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A B S T R A C T

We herein developed a simple and ultrafast electrochemical DNA detection method by utilizing the oxidase-
mimicking activity of cerium oxide nanoparticles (CeO2). In the sensor, the presence of DNA, which electro-
statically interacts with CeO2 and 3,3′,5,5′-tetramethylbenzidine (TMB) substrate, limits the formation of CeO2-
TMB complex that is required for the oxidase-like reaction. As a result, the oxidase-mimicking activity of CeO2 is
not effectively exerted, leading to the significantly diminished electrochemical current signal. With this novel
strategy, we successfully determined DNA amplicon derived from Escherichia coli (E. coli) with the total assay
time less than 6min even without the post-purification of DNA amplicon.

1. Introduction

DNA detection is of great significance due to its versatile utilities in
the field of diagnostics, forensics, and biomedicine [1]. In general, DNA
detection is performed by the polymerase chain reaction (PCR) to am-
plify target DNA [2–7] and the subsequent gel electrophoresis analysis
to confirm the amplified products [8–10]. In addition, real-time PCR
(RT-PCR) method that simultaneously accomplishes amplification and
detection of target DNA has been developed and increasingly adopted
for the detection of target DNA [11–16]. However, their application has
been limited to centralized hospital laboratories due to the tests' com-
plexity, the high cost reagents such as DNA-binding fluorescent dye and
fluorescent dye-labeled probe, and the requirement for specialized
equipment. Thus, it remains challenging to achieve the prompt and
effective DNA detection that can bring DNA testing to the patient level
with minimal instrumentation.

Among many DNA detection approaches, electrochemical methods
have received special attention owing to their simplicity, portability,
and cost-effectiveness [17–30]. The representative electrochemical de-
tection strategy relies on the molecular beacon (MB) probe, a hairpin-
structured DNA whose one end is labeled with redox reporter and the
other end is immobilized onto electrode surface, such that its electro-
chemical current signal is changed by its hybridization to the com-
plementary target DNA [22,31]. Although this strategy provides pro-

mising results, it entails the drawbacks including the immobilization of
MB probe and modification of signaling moieties. Thus, there is still a
great incentive to develop a simple electrochemical method for cost-
effective DNA analysis that is suitable for point-of-care testing (POCT).

In an investigation aimed at this goal, we herein developed an ul-
trafast and label-free, electrochemical DNA detection method utilizing
the oxidase-mimicking activity of cerium oxide nanoparticles (CeO2)
that catalyze the oxidation reaction very quickly based on the capacity
for catalytic oxidative recovery (Ce3+→Ce4+→Ce3+) within a few
minutes even without additional oxidizing agents (e.g. hydrogen per-
oxide (H2O2)) [32–35]. In this strategy, DNA amplicon produced by the
PCR in the presence of target DNA induces the particle aggregation by
adsorbing on the surface of CeO2 and also binds to positively charged
3,3′,5,5′-tetramethylbenzidine (TMB) substrate formed by the proto-
nation of amine groups under acidic condition through the electrostatic
interaction, hampering its free access toward the CeO2 [32–34,36,37].
Consequently, the presence of DNA amplicon suppresses the CeO2-
catalyzed oxidation of TMB substrate, leading to the significant de-
crease of the electrochemical current signal. With this principle, we
successfully analyzed DNA amplicon derived from a model target, Es-
cherichia coli genomic DNA (E. coli gDNA) that is a chromosomal DNA
carrying biological hereditary information, in a simple and cost-effec-
tive manner, which would be applied to the POCT system for the
practical application.
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2. Material and methods

2.1. Materials

All DNA oligonucleotides used in this study were synthesized by
Bioneer® (Daejeon, Korea) and purified via Bio-RP cartridge purifica-
tion. Cerium (IV) oxide nanoparticle (CeO2), sodium acetate
(CH3COONa), and 3,3′,5,5′-tetramethylbenzidine (TMB) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Sulfuric acid (H2SO4)
and hydrogen peroxide (H2O2) were purchased from Junsei Chemical
Co., Ltd. (Tokyo, Japan). All chemicals used in this study were of
analytical grade. The i-Taq™ DNA polymerase was purchased from
Intron Biotechnology Inc. (Daejeon, Korea). Ultrapure DNase/RNase-
free distilled water (DW) purchased from Bioneer® was used in all ex-
periments.

2.2. Preparation of DNA amplicon

PCR amplification of the 16S rRNA gene in Escherichia coli genomic
DNA (E. coli gDNA) was carried out on S1000™ thermal cycler (Bio-Rad,
CA, USA) in a total reaction volume of 50 μL composed of 1× PCR
reaction buffer (10mM of Tris-HCl (pH 8.3), 50mM of KCl, and 2mM
of MgCl2), 0.2 mM of each dNTPs, 0.4 μM of each primer (forward
primer: 5′-AGA GTT TGA TCC TGG CTC AG-3′, reverse primer: 5′-TTA
CCG CGG CTG CTG GC-3′), 3 ng of E. coli gDNA, and 2.5 U of i-Taq™
DNA polymerase. The reaction tubes were heated to 95 °C for 5min
followed by 50 cycles of 95 °C for 15 s, 58 °C for 15 s, 72 °C for 30 s, and

finalized at 72 °C for 5min. After the amplification reaction, the DNA
amplicon (524 bp) was purified with NucleoSpin purification kit
(Macherey-Nagel, Duren, Germany). The production of the desired DNA
amplicon was determined by gel electrophoresis with 2% agarose gel
stained by ethidium bromide (EtBr) and its concentration was measured
by NanoDrop® ND-1000 (Wilmington, DE).

2.3. Preparation of gold electrode

The gold-coated electrode was fabricated by sequentially coating
the titanium layer (20 nm) and gold layer (200 nm) on the silicon wafer
(100) with an e-beam evaporator. The prepared gold-coated electrode
was immersed into the piranha solution (H2SO4:H2O2= 3: 1) for
20min and thoroughly washed using DW. The gold-coated electrode
was then used as working electrode with platinum counter electrode
and Ag/AgCl reference electrode.

2.4. Electrochemical detection of DNA amplicon utilizing oxidase-
mimicking activity of CeO2

In a typical experiment, 15 μL of CeO2 (0.5 wt%) and 50 μL of DNA
amplicon at different concentrations were added to the 70 μL of sodium
acetate buffer (0.2M, pH 4.2), which was incubated at room tempera-
ture for 2min. To this reaction solution, 15 μL of TMB (5mM) was
added, which was further incubated at room temperature for 2min and
centrifuged at 10,000g for 1min for the precipitation of aggregated
CeO2 formed by the adsorption of DNA amplicon. Finally, 130 μL of the

Fig. 1. Schematic illustration of the label-free, electrochemical DNA detection based on the target-induced inhibition against the oxidase-mimicking activity of CeO2.
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supernatant was diluted with 520 μL of sodium acetate buffer (0.1M,
pH 4.2) and the differential pulse voltammetry (DPV) signal was mea-
sured by using a reference 600 electrochemical analyzer (GAMRY,
Warminster, PA, USA) connected to the computer for data acquisition.
The DPV signal was measured in the range from 0.55 to 0.4 V with the
following specific conditions: pulse size= 25mV, pulse time=0.1 s,
and step size= 2mV.

2.5. Confirmation of the DNA-induced aggregation of CeO2

The transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDX) images were obtained by utilizing Cs-cor-
rected STEM (JEM-ARM200F) in National NanoFab Center (NNFC,
Daejeon, Korea). Samples for TEM analysis were prepared by casting
the reaction solution onto the copper grids (300mesh) with a lacey
carbon film (LC300-CU) purchased from Electron Microscopy Sciences
(Hatfield, PA, USA) and incubating at room temperature overnight.

3. Results and discussion

3.1. Electrochemical DNA detection utilizing oxidase-mimicking activity of
CeO2

The overall procedure for electrochemical DNA detection is illu-
strated in Fig. 1, wherein CeO2 is used as the key detection component.
In the absence of target E. coli gDNA, DNA amplicon is not produced by
the PCR and thus CeO2 that maintains high oxidase-mimicking activity
catalyzes the oxidation of TMB substrate. The resulting oxidized TMB
product is reduced to the original TMB substrate on the gold electrode,
leading to the high cathodic current signal at the peak potential around
0.47 V. On the other hand, the DNA amplicon, which is produced by the
PCR in the presence of target E. coli gDNA, adsorbs on the surface of
CeO2 through the electrostatic interaction, which results in the ag-
gregation of CeO2. In addition, DNA amplicon interacts with the posi-
tively charged TMB substrate, limiting their free access toward the
CeO2. As a result, the combined effects of DNA amplicon significantly
suppress the effective oxidation of TMB substrate by limiting the direct
contact between CeO2 and TMB substrate, leading to the generation of
the small amount of oxidized TMB, which induces low cathodic current
signal.

3.2. Investigation of the inhibitory effects of DNA on the oxidase-mimicking
activity of CeO2

We investigated the inhibitory effects of DNA on the oxidase-mi-
micking activity of CeO2. As presented in the design of the new strategy,
the DNA adsorption-induced aggregation of CeO2 was first demon-
strated by using TEM and EDX analysis. The TEM images in Fig. 2(a)
clearly show that the well-dispersed CeO2, whose size is ca. 2 nm in
diameter, was aggregated in the presence of DNA amplicon. In addition,
EDX images in Fig. 2(b) provide direct proof for the adsorption of DNA
amplicon onto CeO2 by yielding the images corresponding to CeO2

(cerium) and DNA (nitrogen and phosphorus). The reduction of elec-
trochemical current signal upon the addition of DNA amplicon is shown
in Fig. S1.

Next, the contribution of the free DNA amplicon in the solution to
restrict the CeO2-catalyzed TMB oxidation reaction was evaluated by
performing the assays before and after removal of DNA amplicon in the
solution (Table S2). As illustrated in Fig. 3, a remarkable reduction of
the electrochemical current signal was observed from the sample after
removal of DNA amplicon in the solution (b) as compared to the

negative control without DNA amplicon (a). However, the reduction of
electrochemical current signal was only ca. 60% of the sample before
removal of DNA amplicon (c). This result evidently demonstrates that
the DNA amplicon included in the solution also contributes to the re-
duction of the CeO2-mediated TMB oxidation reaction.

3.3. Quantitative and selective analysis of DNA amplicon

The quantitative analysis of the DNA amplicon was investigated by
measuring the electrochemical current signals from the reaction solu-
tions in the presence of varying concentrations of DNA amplicon. The
result in Fig. 4(a) shows that the peak current intensities (ip) obtained
from the DPV signal has an excellent linear relationship (R2= 0.9961)
with the concentration of DNA amplicon in the range from 0 to 100 nM.
Considering that the concentration of DNA amplicon produced by PCR
is generally in the range from 10 to 100 nM, the developed system
would enable the quantitative analysis of DNA amplicon in a POCT
setting [38,39]. Furthermore, we also verified the capability of this
method to quantify DNA amplicon by utilizing different electro-
chemical signaling method, chronoamperometry (CA) (Fig. S4). In the
same manner with the DPV experiment, the current signal measured by
chronoamperometry is decreased in proportion to the concentration of
DNA amplicon.

In addition, the developed system was selective to the target
genomic DNA (E. coli), which produces the amplified products.
Importantly, the presence of non-specific target genomic DNA
(Hepatitis B virus (HBV)), which does not produce the amplified pro-
ducts, resulted in high electrochemical current signal comparable to
that in the absence of target genomic DNA, which was clearly dis-
tinguished from that in the presence of target genomic DNA (Fig. 4(b)).

3.4. Analysis of DNA amplicon in the human serum sample

Finally, the developed system was applied to the analysis of DNA
amplicon included in the human serum sample (Fig. S5). The results in
Fig. S5 show that the electrochemical current signal for the negative
control without target DNA is reduced, which is attributed to a number
of interfering agents such as hormones and proteins in human serum.
Nevertheless, the electrochemical current signal in the presence of
target DNA was clearly distinguished from that of negative control,
which clearly validates the practical utility of the proposed CeO2-based
assay system.

4. Conclusions

In this study, we developed a simple and ultrafast electrochemical
DNA detection method based on the target-induced inhibition against
the oxidase-mimicking activity of the CeO2. The DNA amplicon pro-
duced by PCR in the presence of target DNA not only binds to the
surface of CeO2, inducing the aggregation of particles, but also interacts
with TMB substrates, inhibiting the free access toward CeO2. As a re-
sult, the oxidase-mimicking activity of CeO2 was suppressed by the
presence of DNA amplicon, leading to the significantly decreased
electrochemical current signal. With this novel strategy, the DNA am-
plicon was simply analyzed less than 6min. In addition, the samples
were successfully examined even without the post-purification steps.
The developed method with the several advantageous features such as
simplicity, rapidity, and cost-effectiveness could enable the develop-
ment of new POCT systems for the simple and ultrafast detection of
target DNA.
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Fig. 3. (a) Differential pulse voltammograms and (b) corresponding peak current intensities (ip) in the negative control without DNA amplicon (1), test sample after
removal of DNA in the solution (2), and test sample before removal of DNA in the solution (3). The concentrations of TMB, CeO2, and DNA amplicon were 500 μM,
0.05 wt%, and 100 nM, respectively. The background current is subtracted from each DPV curve.

Fig. 2. TEM and EDX analysis. (a) TEM images of CeO2 in the absence (1) and presence (2) of DNA amplicon. (b) TEM image of CeO2 incubated with DNA amplicon
(1) and corresponding EDX images showing cerium (2), nitrogen (3), and phosphorus (4).
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