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ABSTRACT: Human 8-oxoguanine DNA glycosylase
(hOGG1) plays a significant role in maintaining the genomic
integrity of living organisms for its capability of repairing DNA
lesions. Accurate detection of hOGG1 activity would greatly
facilitate the screening and early diagnosis of diseases. In this
work, we report a nanopore-based sensing strategy to probe
the hOGG1 activity by employing the enzyme−catalytic
cleavage reaction of DNA substrate. The hOGG1 specifically
catalyzed the removal of the 8-hydroxyguanine (8-oxoG) and
cleaved the DNA substrates immobilized on magnetic beads,
thereby releasing the output DNA which would quantitatively
produce the signature current events when subjected to α-hemolysin (α-HL) nanopore test. The approach enables the sensitive
detection of hOGG1 activity without the need of any labeling or signal amplification route. Furthermore, the method can be
applied to assay the inhibition of hOGG1 and evaluate the activity of endogenous hOGG1 in crude cell extracts. Importantly,
since DNAs with specific sequences are the catalytic substrates of a wide variety of enzymes, the proposed strategy should be
universally applicable for probing the activities of different types of enzymes with nanopore sensors.
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Faithful maintenance of the genomic integrity is critical for
all living organisms.1 However, damage to the DNA

constantly occurs, either as a byproduct of normal cellular
metabolism or as a result of exposure to environmental and
endogenous mutagens.2 One of the most common forms of
DNA damage is the oxidation of guanine (G) to the 8-
hydroxyguanine (8-oxoG) caused by exposure to intracellular
reactive oxygen species (ROS).3 The formed 8-oxoG can mimic
a thymine (T) base during DNA replication and therefore
prefers base-pairing with an adenine (A), thus inducing G:C to
A:T transversion mutation, which is closely related to human
diseases.2 Base excision repair (BER) is the primary defense
mechanism that responds to oxidative DNA damage.4,5 In
humans, the dedicated BER enzyme responsible for repairing 8-
oxoG is 8-oxoguanine DNA glycosylase (hOGG1), which
recognizes oxoG:C base pairs, drives out the oxoG base, and
then cleaves the DNA backbone.2 The hOGG1 is a bifunctional
BER enzyme with DNA N-glycosylase-abasic apurinic/apyr-
imidinic (AP) lyase activity. The DNA glycosylase hydrolyzes
the N-glycosidic bond between the deoxyribose ring and the
damaged base, releasing the damaged base to form an AP site.
Then the AP site is cleaved by the AP lyase, generating a single
nucleotide gap.6 The abnormal level of hOGG1 may cause the
malfunction of base excision repair and eventually various
diseases, including lung cancer,7 bladder cancer,8 and

Parkinson’s disease.9 Therefore, the accurate and sensitive
detection of hOGG1 activity is highly desired in biochemical
research and clinical diagnosis.
Conventional methods for hOGG1 assay include radioactive

labeling,10 gel electrophoresis,11 high-performance liquid
chromatography (HPLC),12 and liquid chromatography/
isotope-dilution tandem mass spectrometry (LC-MS/MS).13

Although these methods are efficient to some degree, they
generally suffer from the intrinsic drawbacks like the potential
radioactive hazards, sophisticated instruments, and time-
consuming with low sensitivity. To overcome these limitations,
new strategies including colorimetric14,15 and fluorescent
methods16−18 have been developed recently. While the
colorimetric assay enables the visualized detection of DNA
glycosylase and the fluorescent methods enables sensitive
measurement of hOGG1 activity, they involve tedious labeling,
careful design of probes, or complicated enzymatic cycling
amplification.
Nanopores have proven to be an attractive, powerful, and

sensitive platform for the single-molecule analysis.19,20 The
principle of nanopore sensing is that an analyte modulates the
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ionic current as it binds or translocates an isolated nanopore.21

Nanopore technique has been explored to detect a range of
analytes including metal ions,22,23 PEG polymer,24 co-
caine,25−27 DNA,28−30 microRNA,31−33 peptides,34 and pro-
teins,35,36 analyze enzymatic hydrolysis of polynucleotide,21 and
probe the enzyme kinetics of trypsin37 and the protease
activity.38 In addition, nanopores exhibit excellent capability for
studying complex molecular interactions, revealing the intrinsic
dynamic function of a single molecule and even analyzing
clinical samples.20,39−42 All these advancements indicate that
the nanopore technique holds great potential for wider
applications. To enable an effective detection of hOGG1
activity, a sensitive nanopore sensor is critically important.
In this report, we have developed a facile and sensitive

strategy to probe the hOGG1 activity with α-hemolysin (α-HL)
nanopore by employing the enzyme-catalytic cleavage reaction
of DNA substrate (Scheme 1). A probe of double-stranded

DNA (dsDNA) modified with an 8-oxoG was designed to act
as the substrate of the enzyme. The target hOGG1 would
specifically remove the 8-oxoG and cleave the DNA substrate,
releasing an output DNA hybrid which can quantitatively
produce the signature current events when subjected to the
nanopore test. This approach exhibits the excellent specificity
and high sensitivity without the need of any labeling or signal
amplification, which can be further applied for the detection of
the activity of endogenous hOGG1 in cell extracts.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. α-Hemolysin (α-HL, lyophilized

powder, from Staphylococcus aureus) and decane (anhydrous, ≥99%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,2-
Diphytanoyl-sn-glycero-3-phosphocholine (chloroform, ≥99%) was
purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Human
8-oxoguanine-DNA glycosylase (hOGG1), bovine serum albumin
(BSA), uracil-DNA glycosylase (UDG), and apurinic/apyrimidinic
endonuclease (APE1) were obtained from New England Biolabs
(Ipswich, MA, U.S.A.). Thymine DNA glycosylase (TDG) was
purchased from R&D System (Minneapolis, MN, USA). Dynabeads
MyOne Streptavidin T1 (10 mg/mL, (7−12) × 109 beads/mL; beads
diameter: 1.0 μm, supplied in PBS; pH 7.4/0.1% BSA/0.02% sodium
azide) was obtained from Invitrogen (California, U.S.A.). The
oligonucleotides (Table 1) were synthesized and HPLC-purified by
Sangon Biotech Co. Ltd. (Shanghai, China). All of the other chemicals

were of analytical grade unless otherwise indicated. All solutions for
analytical studies were prepared with ultrapure water.

Reaction Process of hOGG1. First, all oligonucleotides were
diluted with the buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.9) to
prepare the stocks (10−5 M). The double-stranded DNA (dsDNA, 4
μM) substrates were prepared by incubating P1 and P2 at desired
concentrations at 95 °C for 5 min, followed by gradually cooling to
room temperature. Meanwhile, magnetic bead (MB) suspension (50
μL, 10 mg/mL) was washed three times with 1 mL 1× BW buffer (1
M NaCl, 1 mM EDTA, 10 mM Tris-HCl, pH 7.5). Next, 25 μL DNA
substrates (4 μM) and 25 μL water were mixed with MBs in 50 μL 2×
BW buffer, and vortexed for 15 min. The suspension was decanted
after MBs were concentrated with a magnet. The MBs were washed
for three times with 0.5 mL 1× BW buffer. Finally, the hOGG1 assay
was carried out in 100 μL of reaction mixtures containing the bead-
DNA substrates (1 μM), 1× NEB buffer 2 (50 mM NaCl, 10 mM
Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9), 100 μg/mL BSA, and
variable-concentration hOGG1 at 37 °C for 2 h with occasional
vortexing. After incubation, the supernatant was collected with the aid
of a magnet and heated to 65 °C for 15 min to deactivate the enzyme
activity. The MBs were washed with deionized water. The obtained
sample was ready for nanopore analysis.

Gel Electrophoresis Assay. The dsDNA substrates were prepared
by incubating equal P1 and P2 at desired concentrations at 95 °C for 5
min, followed by gradually cooling to room temperature. The hOGG1
assay was carried out in 60 μL of reaction mixtures containing the
dsDNA substrates (2 μM), 1× NEB buffer 2, 100 μg/mL BSA, and
hOGG1 at 37 °C for 2 h. The products of hOGG1 catalysis reaction
were analyzed with 15% denaturating polyacrylamide gel electro-
phoresis (PAGE) in 1× TBE buffer (9 mM Tris-HCl, pH 7.9, 9 mM
boric acid, 0.2 mM EDTA) at a 120 V constant voltage for 90 min at
room temperature. The gel was stained with ethidium bromide (EB)
and visualized by Gel Image Analyzing System (WD-9413B, Beijing,
China).

Effect of Temperature on the hOGG1 Activity. The hOGG1
assay mixture was incubated with 50 U/mL hOGG1 at different
temperatures in a range from 4 to 55 °C for 2 h. The hOGG1 activity
was detected using the nanopore-based assay.

Inhibition Assay. Variable-concentration CdCl2 was incubated
with 100 U/mL hOGG1 and 1 μM DNA substrate at 37 °C for 2 h.
The hOGG1 activity was detected using the nanopore-based assay.

Cell Culture and Preparation of Cell Extracts. Human lung
adenocarcinoma cells (A549 cells) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin−streptomycin. The cells were incubated at 37 °C in a
humidified chamber with 5% CO2. The cells in the exponential phase
of growth were collected and digested with trypsinization, washed
twice with ice-cold PBS (137 mM NaCl, 2.68 mM KCl, 10 mM
phosphate buffer, pH 7.4), and centrifuged at 1000 rpm for 5 min at 4
°C. For preparation of protein sample, the cells were redispersed with
20-fold diluted PBS solution, followed by lysing with ice−water bath
for 30 min. Then the lysed cells were centrifuged at 12 000 rpm for 10
min, and the supernatant was used for the hOGG1 activity assay.

Nanopore Electrical Recording and Data Analysis. The
nanopore electrical recording was conducted according to our previous
report.32 The lipid bilayer membrane was formed spanning a 50 μm
orifice in a Delrin bilayer cup (Warner Instruments, Hamden, CT)
that was partitioned into two chambers, cis and trans. Both chambers
were filled with 1 mL of buffer (cis: 0.5 M KCl, 10 mM Tris-HCl, 1
mM EDTA, pH 7.8; trans: 3 M KCl, 10 mM Tris-HCl, 1 mM EDTA,
pH 7.8). DNA samples were then added into the cis chamber.

Scheme 1. Schematic Illustration of the Nanopore-Based
Assay for the Detection of hOGG1 Activitya

aTarget hOGG1 specifically recognized the damaged 8-oxoG in the
DNA substrate immobilized on magnetic bead surface and catalytically
cleaved the DNA duplex, releasing the DNA hybrids of P1/P2R. After
the separation using a magnetic field, the P1/P2R hybrids
quantitatively produced the signature current events when subjected
to the α-HL nanopore analysis.

Table 1. Sequences of the Oligonucleotidesa

Name Sequence (5′→ 3′)
P1 ACGACAGAGTAGGATTCTCGACC30

P2 GTCGAGAATCCTACTCT/oxoG/TCGTT20-biotin
aIn P2, oxoG indicates the guanine modified with 8-oxoG. Bold letters
indicate the P2R sequence. Italic letters indicate the P2L sequence.
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Furthermore, the current trace was recorded with an Axopatch 200B
(Axon Instruments, Forest City, CA, USA) and then digitized with a
DigiData 1440A converter (Axon Instruments, Forest City, CA, USA).
The preliminary experiments were performed on Cube-D0 Nanopore
Single Molecule Electrochemical workstation which is established by
Yi-Tao Long’s group at East China University of Science and
Technology. The filtration and sampling rate were set as 10 kHz and
250 kHz in Cube-D0, respectively. Data analysis was performed using
the software programmed by Long’s group43 and OriginLab 9.0
(OriginLab Corporation, Northampton, MA, USA). Nanopore
measurements were carried out at 25 ± 2 °C. The frequency of the
events was calculated from the data of at least 5 min.

■ RESULTS AND DISCUSSION

Principle of the Nanopore-Based Assay for Enzyme
Activity. The nanopore-based sensing strategy was proposed
by the specifically catalytic removal of 8-oxoG and cleavage of
DNA backbone by hOGG1, of which the yielded DNA hybrids
were subsequently analyzed with a nanopore. As illustrated in
Scheme 1, a probe of DNA substrate containing two partially
complementary strands (i.e., P1 and P2) was immobilized onto
the magnetic beads via the biotin−streptavidin interaction. The
P2 strand was modified with an 8-oxoG at the 18 nt site
comprising of P2L conjugated with P2R (Table 1). Since the
probe is too large to enter the nanopore, no translocation
events could be observed when subjected to the nanopore tests.
In the presence of hOGG1, however, the enzyme would
specifically recognize and remove the 8-oxoG, yielding a single-
stranded DNA (ssDNA) attached on the bead surface and a
free P1/P2R hybrid. After the separation with a magnetic field,
the output P1/P2R hybrid was subjected to the α-HL nanopore
test. The noncomplementary domain in the P1/P2R complex
would act as a guide to lead the complex to enter the vestibule
of the nanopore, which could be envisioned to generate
characteristic current events.
Validation of the hOGG1 Activity Assay. The proposed

assay was dependent on the successful recognition and removal
of 8-oxoG by the hOGG1 catalysis and subsequent release of
P1/P2R hybrids. To verify whether hOGG1 initiates the
reaction, we first monitored the cleavage products with gel
electrophoresis. The free P1/P2 complex without immobiliza-
tion onto the bead was used as the substrate. As shown in
Figure S1, in the absence of hOGG1, only one band of the
DNA substrate was observed. After the incubation with
hOGG1, in contrast, a new band obviously shorter than the
substrate appeared. This is supposed to be P1/P2R hybrid
resulting from the cleavage reaction. Herein, ssDNA that
should be produced is not observed. The most likely possibility
is that this ssDNA could not form secondary structure and thus
binds too little ethidium bromide to be detected in gel
electrophoresis. These data confirm the occurrence of the
cleavage reaction of DNA substrates by hOGG1.
Nanopore-Based Analysis of hOGG1 Activity. To

identify the target signals in the nanopore, we used the P1/
P2R hybrids to examine the signature blocks, which can serve
as the signals for the identification of hOGG1. A salt gradient
across a nanopore was applied to drive the DNA from the cis
side into the α-HL nanopore. It was previously reported that
this method dramatically increased the capture rate of DNA44

and miRNA.45 Here, the event frequencies of the P1/P2R
hybrids in different salt conditions were tested. At an applied
potential of +120 mV, 20 nM of the DNA in asymmetrical KCl
solutions (0.5 M/3 M, cis/trans) produced ∼150 events per
min, whereas 100 nM of the DNA in 1 M KCl (cis/trans) only

generated ∼12 events per min (Figure S2). The salt gradients
focused far more molecules into the pore, thereby enhancing
the possibility of analyzing DNA samples at the low level.
Next, we statistically analyzed the current signals produced

by P1/P2R hybrids. Figure 1A illustrates the current trace for

the P1/P2R in 0.5 M/3 M (cis/trans) KCl solutions. As
expected, we observed a large number of moderately long
single-level events. The 2D event-distribution contour plot
(Figure 1B) indicates that the current events yield one
population, with the duration time lying within the range of
1−15 ms. The statistical analysis showed that the duration of
theses blocks is 3.572 ± 0.23 ms (Figure 1C). For current
amplitude analysis, I0 was defined as the open pore current and
I as the blockage current when the analyte stayed within the
pore. The histogram of I/I0 was fitted to the Gauss distribution
with a value of 0.86 ± 0.01 (Figure 1D). Other than the single-
level events, multilevel blocks featuring conductance transition
appeared occasionally in the current trace (Figure S3). Since
the moderately long blocks with current blockage over 80% and
dwell time within the range of 1−15 ms were only observed in
the presence of P1/P2R complex, they could serve as the
signals for the identification of hOGG1. In addition, the capture
rate of the DNA in the α-HL nanopore would be highly
dependent on the applied voltage.46 As the voltage increased,
the frequency of P1/P2R signature events consistently
increased (Figure S4). Considering the signal discrimination,
the event frequency, and fluency of the data recording, +120
mV was adopted as the standard potential in the following
work.
With the designed probe, the nanopore-based assay was

employed for the evaluation of the hOGG1 activity. As
illustrated in Figure 2A, in the control experiment without
addition of hOGG1, only several noise-like block events
appeared in the current trace, probably due to the collisions
between the reagents in the reaction mixture and the entrance
of the nanopore. In the presence of hOGG1, on the contrary,
we observed a number of signature blocks which were easily

Figure 1. Detection of P1/P2R hybrids with the nanopore. (A)
Current trace, (B) Contour plot, (C) Duration histogram, and (D) I/
I0 histogram of P1/P2R hybrids monitored at +120 mV in 0.5 M/3 M
(cis/trans) KCl. The concentration of P1/P2R in the cis side of the
nanopore was 20 nM. Red triangles represent the signature events.
The duration histogram was fitted by the exponential function, and the
I/I0 histogram was fitted by the Gauss function.
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discriminated from the noise-like events. Their properties,
including the duration (Figure 2B) and current amplitude
(Figure 2C) obtained statistically, were consistent with that of
the spiked free P1/P2R sample. These results confirm the
existence of the released P1/P2R hybrids and thus a successful
recognition and removal of 8-oxoG by hOGG1 catalysis.
Detection Sensitivity of the Nanopore-Based Assay.

Achieving the best sensing performance requires the
optimization of the experimental conditions. The concentration
of the DNA substrates immobilized on the bead surface is an
important factor. We found that as the DNA substrate
concentration increased, the frequency of the output events
in the nanopore increased and reached a plateau beyond 1 μM
(Figure S5). Additionally, the reaction time is a crucial
parameter for the hOGG1-catalyzed assay. Figure S6 shows
that the frequency of the signatures gradually increased with the
increasing time and tended to be stable after 2 h. Accordingly, 2
h was selected as the incubation time for the following
reactions.
Under the optimal conditions, the assay was applied as

proposed to detect hOGG1 of different concentrations. As
separately shown in Figure 3 and Figure S7, the frequency of
signature events consistently increased with the increasing
hOGG1 concentrations ranging from 0.01 U/mL to 50 U/mL.
These data can be fitted to a straight line in the log−log scale,
showing that the target should be detectable at the
concentrations lower than 0.01 U/mL. The linear relationship
can be described as the function log f = 0.562 + 0.463 log C (R2

= 0.993), where f is the frequency of signature events and C
represents the hOGG1 concentration. The limit of detection
(LOD) was calculated to be 6.5 × 10−3 U/mL based on the
principle of 3 times the standard deviation over the signal of the
negative control. The sensitivity of the current assay was
improved by 107.7-fold over that of the gold nanoparticle
(AuNP)-based colorimetric method (0.7 U/mL),14 and is
comparable to that of the fluorescent assays.16−18 The high
sensitivity is likely attributed to the use of asymmetrical KCl
solutions in the nanopore assays.
Detection Specificity of the Nanopore-Based Assay.

To assess the specificity of the proposed strategy, a nonspecific

protein BSA and some other repairing enzymes were detected
comparably including uracil-DNA glycosylase (UDG), thymine
DNA glycosylase (TDG), and apurinic/apyrimidinic endonu-
clease (APE1). Generally, UDG could specifically recognize
and excise uracil (U) from DNA.47 TDG only selectively
removed T from G/T mismatches.48 APE1 recognized AP sites
in dsDNA and performed an incision at the 5′ side of the AP
site.49 As illustrated in Figure 4A, the addition of hOGG1
generated a number of signature blocks in the current trace. In
contrast, the nonspecific protein and nontarget enzymes
produced scarcely any moderately long blocks, similar to that
in the absence of hOGG1 (blank). The frequency in the
interferential groups is almost as low as in the blank (Figure
4B). Thus, the strategy exhibited the excellent performances for
discriminating hOGG1 from the interfering analytes.

Effect of Temperature on the hOGG1 Activity. To
investigate the effect of temperature on the enzyme activity,
hOGG1 was treated at different temperatures in a range from 4
to 55 °C and its activity was analyzed using the nanopore-based
assay. As shown in Figure S8, the frequency of the signature
current events increased with increasing temperature, reached a
maximum level at 37 °C, and then gradually declined at higher
temperatures. This is expected given that the hOGG1 is
involved in the biochemical reaction in human, whose optimum
temperature is about 37 °C. These data indicate that the
nanopore assay could be used to evaluate the effect of
temperature on the enzyme activity.

Inhibition Assay. The validity of our method in assaying
the inhibition of hOGG1 was tested by using chromium(II)
chloride (CdCl2) as a model inhibitor. The CdCl2 may inhibit
hOGG1 activity in two ways. Cd2+ may bind to the enzyme
molecules and lead to the inactivation of hOGG1, or bind to
the enzyme−substrate complex to prevent the cleavage of
substrates.50 As shown in Figure 5 and Figure S9, the frequency
of the characteristic events decreased when the CdCl2
concentration increased. These facts indicate that the proposed
assay may provide a useful platform for the evaluation of
hOGG1 activity.

Evaluation of Cellular hOGG1 Activity. To further
evaluate the feasibility of the nanopore-based assay in real
biological samples, the activity of the cellular hOGG1 was
detected using human lung adenocarcinoma cell line (A549
cells) as a model. We first investigated the effect of cell extract

Figure 2. Detection of hOGG1 activity with the nanopore. (A)
Representative current traces for the nanopore in the absence (Blank)
and presence of hOGG1 recorded at +120 mV. The concentration of
hOGG1 is 50 U/mL and the concentration of DNA substrate is 1 μM.
(B) Duration histogram of the blocks generated by hOGG1 reaction
products. (C) I/I0 histogram of the blocks produced by hOGG1
reaction products.

Figure 3. Quantitative determination of hOGG1 activity. Correlation
of the event frequency with the concentration of hOGG1 was shown.
The target concentration ranges between 0 and 50 U/mL and the
concentration of DNA substrate is 1 μM. All tests were performed
with the transmembrane potential held at +120 mV. Each experiment
was repeated three times.
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itself on the target detection. As illustrated in Figure S10A, the
cell extract without hOGG1 only produced several noise-like
events, which are probably due to the collisions between the

cell extracts and the entrance of the α-HL nanopore.
Fortunately, the noise-like events were easily discriminated
from the signature events based on their duration time (Figure
S10B,D) and current amplitude (Figure S10C, D). Next, the
activity of endogenous hOGG1 from different amounts of A549
cells was analyzed. As illustrated in Figure 6A and B, the

frequency of the hOGG1 signatures consistently increased
when the number of A549 cells increased, with a linear
correlation in the log−log scale in the range from 100 to 10 000
cells. Furthermore, based on the standard working curve of
event frequency versus hOGG1 concentration (Figure 3) and
the frequency of cell extract reaction products, the unit number
of hOGG1 in 100 cells was estimated to be 0.81 U/mL. This
was basically consistent with that obtained using fluorescence
method.16 Therefore, the developed approach can be practically
applied for quantitative detection of hOGG1 activity in
complex biological samples.

■ CONCLUSION
In summary, we have developed a nanopore-based strategy for
the evaluation of hOGG1 activity with high specificity and
sensitivity. Taking advantage of the efficient cleavage of the
DNA probe by hOGG1 catalysis, the information on enzyme
activity was converted to a measurable current signal recorded

Figure 4. Investigation of the specificity of the assay. (A)
Representative current traces in the presence of hOGG1, BSA,
UDG, TDG, and APE1. In the blank group, all reagents and assay
processes were the same as that in hOGG1 assay, except that there was
no target. Red triangles represent the signature events. (B)
Comparison of the frequency of signature events generated by
hOGG1 and other proteins or enzymes. The final concentration of the
enzyme analytes is 10 U/mL, the concentration of BSA is 0.1 g/L, and
the concentration of DNA substrate is 1 μM. All data were acquired at
the potential of +120 mV.

Figure 5. Variance of the hOGG1 activity in response to variable-
concentration CdCl2. The concentration of hOGG1 is 100 U/mL and
the concentration of DNA substrate is 1 μM. Error bars represent
standard deviations from three replicates.

Figure 6. Detection of cellular hOGG1 activity. (A) Representative
current traces of the events in the presence of A549 cell extracts. Red
triangles represent the signature events. (B) Relationship between the
frequency of the signature events and the number of A549 cells. The
concentration of DNA substrate is 1 μM. All data were acquired with
the transmembrane potential at +120 mV. Each experiment was
repeated three times.
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in the α-HL nanopore. To the best of our knowledge, it is the
first time to realize the sensitive detection of DNA glycosylase
activity with the nanopore sensor. Compared with the reported
methods, this nanopore-based assay facilitates a label-free and
facile detection without the requirement for any complicated
signal amplification, thus opening a new horizon for the analysis
of enzyme activity. More importantly, considering that the
DNA molecules are the catalyzed substrates of a variety of
enzymes, this sensing approach can be easily extended to the
detection of different types of enzymes, such as other DNA
glycosylases, DNA repairing enzymes, and DNA methyltrans-
ferases, by designing various DNA substrates.
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