm2 scanned area. As shown in Fig. S3A, the surface
of NIPs film presented a relatively smooth morphology with some
bulged block. However, the surface of MIPs film appeared rougher (Fig.
S3B). These data further confirmed the successful fabrication of MIPs
film.

The molecularly imprinted film was deposited on the electrode by
surface imprinting and the electrochemical behaviors were investigated
by cyclic voltammogram (CV) and electrochemical impedance spec-
troscopy (EIS) curves. The electrochemical performances of diverse
electrodes could be determined by comparing the CV signals of Fe
(CN)63-/4- at each electrode. Fig. 1E shows the CV curves of bare GCE,
AuNPs-GO modified GCE (AuNPs-GO/GCE), NIPs film modified GCE
(NIPs/AuNPs-GO/GCE), and MIPs film modified GCE before and after
removal of the template in 5mM K3[Fe(CN)6]/K4[Fe(CN)6] solution.
Obviously, bare GCE exhibited a couple of reversible redox peaks with
peak potential separation (ΔEp) of about 100mV (Fig. 1E, curve a).
After modification with AuNPs-GO, the current intensity increased due
to the highly extended surface area and excellent conductivity of
AuNPs-GO (Fig. 1E, curve b). Further modification of the electrode by
NIPs film decreased the current intensity (Fig. 1E, curve c), indicating
the large transfer resistance of polymer film modified GCE. The same
was observed for MIPs modified AuNPs-GO/GCE without removal of
the template, but with more declined current signal. The latter could be
attributed to the large electron transfer resistance of MIPs film con-
taining template when compared to NIPs film. After removal of the
template, the current significantly rose thanks to 3D imprinting cavities
present in the film, which enhanced the diffusion of Fe(CN)63-/4- and
accelerated the electron transfer. The EIS results in Fig. 1F are con-
sistent with that of CVs. All of the results demonstrated that the im-
printing cavities improved the electrical properties of MIPs film.

3.2. Optimization of imprinting conditions

The molecular imprinting conditions could significantly influence
the recognition properties of the obtained MIPs. Hence, the imprinting
conditions of MIPs were investigated in terms of monomer type and its
concentration, additive and its concentration, and amounts of the
template.

The polymerizable monomer directly bonded to the template mo-
lecule by noncovalent interaction would be the most important factor
affecting the recognition properties of MIPs. Therefore, the appropriate
monomer was optimized among MAA, TFMAA, MAC, MBA, and 4-VPY.
Using RhB as template, MAA and TFMAA were employed as monomers
due to their carboxyl groups, which might bond with two tertiary amino
groups of RhB via electrostatic interactions to enhance the interaction
between rhodamine B and MIPs (Fig. S4). MAC and MBA were utilized
owing to their analogous structures with MAA and amino group binding
with oxygen in rhodamine B. 4-VPY was tested because of its positively
charged group and pyridine ring, which could interact with RhB via π-π
stacking interactions (Cao et al., 2016; Mohamed et al., 2015). As
shown in Fig. 2A, MIPs with MAA exhibited the strongest adsorption
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Fig. 1. TEM images of (A) SiO2 NPs and (B) SiO2@Ag NPs. (C) UV–vis absorption spectra of HS-DNA (a), SiO2 NPs (b), SiO2@Ag NPs (c), and SiO2@Ag/DNA (d). (D)
FT-IR spectra of AuNPs-GO, NIPs, MIPs before and after removal of the template RhB in KBr pressed pellets. CVs (E) and EIS (F) of bare GCE (a), AuNPs-GO/GCE (b),
NIPs-AuNPs-GO/GCE (c), and MIPs-AuNPs-GO/GCE before (d) and after (e) removal of the template molecules in 5mM K3[Fe(CN)6]/K4[Fe(CN)6] solution con-
taining 0.1M KCl.

Fig. 2. The DPV peak current responses of MIPs-AuNPs-GO/GCE and NIPs-AuNPs-GO/GCE with 5 μL of SiO2@Ag/dsDNA/RhB containing 100 nM T-DNA used for
optimizing the imprinting conditions: (A) monomers (2 mM), (B) concentrations of MAA, (C) additives (0.5%), and (D) contents of Nafion.
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capability on SiO2@Ag/dsDNA/RhB. This was due to the imprinting
cavities in MIPs, matching the three-dimensional shape of RhB and
providing enough recognizing sites of carboxyl group. Furthermore,
MIPs with MAA revealed the highest imprinting factor (IF) value of 4.9,
representing the peak current intensity ratio of SiO2@Ag/dsDNA/RhB
detected on MIPs to that of NIPs under the same conditions. Therefore,
MAA was selected as the most appropriate monomer to prepare MIPs.

The concentration of MAA used to prepare MIPs was further opti-
mized. MIPs exhibited improved adsorption performances as MAA
concentration increased from 0.1 to 2mM (Fig. 2B). While, the current
response declined beyond 2mM, since the excess MAA might enhance
the density of MIPs and block the electron transfer. Hence, the optimal
concentration of MAA was recorded as 2mM with an IF value of 5.6.

Considering the two positive-charged tertiary amino groups and
benzene ring in RhB, polymer additives (including Nafion, PEG, PAA,
PVP, and PDDA) with negatively charged groups and π-π stacking in-
teraction were used to improve the absorption of MIPs. It can be seen
that MIPs with Nafion had a much higher affinity to SiO2@Ag/dsDNA/
RhB than the others (Fig. 2C). This was ascribed to the sulfonic acid
groups generating negatively charged attractions and the fluorine
atoms enhancing the electrostatic interactions (Fig. S4). Though PEG
and PAA could also provide electron donor and hydrogen to enhance
affinity towards RhB, the poor conductivity and dense structure of the
polymers would dramatically weaken the current response. PVP could
bond to RhB through π-π stacking interactions through the pyrrole ring.
However, the poor conductivity of PVP would limit the electrochemical
performances. The addition of PDDA to MIPs could generate a stronger
current signal but enhanced the response of NIPs, leading to low IF
value attributed to the positively charged PDDA interacting with ne-
gative-charged phosphate groups in DNA. Consequently, Nafion was
selected as the best additive to enhance the adsorption capability of
MIPs.

The optimal Nafion content was also investigated in Fig. 2D.
Clearly, the current response of MIPs increased as Nafion content rose
from 0% to 0.5%, followed by a gradual reduction. This indicated that
MIPs with 0.5% Nafion could display the most excellent recognition
capability towards RhB with an IF value of 5.2.

The amount of template could directly affect the number of im-
printing cavities on MIPs, determining the quantity of SiO2@Ag/
dsDNA/RhB binding to MIP film. Fig. S5 illustrated that the peak cur-
rent of MIPs continuously increased at RhB concentrations ranging from
0 to 0.4 mM and then kept constant. This suggested that the growing
template could enhance the adsorption of SiO2@Ag/dsDNA/RhB on
MIPs. However, the adsorption reached a kinetic balance at RhB con-
centration exceeding 0.4mM. Therefore, 0.4mM RhB was selected as
the optimal concentration to prepare MIPs.

3.3. Optimization of detection conditions

To achieve the optimal detection sensitivity of T-DNA, the con-
centration of RhB-DNA, DNA hybridization time, pH of incubating so-
lution, incubation time for recognizing SiO2@Ag/dsDNA/RhB, and
washing time for removal of the nonspecifically adsorbed nano-
composites were systematically explored. As the RhB-DNA concentra-
tion rose from 0.1 to 5 μM, the peak current increased due to more
bonding between SiO2@Ag/dsDNA/RhB and MIPs (Fig. 3A). However,
excess RhB-DNA might prevent electron transfer of the MIPs film,
leading to the decreased current responses beyond 5 μM RhB-DNA.

Fig. 3B presents the effect of DNA hybridization time on the de-
tection sensitivity from 10 to 120min. The continuously increased
current responses were visible within the first 60min and then re-
mained nearly constant as hybridization time further prolonged. Hence,
60 min was determined as the optimal hybridization time and used for
further studies.

The effect of pH values, influencing the recognition performance of
MIPs, is illustrated in Fig. 3C. The peak current showed a positive

response towards pH value ranging from 4 to 6, reflecting the improved
recognition of MIPs. However, the current intensity dramatically
dropped in the pH range of 6–9, indicating that pH beyond 6 prevented
binding of MIPs. Therefore, MIPs exhibited excellent recognition per-
formances in weak acid conditions (pH = 6).

The peak current responses of SiO2@Ag/dsDNA/RhB with MIPs at
different incubation time are shown in Fig. 3D. Prolonged incubation
time clearly enhanced the current signals from 5 to 35min. Never-
theless, stable DPV responses after 35min were obtained. Under the
optimized conditions, the IF value achieved 4.9. Therefore, 35min was
selected as the optimal incubation time and applied to MIPs binding
with SiO2@Ag/dsDNA/RhB.

Fig. S6 depicts the effect of washing time on peak current responses
obtained from MIPs and NIPs films. The responses of both films de-
creased with increasing washing time from 1 to 11min, but IF achieved
the highest value at 5min. Hence, 5 min was selected as the optimal
washing time and used for further studies.

3.4. Analytical performances of biosensor

The electrochemical response of SiO2@Ag/dsDNA/RhB on MIPs/
AuNPs-GO/GCE was further investigated by comparing with AuNPs-
GO/GCE, Nafion/AuNPs-GO/GCE, MAA/AuNPs-GO/GCE, NIPs/AuNPs-
GO/GCE, and MIPs/AuNPs-GO/GCE. As shown in Fig. 4A, AuNPs-GO/
GCE (green line) exhibited a weak electrochemical signal, indicating
low ability to recognize SiO2@Ag/dsDNA/RhB. After modification with
NIPs, a relatively stronger current response of NIPs-AuNPs-GO/GCE
(magenta line) was recorded due to the physical adsorption by the
polymer. The Nafion/AuNPs-GO/GCE (red line) and MAA/AuNPs-GO/
GCE (blue line) were prepared by the same procedures as MIPs/AuNPs-
GO/GCE, but without the addition of MAA and Nafion. Both electrodes
exhibited greatly increased current responses when compared to NIP-
AuNPs-GO/GCE, showing that both could present good affinities to-
wards SiO2@Ag/dsDNA/RhB. Hence, modification of AuNPs-GO/GCE
by MIPs containing Nafion and MAA resulted in enhanced current
signals, demonstrating the special recognition of MIPs/AuNPs-GO/GCE
toward SiO2@Ag/dsDNA/RhB.

The current responses of MIPs and NIPs at different concentrations
of T-DNA are shown in Fig. 4B under the optimized conditions. The
adsorption isotherms of the MIPs and NIPs substrates were established
by plotting the peak current intensities against the logarithm of T-DNA
concentrations. For RhB-imprinted MIPs, the peak current intensity
apparently increased with the logarithm of T-DNA concentration from
10 fM to 1 μM. By comparison, the current response of NIPs under
identical conditions exhibited a slightly increased current response as T-
DNA concentration rose. The IF of MIPs was estimated from the two
response curves as 8.5 (based on maximum binding amounts of MIPs
and NIPs). This indicated the significant binding affinity of the MIPs
towards T-DNA.

Fig. 4C shows the DPV responses of T-DNA at different concentra-
tions recorded on MIPs/AuNPs-GO/GCE through the specific capture of
SiO2@Ag/dsDNA/RhB by MIPs at the optimal conditions. The peak
current clearly increased as T-DNA concentration rose. A proportional
linear correlation between the peak current and logarithm of T-DNA
concentrations was further deduced from 10 fM to 100 nM (Fig. 4D),
which could be described by the equation: I (μA) = 0.263 lgCT-DNA

+3.98 (R2 = 0.996). The detection limit was calculated as 2.53 fM (S/
N=3). The analytical performances of MIPs/AuNPs-GO/GCE for T-
DNA were compared with those of other reported electrochemical DNA
approaches and the results are listed in Table S2. The wider linear range
and lower detection limit demonstrated the excellent prospects of the
proposed strategy based on MIPs to capture targets from homogeneous
solutions.
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3.5. Selectivity, reproducibility and stability of MIPs biosensor

To investigate the selectivity of the proposed E-DNA biosensor, DPV
signals of single-base (M1), three-base (M3) mismatched sequences, and
random DNA sequence (Random) were all collected and compared with
that of target sequence. All mismatched and random sequences dis-
played distinguishable peak currents from target DNA (Fig. S7). This
excellent selectivity might be attributed to strict principle of com-
plementary base pairing and specific recognition of MIPs, which

enlarged the distinctive current signals.
The reproducibility of MIPs biosensor was tested using twelve

modified electrodes prepared under the same conditions. A relative
standard deviation (RSD) of 7.4% was calculated using the DPV re-
sponses of Fig. S8A, indicating the good reproducibility of the proposed
MIPs biosensor. The stability was also evaluated by detecting the cur-
rent responses of the same electrodes stored at 4 °C every 10 days (Fig.
S8B). After one month, the signal intensity retained about 93% of the
initial values, revealing the excellent stability of the MIPs biosensor.

Fig. 3. (A) Current response of SiO2@Ag/
dsDNA/RhB deposited on MIPs film with dif-
ferent concentrations of RhB-DNA. (B)
Dependence of peak current intensity on hy-
bridization time. (C) Effects of pH value on
recognition of SiO2@Ag/dsDNA/RhB with
MIPs. (D) Optimization of incubation time with
MIPs and NIPs films. The concentration of T-
DNA is 100 nM in the homogeneous hy-
bridization.

Fig. 4. (A) DPV responses of AuNPs-GO/GCE,
NIPs/AuNPs-GO/GCE, MAA/AuNPs-GO/GCE,
Nafion/AuNPs-GO/GCE, and (d) MIPs/AuNPs-
GO/GCE in 0.1 mM PBS (pH 7.4) after in-
cubation with SiO2@Ag/dsDNA/RhB for
35min. The concentration of T-DNA in the
homogeneous hybridization is 100 nM. (B)
Peak current intensity detected on RhB-im-
printed substrate MIPs and NIPs at different T-
DNA concentrations. (C) DPV curves of RhB-
imprinted substrate MIPs. (D) calibration curve
used for detection of T-DNA from 10 fM to
100 nM. (For interpretation of the references to
color in this figure legend, the reader is re-
ferred to the web version of this article.)
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3.6. Analysis of human serum samples

To determine the practical performances of the proposed method,
the recovery of T-DNA at concentrations of 0, 0.1, 0.5, 1.0, 5.0, and
10.0 nM were analyzed in 10 folds diluted human serum samples
(Table 1). The recovery values were estimated between 97% and
106.4% with acceptable RSD values. This indicated the potential ap-
plication of the proposed MIPs-based biosensor in clinical applications.

4. Conclusions

In summary, a novel homogeneous E-DNA biosensing strategy has
been successfully developed using MIPs to capture homogenously the
hybridized DNA nanocomposites–SiO2@Ag/dsDNA/RhB, where
SiO2@Ag was employed as both the electrochemical indicator and
signal amplifier. MIPs film was prepared on the AuNPs-GO modified
electrode with RhB as the template and Nafion as additive. The selec-
tive recognition of MIPs for SiO2@Ag/dsDNA/RhB was contributed by
the shape matching of imprinting cavities and electrostatic interactions
between Nafion and RhB. Under the optimized conditions, the fabri-
cated MIPs-based electrochemical DNA biosensing strategy yielded high
sensitivity down to 2.53 fM in homogeneous solution, attributing to the
amplification of SiO2@Ag. Furthermore, the application of the pro-
posed method was evaluated with the determination of BRCA-1 in
human serum samples, exhibiting the satisfactory results. The proposed
MIPs-based biosensing method could potentially be extended for the
detection of other biomolecules in biochemical research and early di-
agnosis of diseases.
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