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ABSTRACT: Novel multifunctional magnetic zirconium
hexacyanoferrate nanoparticles (ZrHCF MNPs) were pre-
pared, which consisted of magnetic beads (MBs) inner core
and zirconium hexacyanoferrate(II) (ZrHCF) outer shell. As
an artificial peroxidase, the ZrHCF MNPs exhibited
remarkable electrocatalytic properties in the reduction of
H2O2 at 0.2 V vs saturated calomel electrode (SCE). On the
basis of the bonding interaction between Zr (IV) of the shell
ZrHCF framework and phosphonate groups, the 5′-
phosphorylated ssDNA probes with a consecutive stretch of
guanines as a spacer could be incorporated in ZrHCF MNPs
easily. Thus, DNA-grafted ZrHCF MNPs could be simply
obtained by magnetic separation. The prepared nano-
electrocatalyst was further used as signal nanoprobe for the ultrasensitive electrochemical DNA assay. Under optimal
conditions, the proposed biosensor presents high sensitivity for detecting target DNA with a linear range from 1.0 fM to 1.0 nM
and a low detection limit of 0.43 fM. Moreover, it exhibits good performance with excellent selectivity, high stability, and
acceptable fabrication reproducibility.

The ultrasensitive detection of DNA provides potential
application in the fields of clinical diagnosis, biological

research, environmental monitoring, and food safety.1−4

Among these detection methods for nucleic acid, an electro-
chemical sensor attracts much more attention on account of
their high sensitivity, portability, simplicity, low cost, and
reusablility.5−8 In order to realize an ultrasensitive bioassay, the
conventional strategies of DNA biosensors often rely on
bioengineered enzyme-linked probes, generating detection
signal by the catalytic substrate reaction.9,10 However,
enzyme-based bioassays often suffer from shortcomings
associated with the limited stability and cost of natural
enzymes. Hence, the stable nonenzymatic nanoelectrocatalysts
with high catalytic efficiencies are highly desirable for the DNA
bioassay.
Magnetic beads (MBs) have widespread biomedical

applications because of their unique property: superparamag-
netism.11 They are often used to enrich, separate, and
immobilize DNA or proteins.12−15 However, for the biosensing,
the biological functional treatments of MBs are often
necessary.16 Some biomaterial-functionalized MBs, such as
thionine-doped magnetic gold nanospheres and Fe3O4@Ag−
Pd hybrid nanoparticles, have been extensively applied in the
electrochemical bioassay.17,18 Among them, the Prussian blue
(PB) modified MBs have become quite attractive due to their
advantages: (1) PB or PB analogy nanoparticles can be
employed as an artificial peroxidase because of their high

electrocatalytic activity toward H2O2 reduction at low over-
potential;19 (2) PB exhibits excellent electrochemical behavior
to promote the heterogeneous electron transfer.20 Above all,
the nanocomposites can show both superparamagnetism and
peroxidase-like activity.
On the other hand, the unique coordination of phosphate

groups to metal(IV), such as Zr (IV) and Ti (IV), has been
shown in extensive applications, including self-assembled
monolayers,21,22 protein microarrays,23 DNA microarrays,24

phosphopeptide enrichment,25 and bioassay.26,27 Recently, Zr-
based nanomaterials, such as zirconium oxide (ZrO2) and Zr-
based metal−organic frameworks (MOFs), have been applied
to the selective enrichment of phosphopeptides28−30 and the
immobilization of DNA probe31 based on the coordination
binding zirconium to phosphate groups of biomolecules.
In this work, zirconium hexacyanoferrate nanoparticles were

loaded on the surface of amino-functionalized Fe3O4 magnetic
beads (MBs) to form novel magnetic core−shell zirconium
hexacyanoferrate nanoparticles (ZrHCF MNPs). Zr (IV) on
the shell ZrHCF framework may provide a valid binding site for
DNA via phosphate groups. The single-stranded DNA can be
firmly assembled on the ZrHCF MNPs by the “zirconium−
(OPO3-poly(dG) DNA)” covalent bonds to maintain DNA 5′

Received: June 26, 2015
Accepted: August 10, 2015

Article

pubs.acs.org/ac

© XXXX American Chemical Society A DOI: 10.1021/acs.analchem.5b02395
Anal. Chem. XXXX, XXX, XXX−XXX

pubs.acs.org/ac
http://dx.doi.org/10.1021/acs.analchem.5b02395


terminal-orientation. Thus, DNA-grafted ZrHCF MNPs could
be simply obtained by magnetic separation, instead of the
complicated chemical modification for the functional groups in
the terminal DNA. It may also provide an efficient signal
transduction platform for the ultrasensitive detection of DNA.
This ZrHCF MNPs-based strategy opens up a promising area
for the determination of various analytes for signal transduction
in bioanalytical applications.

■ EXPERIMENTAL SECTION

Materials and Reagents. Chloroauricacid trihydrate
(HAuC l 4 ·3H2O , CAS : 27988 - 77 - 8 ) , po t a s s i um
hexacyanoferrate(III) (K3Fe(CN)6, CAS: 13746-66-2), zirconyl
chloride (ZrOCl2, CAS: 7699-43-6) solution (30% in hydro-
chloric acid (HCl)), dopamine hydrochloride (CAS: 62-31-7),
and 6-mercapto-1-hexanol (MCH, 97%, CAS: 1633-78-9) were
purchased from the local Sigma−Aldrich Chemical Co.
(Shanghai, China). Iron oxide (Fe3O4) superparamagnetic
microbeads (MBs, 5 mg mL−1, ∼100 nm in diameter) with
amine (−NH2) stabilizers in an aqueous suspension were
obtained from Tianjin BaseLine Chromtech Research Centre
(Tianjin, China). Hydrogen peroxide (H2O2, 30 wt %, CAS:
7722-84-1) solution was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China). All other reagents were of
analytical grade and were used without further purification.
Ultrapure water obtained from a Millipore water purification

system (≥18 MΩ, Milli-Q, Millipore) was used in all assays.
Human serum samples were provided by Jiangsu Province
Tumor Hospital.
The oligonucleotides were synthesized and purified via high-

performance liquid chromatography (HPLC) by Shanghai
Sangon Biotechnology Co., Ltd. (Shanghai, China) with
sequences listed as follows:

TE buffer (10 mM Tris-HCl, containing 1 mM EDTA and
0.3 M NaCl, pH 7.9) was used for dissolving these
oligonucleotides.

Scheme 1. (A) Preparation Procedures of rDNA-Grafted ZrHCF MNPs. (B) Schematic Illustration of the Stepwise DNA Assay
Construction Process
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Apparatus. A CHI 660D electrochemical workstation (CHI
Co., USA) was used for cyclic voltammetry (CV) and
differential pulse voltammetric (DPV) measurements. Electro-
chemical impedance spectroscopy (EIS) measurements were
carried out using an Autolab PGSTAT30 (Eco chemie, The
Netherlands) controlled by NOVA 1.10 software. The EIS
measurements were performed in 5 mM [Fe(CN)6]

3−/4−

containing 0.1 M KCl. The amplitude of the applied sine
wave potential was 5 mV. The impedance measurements were
recorded at a bias potential of 190 mV within the frequency
range of 0.1 Hz to 10 kHz. All electrochemical studies were
performed with a conventional three electrode system. A
saturated calomel electrode (SCE) and a Pt wire electrode were
used as reference and counter electrodes, respectively. All the
potentials mentioned below are relative to SCE. Bare and
modified glassy carbon (GCE, 3 mm in diameter) or magnetic
glassy carbon electrode (MGCE, 3 mm in diameter) were used
as working electrodes. The morphology of the as-synthesized
nanomaterials was investigated with a XL-30E scanning
electron microscope (SEM). The X-ray photoelectron spec-
troscopy (XPS) experiments were carried out on K-Alpha
(Thermo Fisher Scientific Co., USA). The Gaussian−
Lorentzian distribution was used for fitting the spectra for
each peak, in order to determine the binding energy of the core
levels of the different elements. Fourier transform infrared (FT-
IR) spectra were measured on a pressed KBr pellet employing a
TENSOR Model 27 FT-IR spectrometer.
Preparation of ZrHCF. ZrHCF naoparticles were prepared

according to the reported method.32 Briefly, K3Fe(CN)6,
ZrOCl2, and dopamine were dissolved in 10 mM HCl aqueous
solution, respectively. 1.0 mL of 10 mM K3Fe(CN)6, 1 mL of
10 mM ZrOCl2, and 1 mL of 1 mM dopamine were added in
succession under vigorous stirring for 1 h. An ivory-white
precipitate formed immediately. The precipitate was washed
with double-distilled water for three times by centrifugation to
obtain ZrHCF nanoparticles and stored at 4 °C before use.
Preparation of ZrHCF MNPs. MBs were initially washed

for several times with double-distilled water in the presence of
the external magnet; then, they were diluted into 1 mg mL−1

with 10 mM HCl and applied as seeds for the generation of
ZrHCF, which was followed by adding dropwise 1 mL of 10
mM K3Fe(CN)6 containing 10 mM HCl and subsequent
stirring for 30 min. Afterward, 1 mL of ZrOCl2 and 1 mL of 1
mM dopamine (both containing 10 mM HCl) were introduced
successively and stirred for 1 h. The obtained ZrHCF MNPs
were washed thoroughly with 10 mM HCl by magnetic
separation with repeated decantation of the supernatant until
colorless. Finally, the collected ZrHCF MNPs were rinsed and
neutralized with double-distilled water and stored at 4 °C prior
to use.
Preparation of rDNA-Grafted ZrHCF MNPs. The

protocol for rDNA-grafted ZrHCF MNPs preparation is
illustrated in Scheme 1A. First, the as-synthesized ZrHCF
MNPs were redispersed into 1 mL of ultrapure water and
incubated with 100 μL of rDNA (10 μM) for 12 h at room
temperature. Unconjugated rDNA was removed magnetically,
and the obtained nanocomposite was redispersed in 1 mL of
ultrapure water before its stepwise application.
Fabrication of the DNA Biosensor. The fabrication

procedure of the DNA biosensor is illustrated in Scheme 1B.
First, GCE was polished with 0.3 and 0.05 μm of alumina
slurry, respectively, and sonicated sequentially in absolute
ethanol and double-distilled water before access to a mirror-like

surface. The pretreated electrode was immersed in HAuCl4
solution for the electrodeposition of a nanogold layer at a
potential of −0.2 V for 20 s. Second, 10 μL of 2 μM cDNA was
pipetted onto the gold nanoparticles-modified GCE for 16 h at
room temperature. The electrode surface was subjected to
stream rinsing and blocking the unspecific sites with 1.0 mM
MCH for 1 h. Third, 10 μL of tDNA with different
concentrations was casted onto the electrode and incubated
at 37 °C for 2 h. Subsequently, the as-prepared DNA sensor
was incubated with 10 μL of rDNA-grafted ZrHCF MNPs at 37
°C for 90 min. After rinsing, the electrode would generate
electrochemical signal from the H2O2 reduction by ZrHCF
MNPs and gave the quantitative criteria for the proposed DNA
assay.

■ RESULTS AND DISCUSSION
Characterization of the MBs, ZrHCF, and ZrHCF MNPs.

The morphologies of the as-prepared MBs and ZrHCF MNPs
were investigated by SEM (Figure 1). The MBs are near-

spherical with a relatively smooth surface (Figure 1A), and the
particle size is about 175 nm. In the process of the ZrHCF
MNPs formation, first, the negatively charged ferricyanide ion
(Fe(CN)6

3−) would be electrostatically adsorbed on their
surface due to the protonation of amines on the surface of MBs.
Second, dopamine can convert Fe(CN)6

3− into its reduced
form Fe(CN)6

4−. The latter would further react with Zr (IV),
resulting in the ZrHCF precipitates. Obviously, the obtained
ZrHCF MNPs have a quite rough surface similar to the
cauliflower shape (Figure 1B), and the particle size is larger

Figure 1. SEM images of (A) MBs and (B) ZrHCF MNPs. (C) FT-IR
spectra of MBs (a), ZrHCF (b), and ZrHCF MNPs (c). The XPS
survey scans (D) and the high-resolution XPS response of Fe 2p (E)
core energy levels for ZrHCF MNPs and MBs. (F) Easy separation of
MBs and ZrHCF MNPs by commercial magnet.
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about 188 nm, respectively. It implies the ZrHCF MNPs have a
core−shell heterostructure with the core MBs and the shell
ZrHCF precipitates. The comparison of the as-prepared MBs,
ZrHCF, and ZrHCF MNPs is further given by FT-IR. As
shown in Figure 1C, the IR spectrum of ZrHCF MNPs exhibits
a distinguished band at 2061 cm−1 attributed to the cyanide
groups coordinated to transition metals (FeII−CN−ZrIV),33,34
and an absorption band at 583 cm−1 is assigned to the FeO
stretching mode of the bulk Fe3O4 MBs,35 indicating the
presence of the ZrHCF frame on the surface of the MBs.
Moreover, the XPS survey scans of the surface for the

ZrHCF MNPs and MBs in the range of 0−1000 eV are
presented in Figure 1D. The C, O, and Fe elements can be
clearly observed in the two nanomaterials. The carbon in the
MBs is attributed to the carbon polymer around the MBs. In
addition, the Zr 3d and N 1s are extremely visible in the
ZrHCF MNPs corresponding to the ZrHCF nanoparticles
coating on the surface of MBs. In contrast, the main differences
between the MBs and ZrHCF MNPs are demonstrated in the
XPS spectra of Fe 2p (Figure 1E) and N 1s (Figure S1),
respectively. For the ZrHCF MNPs, the Fe 2p spectrum shows
four main peaks at 708.0 and 710.1 (Fe 2p2/3) and 720.6 and
722.5 eV (Fe 2p1/2) using the curve fitting procedure. The
binding energies, 708.0 and 720.6 eV, were due to Fe (II) in the
ZrHCF formation.36 On the other hand, the other two peaks
come from the MBs, and the broad peak at around 710.1 eV
may be deconvoluted into two components at 709.9 and 711.8
eV, assigned to Fe (II) and Fe (III) from the formation of
Fe3O4, respectively.

37 Similarly, the N 1s spectrum contains two
peaks at 397.0 and 398.6 eV in ZrHCF MNPs (Figure S1). The
presence of N 1s at 397.0 eV originated from the cyanide
groups of the ZrHCF formation, and the peak at 398.6 eV
obtained for ZrHCF MNPs can be attributed to the amine
groups functional MBs. However, the peak at 399.9 eV is
present from the amino groups in the MBs; the peak position
shift may be caused by the interaction between the amine
groups functional MBs and the shell ZrHCF nanoparticles.
Meanwhile, The MBs and ZrHCF MNPs can be quickly
separated by a commercial magnet, demonstrating ZrHCF
MNPs also possess favorable superparamagnetic properties
(Figure 1F).
Afterward, Figure 2A shows the XPS survey scans of the

surface for the rDNA-grafted ZrHCF MNPs in the range of 0−
1000 eV. Apart from the C, N, O, Fe, and Zr elements shown,
the P 2p peak at 132.7 eV is perceived because of phosphate
groups from DNA (Figure 2B). At the same time, the difference
of the Zr 3d spectrum between the ZrHCF MNPs and rDNA-
grafted ZrHCF MNPs is investigated by XPS (Figure 2C,D). In
the XPS spectrum for the ZrHCF MNPs, the Zr 3d exhibits
two main peaks at 181.8 and 184.1 eV (Figure 2C). These two
peaks are also curve-fitting obtained in the Zr 3d spectrum for
the rDNA-grafted ZrHCF MNPs (Figure 2D). In addition, two
components centered at 181.0 and 183.4 eV are gained by the
decomposition procedure, corresponding to Zr−O−P from the
coordination of the ZrHCF MNPs and DNA. These results
suggest that the rDNA-grafted ZrHCF MNPs can be availably
formed by simple magnetic separation.
PB or PB analogy nanoparticles, as an artificial peroxidase,

have shown effective application value in the field of biological
analysis.38−40 Meanwhile, utilizing the ability of the ZrHCF
MNPs to enrich and separate DNA in the magnetic field, we
may develop a simple DNA biosensor.

Characterization of the DNA Biosensor. The self-
assembled process of the proposed biosensor was further
investigated by CV and EIS. Figure 3A displays the CV curves

of the modified GCE at different stages using Fe(CN)6
4−/3− as

a sensitive redox probe. Clearly, the bare GCE exhibited a
couple of reversible redox peaks (curve a). After AuNPs were
electrodeposited onto the surface of electrode, the peak current
apparently increased (curve b). The increasing response is
attributed to the excellent electrical conductivity of AuNPs.
When the cDNA was immobilized onto the above modified
electrode, the peak current decreased dramatically and the peak
gap of the redox potential became wider (curve c) owing to the
electronic repulsion between Fe(CN)6

4−/3− and the negative
charges on the DNA backbones. After being blocked with
MCH (curve d), the peak current decreased again. Additionally,
the peak current in CV was further decreased, and the gap
between the anodic and cathodic peaks became wider after the
hybridization reaction between cDNA and tDNA (1 nM)
(curve e). This phenomenon results from the fact that more
negatively charged DNA strands were loaded on the electrode
surface, hindering the diffusion of redox probe. However, the

Figure 2. XPS survey scans (A) and the high-resolution XPS response
of P 2p (B) core energy levels for rDNA-grafted ZrHCF MNPs. The
high-resolution XPS response of Zr 3d core energy levels for ZrHCF
MNPs (C) and rDNA-grafted ZrHCF MNPs (D).

Figure 3. (A) CVs and (B) EIS for each immobilized step in 5 mM
Fe(CN)6

4−/3− solution containing 0.1 M KCl: (a) bare GCE, (b)
GCE/AuNPs, (c) GCE/AuNPs/cDNA, (d) GCE/AuNPs/cDNA/
MCH, (e) GCE/AuNPs/cDNA/MCH/ tDNA, and (f) GCE/AuNPs/
cDNA/MCH/tDNA/rDNA-grafted ZrHCF MNPs (scan rate of 50
mV s−1, impedance spectral frequency of 0.1−105 Hz, amplitude of 5
mV); points are experimental data, and solid lines are fitted curves.
Inset B: Equivalent circuit.
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peak current increased correspondingly, and the peak gap of the
redox potential became narrow (curve f) compared with the
previous step.
Figure 3B shows the impedance spectra for the construction

process of the DNA biosensor. The inset in Figure 3B
represents the experimentally fitted Randles circuit parameters
corresponding to the following four elements: the ohmic
resistance of the solution (Rs); the charge-transfer resistance
(Rct), which represents the difficulty of electron transfer of a
ferricyanide-redox probe between the solution and the
electrode; the Warburg impedance (Zw), resulting from the
diffusion of ions from the bulk solution to the electrode
interface; the interfacial double layer capacitance (Cdl) between
the electrode and the solution, related to the surface condition
of the electrode. This equivalent circuit model has been
modified by a constant phase element (CPE) to replace the
classical capacitance accounting for the inhomogeneity of the
films on the electrode surface. As shown, the impedance
spectrum of the AuNPs-modified GCE (curve b) exhibited a
lower Rct compared with the bare electrode (curve a).
Afterward, the diameter of the semicircles increased succes-
sively with sequential assembly of cDNA (curve c), MCH
(curve d), and tDNA (curve e), showing the gradual increase of
Rct. Nevertheless, the Rct value decreased again correspondingly
after hybridization with rDNA-grafted ZrHCF MNPs (curve f).
Meanwhile, as shown in Figure S2, the order of the Rct value is
Fe3O4 MBs > ZrHCF MNPs > ZrHCF, demonstrating that
ZrHCF can significantly improve the electron transfer ability of
the modified electrode. These results are consistent with those
of CVs, suggesting the successful fabrication of the electro-
chemical biosensor and providing a sensitive sensing platform
for DNA detection.
Mechanism of Electrochemical DNA Assay. The

electrochemical strategy is mainly based on ZrHCF MNPs as
the signal nanoprobe for electrocatalytic H2O2 reduction. The
electrochemical activity of the MBs, ZrHCF, and ZrHCF
MNPs toward the H2O2 reduction was investigated by cyclic
voltammetry ranging from −0.2 to 0.6 V with the scan rate of
50 mV s−1 in 0.1 M KCl aqueous solution. Figure 4 shows the
CVs of the (A) GCE/MBs, (B) GCE/ZrHCF, and (C) GCE/
ZrHCF MNPs in the absence (curve a) and presence (curve b)
of 1.0 mM H2O2. The CVs of the GCE/MBs exhibit no
electroactive response for H2O2 (Figure 4A). As for the case of
GCE/ZrHCF (Figure 4B), the CV of GCE/ZrHCF shows a
well-defined redox peak at around 0.2 V vs SCE owing to a
single electron process of hexacyanoferrate (III/II) in the
film.41 Upon the addition of 1.0 mM H2O2, the cathodic peak
currents of GCE/ZrHCF MNPs increase greatly (Figure 4C),
indicating ZrHCF MNPs possess enhanced electrocatalytic
activity to H2O2 compared to ZrHCF, attributed to the higher
surface-to-volume ratio.42 Furthermore, because of the electro-
catalytic reduction potential of H2O2 at around 0.2 V, the
dissolved oxygen has no interference to the detection signal.
It is worth noting that the coordination interaction between

the ZrHCF MNPs and the poly(dG) spacers of rDNA has a
paramount influence on the proposed electrochemical DNA
sensor. Figure 5A shows the DPV responses of the proposed
biosensor incubated with 1 nM target DNA for different rDNA-
grafted ZrHCF MNPs in an electrolyte of 0.1 M KCl
containing 1 mM H2O2: (a) rDNA1-grafted ZrHCF MNPs;
(b) rDNA2-grafted ZrHCF MNPs. Obviously, it manifests a
stronger response signal by using the rDNA-grafted ZrHCF
MNPs with the poly(dG) spacer (curve a) in contrast with

another no containing poly(dG) spacer in the 5′ terminal of
rDNA (curve b), and the current signal is about 9.5 times of the
latter, respectively. Bujoli and co-workers24,43,44 have reported
that ssDNA probes containing a poly(dG) spacer can be
effectively assembled on the zirconium phosphonate modified
surfaces, because the poly(dG) spacer may hold together the
probe DNA, raising the avidity of the complex for terminal
phosphate binding to the surface relative to a single strand.
Specifically, the highest coordination number of Zr (IV) can
reach 8, suggesting Zr (IV) on the shell ZrHCF frame
compound can still be coordinated with phosphate groups from
5′-poly(dG) terminal of rDNA. Similarly, the rDNA with the 5′
terminal poly(dG) spacer has the ability to binding to the shell
ZrHCF frame. Moreover, Bujoli and co-workers have
introduced the idea of attaching protein probes onto a
zirconium phosphonate surface via“zirconium−(OPO3-pep-
tide)” covalent bonds.23 Of course, the single-stranded DNA
can be firmly assembled on the ZrHCF MNPs by the
“zirconium−(OPO3-poly(dG) DNA)” covalent bonds to
maintain DNA 5′ terminal-oriented (Figure 5B). Consequently,
instead of some functional groups chemical modified in the
terminal of DNA, the rDNA-grafted ZrHCF MNPs can be
simply enriched, separated, and obtained just depending on the
strong ligation between the 5′-polyG terminal of rDNA and Zr
(IV) on the shell ZrHCF frame compound in the magnetic
field. Furthermore, this strategy can also ensure the hybrid-
ization reaction efficiently between the target DNA and rDNA-
grafted ZrHCF MNPs and the electrocatalytic ability of H2O2
reduction to achieve a highly sensitive detection for DNA
successfully.

Figure 4. CVs recorded in 0.1 M KCl aqueous solution in the absence
(a) and presence (b) of 1 mM H2O2 for (A) GCE/Fe3O4 MBs, (B)
GCE/ZrHCF, and (C) GCE/ZrHCF MNPs; scan rate: 50 mV s−1.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b02395
Anal. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b02395/suppl_file/ac5b02395_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.5b02395


Optimization of Detection Conditions. First of all,
considering whether it could achieve reasonable results by using
the magnetic electrodes as the substrate of the DNA assay, the
DPV responses between the conventional GCE (Figure S3A)
and the MGCE (Figure S3B) were compared, respectively. The
ΔI (I − I0) for GCE and MGCE is −0.44 and −0.37 μA,
respectively, where I0 and I are the DPV peak currents of the
biosensor before and after hybridization with the target DNA.
Obviously, the background current signal is larger for MGCE
due to the stronger physical adsorption of ZrHCF MNPs.
Thus, it is more simple and convenient for the proposed DNA
sensor to employ the conventional GCE as the substrate. Then,
in order to achieve excellent electrochemical performance for
the sensitive DNA assay, several experimental parameters were
optimized, such as H2O2 concentration, the capture DNA
concentration, and the hybridization time of capture DNA,
target DNA, and rDNA-grafted ZrHCF MNPs (Figure 6).
Since the electrolyte concentration has a momentous influence
on the performance of biosensor, the reduction peak current
was estimated at different H2O2 concentrations (Figure 6A).
The reduction peak current was enhanced with a H2O2
concentration up to 1.0 mM and then tended to a plateau
with further addition of H2O2, attributed to the electrocatalytic
reduction of H2O2 being nearly saturated. Therefore, 1.0 mM of
H2O2 was selected as the optimal concentration.
In addition, the surface density of cDNA immobilized on the

modified electrode greatly influenced the sensitivity of
electrochemical performance (Figure 6B).45 The reduction
peak current increased correspondingly in the range of 0−2.0
μM and gradually declined with further addition of cDNA. It
suggests that a high surface density of cDNA could reduce the

DNA hybridization efficiency, caused by steric hindrance.46 To
obtain high sensitivity, 2.0 μM was selected for the subsequent
experiments.
The incubation time was another significant parameter

affecting the analytical performance of the electrochemical
biosensor. As shown in Figure 6C, when the hybridization time
of cDNA and tDNA was increased, the reduction peak current
was enhanced and then achieved a plateau after 120 min,
indicating the hybridization reaction nearly reached the
maximum. Thus, 120 min was employed for the optimal time
of hybridization. Furthermore, Figure 6D displays the effect of
the hybridization time of tDNA and rDNA-grafted ZrHCF
MNPs on the reduction peak current response. When the
incubation time was more than 90 min, no obvious reduction
peak current increase was observed, demonstrating this time
was sufficient for tDNA. Consequently, 90 min was selected as
the optimal reaction time.

DNA Assay Performance. Figure 7A showed the DPVs of
the proposed electrochemical sensor measured at various
concentrations of DNA under the optimal experimental
conditions. It is seen that the electrochemical signal increases
with the increasing concentrations of target DNA. The
calibration plot for the quantitative detection of tDNA is
illustrated in Figure 7B. The reduction peak current was

Figure 5. (A) DPV responses of the proposed biosensor incubated
with 1 nM target DNA for different rDNA-grafted ZrHCF MNPs in an
electrolyte of 0.1 M KCl containing 1 mM H2O2: (a) rDNA1-grafted
ZrHCF MNPs; (b) rDNA2-grafted ZrHCF MNPs. DPV conditions:
Pulse amplitude, 50 mV; sample width, 20 ms; pulse width, 200 ms;
pulse period, 500 ms; quiet time, 2 s. (B) Illustration of the
coordination between 5′-poly(dG) spacer terminal of rDNA and
ZrHCF MNPs surface.

Figure 6. Effects of (A) H2O2 concentration, (B) cDNA
concentration, (C) hybridization time of cDNA and tDNA, and (D)
hybridization time of rDNA-grafted ZrHCF MNPs on DPV peak
current responses of the biosensor. When one parameter changes, the
others are under their optimal conditions. Error bars, SD, n = 3.

Figure 7. (A) DPV responses of the DNA biosensor incubated with
different concentrations of tDNA in 0.1 M KCl solution containing 1
mM H2O2: (a) 0 fM, (b) 1 fM, (c) 10 fM, (d) 100 fM, (e) 1 pM, (f)
10 pM, (g) 100 pM, and (h) 1 nM. (B) The calibration plots of DPV
peak current versus the logarithm of tDNA concentration. Error bars,
SD, n = 3.
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proportional to the logarithm value of the tDNA concentration
in a range of 1 fM to 1 nM. The regression equation was I (μA)
= −1.275 − 0.081 log C (M) with a correlation coefficient of
0.996. The detection limit was estimated to be 0.43 fM. The
analytical methods and the key performance characteristics of
different DNA sensors are compared; the results were
summarized in Table 1. As shown, this excellent analytical

performance can be attributed to the good catalytic activity of
the core−shell ZrHCF MNPs and the DNA with 5′ terminal
poly(dG) spacer assembly on the ZrHCF MNPs. The wide
enough linear range and lower detection limit can meet actual
detection needs and, then, may develop nucleic acid detection
sensors for clinical diagnosis. Meanwhile, the selectivity of
proposed biosensor was evaluated by comparing the peak
current changes toward different DNA sequences, such as
tDNA, smDNA, and tmDNA (Figure 8). The peak current of

complete complementary tDNA was 5.2- and 6.9-fold higher
than that of smDNA and tmDNA, respectively. These results
indicate the biosensor has excellent selectivity for target DNA
against base mismatched sequences. Moreover, the DNA
biosensor exhibits acceptable precision and reproducibility,
with a relative standard deviation of 2.8% for five independent
electrodes. Meanwhile, DPV responses of the biosensor have
no obvious change after storage at 4 °C for half of a month,
showing satisfactory stability.
Application in Biological Samples. To evaluate the

proposed sensors’ general applicability in biological samples
analysis, recovery experiments were performed by adding 10
nM target DNA solution into 10% (v/v) diluted healthy human
serum; the recovery and the RSD were calculated to be 97.3%

and 2.05%, respectively, indicating the proposed DNA sensor
was feasible for determination in real biological samples.

■ CONCLUSIONS
In summary, we have developed a new type of ZrHCF MNPs
as signal label for the highly specific electrochemical DNA
biosensor. The ZrHCF MNPs exhibit the following prominent
characteristics: (1) The ZrHCF MNPs with core−shell
structure possess favorable superparamagnetic properties. (2)
The ZrHCF MNPs exhibit intrinsically enhanced peroxidase-
like catalytic activity toward H2O2 reduction at about 0.2 V, and
the dissolved oxygen has no interference to the catalytic
reaction system. (3) The rDNA-grafted ZrHCF MNPs can be
easily obtained by utilizing the bonding interaction of the Zr
(IV) of the shell ZrHCF framework and the phosphate groups
from the 5′-poly(dG) terminal of rDNA in the magnetic field.
Taking full use of these advantages, we have further
demonstrated the utilization of ZrHCF MNPs as signal-
amplifying nanoprobes for an ultrasensitive electrochemical
DNA array. This electrochemical approach may also provide a
powerful tool to construct sensitive biosensing strategies with
the multifunctional nanoprobes in bioanalysis.
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Figure 8. DPV peak current changes of the proposed biosensor at 1
nM tDNA, smDNA, and tmDNA. Error bars, SD, n = 3.
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