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ABSTRACT: The determination of T4 polynucleotide kinase
(PNK) activity and the screening of PNK inhibitors are critical to
disease diagnosis and drug discovery. Numerous electrochemical
strategies have been developed for the sensitive measurement of
PNK activity and inhibition. However, they often suffer from
additional labels and multiple steps of the detection process for the
electrochemical readout. Herein, we have demonstrated an
electrochemical DNA (E-DNA) sensor for the one-step detection
of PNK with “signal-on” readout with no need for additional labels.
In our design, the highly switchable double-stranded DNA
(dsDNA) probes are immobilized on the gold nanoparticle-
decorated molybdenum disulfide nanomaterial (MoS,-AuNPs),
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which possesses large surface area and high conductivity for elevating the signal gain in the PNK detection. This signal-on E-DNA
sensor integrated with MoS,-AuNPs exhibits a much higher sensitivity than that without MoS,-AuNPs, showing a detection limit of
2.18 X 10~* U/mL. Furthermore, this assay shows high selectivity, with the ability to discriminate PNK from other enzymes and
proteins, and can be utilized to screen inhibitors. The proposed sensor is easy to operate with one-step readout and robust for PNK
detection in the biological matrix and shows great potential for point-of-care in clinical diagnostics and drug screening.
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B INTRODUCTION

PNK is a vital element of 5'-kinase family that can catalyze the
transfer of the y-phosphate residue from an adenosine
triphosphate (ATP) to the S’-hydroxyl terminus of DNA or
RNA."” The abnormal activity of PNK would disturb the
cellular responses to DNA damage and lesions, which is related
to a variety of human diseases.’ ° In addition, PNK inhibitors
are promising drugs because the downregulation of PNK
increases the sensitivity of cells to y-radiation.” Therefore, the
determination of PNK activity and inhibition has profound
meanings in the biological research and clinical diagnosis. The
traditional detection strategies for PNK activity including
polyacrylamide gel electrophoresis (PAGE), radical isotope P-
labeling, and autoradiography have been commonly used in
biological experiments due to their accurate quantification.®” "
However, the applications of these methods are limited by
their laborious, complicated, and radioactive operations. To
overcome these drawbacks, many approaches such as
fluorescence,''™'® colorimetric,"” bioluminescence,”® and
electrochemical assays” ~>* have been developed. Among
them, electrochemical assays have attracted increasing
attention due to their obvious advantages of low cost, easy
miniaturization, high sensitivity, and fast response.””~** Zhang
et al. constructed an electrochemical biosensor for the
determination of PNK with a detection limit of 0.0027 U/
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mL by phos-tag-biotin-mediated alkaline phosphatase catalytic
amplification.”” To improve sensitivity, several nanomaterials
have been introduced in electrochemical sensors. Zhang’s
group and Luo’s group, separately, developed an electro-
chemical detection method of PNK, based on iron metal—
organic framework-loaded gold nanoparticles to improve the
sensitivity.”””" Cui et al. employed gold nanoparticles as
carriers to enhance the signal, which can detect PNK as low as
7762 X 107* U/mL.>! Although great achievements for PNK
assay have been made, the additional label of nanomaterials for
generating signals in these approaches may restrict their
broader applications, such as real-time monitoring enzymatic
reactions. Therefore, the development of more simple and
facile methods with less steps for determination of PNK is still
desired.

The E-DNA sensor was first reported by Fan in 2003”* and
then has attracted substantial attention due to its fast response
and single-step detection of targets directly in complex
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matrices.”**° The archetype of the E-DNA sensor comprises a

hairpin structure dually modified with a redox reporter for
signal output and a thiol for probe immobilization.”* Binding
of the target to the hairpin structure largely changes its
conformation as the linear structure, which makes the reporter
far away from the interrogating electrode, producing a target-
depending reduction in the redox current. The target-induced
conformational change of this signal transduction mechanism
enables the application of the E-DNA sensor in clinical samples
and real-time monitoring of the recognition process with
reagentless procedures and single-step convenience. After this,
many signal-on E-DNA sensors have been constructed to
circumvent the limitations of the first signal-off E-DNA sensor
where the maximal signal gain is no more than 100%.””~*' The
signal-on E-DNA sensors not only have the advantages of
single-step detection of targets directly in complex matrices but
also improve signal gain and sensitivity. Therefore, the signal-
on E-DNA sensor provides a unique opportunity for the
detection of PNK activity and inhibition with a single-step
convenience and excellent performance.

Herein, motivated by these observations, we designed a new
signal-on E-DNA sensor combined with MoS,-AuNPs for one-
step, sensitive, and selective analysis of PNK activity and
inhibitor screening. The architecture of the E-DNA sensor is
changed by the PNK-induced lambda exonuclease (4 exo)
cleavage reaction, which in turn produces an increased signal.
MoS,-AuNPs have been widely exploited as an electrode-
decorated material to improve the electrical conductivity for
the ultrasensitive detection of small molecules, proteins, and
nucleic acids.”*~*” The sensor has combined the advantages of
the E-DNA sensors and MoS,-AuNPs: (1) the E-DNA sensor
is easy to use and enables the detection of PNK directly in
complicated samples with high sensitivity, showing potential
for clinical applications; (2) compared to the reported signal-
off biosensor with a limitation of the maximal signal
suppression, this E-DNA sensor generates a stable signal-on
electrochemical signal; (3) the single-step and reagentless
convenience and signal stability enable the sensor to monitor
the activity of PNK in real time; (4) MoS,-AuNPs can not only
provide large area for immobilization, but also provide a good
pathway of electron transfer for the electroactive reporter to
enhance the faradaic current and improve the sensitivity for
PNK assay. We have demonstrated that this E-DNA sensor can
sensitively detect PNK in both buffer and cell lysate screen
PNK inhibitors and can be further exploited for disease
diagnostics and drug discovery.

B EXPERIMENTAL SECTION

Materials and Instruments. All materials and instruments are
provided in the Supporting Information.

Preparation of MoS,-AuNPs. MoS, nanosheets, AuNPs, and
MoS,-AuNPs were synthesized according to the reported work,***’
and their syntheses are described in the Supporting Information.

Electrophoresis Analysis. For the formation of the dsDNA, 1
UM sDNA and its cDNA were first mixed at a ratio of 1.5:1 in the
working buffer (70 mM Tris—HCI, 1 mM ATP, 10 mM MgCl,, S mM
DTT, pH 7.6). The mixture was heated at 95 °C for S min and then
cooled to 4 °C. The prepared dsDNA was then incubated with 10 U/
mL PNK and 10 U/mL A exo (without PNK or A exo as control
groups) for 2 h at 37 °C. Afterward, the samples were analyzed by
16% native PAGE with a constant voltage of 85 V for 120 min. After
staining with Gelred, the gel was photographed.

Fabrication of the Electrochemical Biosensor. A glassy carbon
electrode (GCE) was first polished with 0.3 and 0.05 ym alumina
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slurry for 3 min, respectively. The GCE was then sonicated in ethanol
and Milli-Q water for S min, respectively. After being rinsed with
Milli-Q water and dried with nitrogen gas, the GCE was incubated
with § uL of the as-prepared MoS,-AuNPs for 12 h at room
temperature. Then, S uL of the prepared dsDNA was dropped on the
MoS,-AuNPs/GCE and assembled for different time periods at room
temperature, forming dsDNA/MoS,-AuNPs/GCE. Following this,
the dsDNA/MoS,-AuNPs/GCE was incubated with 2 mM 6-
mercaptohexanol (MCH) for 2 h. The working electrode was
measured by electrochemical impedance spectroscopy (EIS) after
each modified step. The control experiments were performed in the
same process except for the first step. For the E-DNA sensor on the
gold electrode, the first step was to clean the electrode, as described
previously.””’

Measurement of PNK Activity, Stability, and Kinetics. After
being rinsed with PBS, the MCH/dsDNA/MoS,-AuNPs/GCE was
incubated with the working buffer containing different-concentration
PNK at 37 °C for different time periods. We optimized the
concentration of ATP and A exo and the incubation time. After
reaction, the electrodes were subjected to cyclic voltammetry (CV)
and square wave voltammetry (SWV) measurements in MB buffer.
For studying the stability, the electrodes before and after incubation
with PNK were monitored by SWV for 1 h at an interval of 3 min. For
studying the lifetime, the electrodes after incubation with PNK were
continually monitored by SWV for 132 h at an interval of 12 h. For
the measurement of PNK kinetics, the MCH/dsDNA/MaoS,-AuNPs/
GCE was immersed in the optimized working buffer containing 1 U/
mL PNK and monitored by SWV.

Preparation of Cell Lysates. HeLa cells were cultured in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin—
streptomycin and incubated with 5% CO, at 37 °C. HeLa cells were
collected with trypsinization and washed twice with PBS. After
resuspending in Tris—HCI buffer, the cells were counted and frozen at
—80 °C and thawed at room temperature for 3 cycles. After removing
the cell fragments, the supernatant was stored at —80 °C. Diluted cell
extracts were added to the assay solution (50%). The MCH/dsDNA/
MoS,-AuNPs/GCE was incubated with the diluted cell extracts
containing different-concentration PNK (0—10 U/mL) at 37 °C for 3
h.

Inhibition Assay. ADP, NaH,PO,, and (NH,),SO, were used as
the model inhibitors for PNK. The inhibitors with different
concentrations were incubated with 1 U/mL PNK in the optimized
working buffer with the same procedures, as described above.

B RESULTS AND DISCUSSION

Principle of the Proposed Biosensor. For investigating
PNK with high sensitivity in a single-step readout, we
decorated the E-DNA sensor on the MoS,-AuNP-modified
GCE (Scheme 1). A hairpin DNA with 5’-OH as the substrate
DNA (sDNA, —7.18 kcal/mol, free energy of the secondary
structure) for PNK is first prehybridized with its comple-
mentary DNA (cDNA, —11.22 kcal/mol) dually modified with

Scheme 1. Schematic Illustration (Not to Scale) of the
Signal-on E-DNA Sensor for the Detection of PNK Activity
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5’-thiol and 3’-methylene blue (MB) for immobilization and
signaling, respectively. The formation of the dsDNA (—35.84
kcal/mol) is thermodynamically more favorable (Figure Sl,
Supporting Information). The dsDNA is first immobilized on
the MoS,-AuNP-modified GCE via the Au—S bond. Notably,
the dsDNA with a relatively rigid structure keeps the distal MB
away from the electrode surface, limiting the electron transfer.
The A exo-mediated cleavage reaction cannot occur without
PNK because of the lack of S’-phosphoryl; hence, MB is
maintained on the distal end, generating a low background
current. 4 exo is a highly processive 5’ to 3 dsDNA
exonuclease to digest the 3'-phosphorylated strand.”> There-
fore, after being phosphorylated by PNK, sDNA is further
cleaved by A exo to liberate the cDNA from the dsDNA.
Subsequently, the free cDNA switches to its intrinsic hairpin
structure to make MB close to the electrode surface, which can
efficiently transfer electrons to the surface and increase the
redox current. That is to say, by combining PNK
phosphorylation with the A exo cleavage reaction, the
conformation of the E-DNA sensor is changed and a signal-
on readout is produced. In addition, MoS,-AuNPs providing
large area and good conductivity for the efficient electron
transfer of MB can greatly improve the sensitivity of the E-
DNA sensor for PNK detection.

Characterization of MoS,-AuNPs. The morphologies of
the prepared MoS, nanosheets and MoS,-AuNP nanomaterials
were characterized by TEM. As shown in Figure 1A, the
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Figure 1. Characterization of nanomaterials and modified electrode.
(A) Typical TEM images of MoS, nanosheets (inset) and MoS,-
AuNPs. Scale bar: 100 nm. (B) Size distribution of AuNPs that are
decorated on the surface of MoS, nanosheets. (C) UV—vis absorption
spectra and photographs (inset) of MoS, nanosheets and MoS,-
AuNPs. (D) Nyquist plots of EIS for stepwise fabrication: (a) bare
GCE, (b) MoS,-AuNPs/GCE, (c) dsDNA/MoS,-AuNPs/GCE, and
(d) MCH/dsDNA/MoS,-AuNPs/GCE. The inset shows the Randles
equivalent circuit used to fit the EIS data.

exfoliated MoS, nanosheets were thin with multilayers (inset),
and AuNPs dispersed on their surface after AuCl,” were mixed
and reduced by MoS,, indicating the successful synthesis of
MoS,-AuNPs. The sizes of AuNPs were almost uniform
around 20 nm (Figure 1B). Ultraviolet—visible (UV—vis)
spectroscopy was also employed to confirm the formation of
MoS,-AuNPs. As shown in Figure 1C, compared to MoS,
nanosheets, a new absorption peak at around 540 nm was
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observed in the MoS,-AuNP nanomaterial, corresponding to
the absorption of gold nanoparticles. Moreover, the solution
color changed from yellow-brown to purple (photograph in the
inset of Figure 1C) after MoS, nanosheets reacted with
AuCl,”. These results demonstrate that MoS,-AuNPs have
been successfully synthesized.

Characterization of the Modified Electrode. After
successfully synthesizing MoS,-AuNPs, we employed EIS to
verify the stepwise fabrication of the MoS,-AuNP-based E-
DNA sensor that was performed in [Fe(CN)¢]*~*. The EIS
results were fitted to the Randles equivalent circuit, which
contained the electron transfer resistance (R,), the solution
resistance (R,), the Warburg impedance (W), and the double
layer capacitance (Cy) (inset in Figure 1D). The semicircle
diameter of the Nyquist plot was used to reflect the R, As
shown in Figure 1D, after incubation with MoS,-AuNPs, the
semicircle slightly increased (curve b) in comparison with the
bare GCE (curve a), due to the negative surface charge of the
nanomaterials (Figure S2) impeding the diffusion of
ferricyanide, implying the MoS,-AuNPs were successfully
modified on the surface of the GCE. After the assembly of
the prehybridized dsDNA on the MoS,-AuNPs/GCE (curve
c), the semicircle continuously enhanced because the
negatively charged DNA phosphate backbone had an electro-
static repulsion with the negatively charged [Fe(CN)4]>/*,
demonstrating the successful modification of the DNA. Then,
the introduction of nonconductive MCH replaced the
nonspecific adsorption of the DNA and blocked the residual
active spots, further inhibiting the diffusion of ferricyanide, and
the semicircle diameter became larger. Therefore, the changes
in EIS data indicate the successful fabrication of the E-DNA
sensor on the MoS,-AuNPs/GCE.

Feasibility of PNK Assay. To demonstrate the feasibility
of our method, the enzymatic reactions in solution were first
verified through native PAGE. As shown in Figure 2A, the

1 2 3 4 5 6 B
¢cDNA + — + + + + 4
sDNA — + + + + + <
- - 4+ - + 3.
- - - o+ o ~— 0 without PNK
-
=
o
§ £
=
ﬂ’ O
-8
ﬂ 0.5 -0.4 -03 -02 -0.1 0

Potential /V
C D 350 .
4 o 3
< with PNK < 300 8
3 o 95
= §250 (= \,
2 5 200 2
5] : (=] 3
£ without PNK = 150 “
=] <
&) 0 Eo 100
wn

(%3
=

04 03 -02 0.1 00 N o
Potential /V N\OS:‘A“ Mo puN

Figure 2. Feasibility verification by gel electrophoresis and electro-
chemical analysis. (A) 16% native PAGE analysis. The ratio of sDNA/
cDNA was 1.5:1 in lanes 3—S. Typical CV (B) and SWV (C)
responses of the MoS,-AuNP-based E-DNA sensor in the absence
(red) and presence (blue) of 0.1 U/mL PNK, respectively. (D) Signal
increase produced by the MoS,-AuNP-based E-DNA sensor was
significantly enhanced, compared to the same E-DNA sensors
decorated on the surface of the MoS,/gold electrode and AuNPs/
GCE in response to 0.1 U/mL PNK.
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bands in lane 1 and lane 2 represented cDNA and sDNA,
respectively. A new band with a slower mobility appeared after
cDNA was mixed with sDNA at a ratio of 1:1.5 (lane 3),
indicating that cDNA completely hybridized with sDNA to
form the dsDNA with excess SDNA. In the presence of both
PNK and A exo (lane 6), the band of the dsDNA disappeared
and a new band corresponding to cDNA formed, suggesting
that the phosphorylated dsDNA was degraded by A exo to
successfully release cDNA. Simultaneously, the band of sSDNA
in lane 6 became weaker than that in lanes 3—5, demonstrating
that free SDNA can form a hairpin structure and be digested by
A exo after phosphorylation. However, without 4 exo (lane 4)
or PNK (lane 5), the bands of the dsDNA and the excess
sDNA remained intact, and the band of ¢cDNA was not
observed. Therefore, PAGE assay confirmed that the dsDNA
with 5'-OH can be phosphorylated by PNK and then cleaved
by 4 exo to release cDNA.

Then, CV and SWV measurements were carried out to
investigate the sensing feasibility of the E-DNA sensor on the
surface of MoS,-AuNPs. As shown in Figure 2B, when PNK
was absent, we observed a pair of small characteristic redox
peaks of MB, indicating the successful electron transfer. The
small peaks are possibly caused by the rigidity of the dsDNA,
which limits the accessibility of the terminal MB to the
electrode surface, hindering the efficient electron transfer. We
found that this peak pair apparently increased after the
addition of PNK, suggesting that the electron transfer became
more efficient. We speculate that sSDNA is phosphorylated by
PNK and digested by A exo, thereby enabling the dsDNA to
release the cDNA. In this case, the free cDNA switches to its
intrinsic hairpin structure to make MB close to the electrode
surface, inducing an increase electrochemical signal. SWV was
then employed to directly quantify the electrochemical
response. A representative and relatively small SWV peak at
around —0.2 V was observed in the absence of PNK (Figure
2C). In contrast, a prominently enhanced peak current was
obtained in the presence of PNK. These results confirmed that
the E-DNA sensor is available for PNK assay. Moreover, the
signal increase of our MoS,-AuNP-based E-DNA sensor was
about 208% and the corresponding signal gains of the same E-
DNA sensor decorated on the AuNPs/GCE and MoS,/gold
electrode were about 77 and 105% (Figure 2D), respectively.
This is presumably attributed to the synergic effects between
AuNPs and MoS, nanosheets, such as providing a large area
and excellent conductivity for efficient electron transfer.
Therefore, MoS,-AuNPs can enhance the signal gain of the
E-DNA sensor, which is beneficial for improving the sensitivity.

Stability, Kinetics, Selectivity, and Robustness of the
MoS,-AuNP-Based E-DNA Sensor. Under the optimal
experimental conditions (3 h immobilization, 20 U/mL 4
exo, 1 mM ATP, and 3 h enzymatic reaction, Figure S3), the
stability of the MoS,-AuNP-based E-DNA sensor was
evaluated by scanning SWV repeatedly. The SWV peak
currents obtained from 21 cycles almost remained consistent
with each other both in the absence and presence of PNK
(Figure 3A and Figure S4B). The peak currents under both
states fluctuated within +1% in comparison with the mean
currents over 1 h (Figure S4A). Notably, when the sensor was
monitored for several days, we found the SWV peak currents
reduced with an increase in the test time (Figure SS). We
speculate that the nonspecific adsorption of MoS,-AuNPs on
the GCE is not robust enough and detached from the surface
when the electrodes were immersed in buffer solution for a
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Figure 3. (A) SWV peak currents of the MoS,-AuNP-based E-DNA
sensor under states of without (red) and with 0.1 U/mL PNK (blue)
monitored continually for 1 h in an interval of 3 min. (B) Monitoring
the enzymatic reactions at 37 °C for more than 3 h with 1 U/mL
PNK. (C) Specificity test of the sensor. The concentrations of all
enzymes were 10 U/mL, and 10 nM BSA was used in the
experiments. (D) Typical CV responses of the MoS,-AuNP-based
E-DNA sensor in cell lysate without (red curve) and with 10 U/mL
PNK (blue curve).

long time. However, our sensor showed an average 10%
reduction in the initial currents when tested for 12 h, which is
sufficient for the detection of common biomolecules. These
results demonstrate that the electron transfer of the MoS,-
AuNP-based E-DNA sensor is stable and reliable for PNK
assay.

Then, taking advantage of the single-step readout and stable
signal output, we monitored the enzymatic reactions in real
time. The signal increased with an increase in the reaction time
and saturated at about 150 min (Figure 3B), which was
consistent with the results of the optimizing reaction time
(Figure S3). Interestingly, the reaction rate was very slow at
the initial 40 min and then increased before reaching the
equilibrium. We speculate that although the relatively high
density of the dsDNA at the initial state can increase the rate of
phosphorylation,®* the relatively narrow distance between
neighboring probes may make the digestion of 4 exo difficult
and slow. Therefore, the sensor for PNK detection shows
slower response than that for DNA detection.’”

Next, to investigate the selectivity of the method, some
proteins containing BSA, T4 DNA ligase, lysozyme, and heat-
inactive PNK were chosen as the nonspecific interference.
Compared with the blank sample, only PNK produced a
remarkable increase in the electrochemical current, while other
proteins and enzymes generated negligible current increase
(Figure 3C). This result demonstrates that only phosphory-
lated dsDNA can be specifically degraded by A exo to release
cDNA for signal enhancement. Therefore, our method is
highly specific for PNK detection.

Furthermore, to investigate the robustness of the MoS,-
AuNP-based E-DNA sensor, we tested the response in the
HeLa cell lysate as a mold of complex matrix. As shown in
Figure 3D, a typical SWV peak was obtained, indicating the
feasibility of the electron transfer of the sensor in the cell
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Figure 4. (A) SWV curves for PNK detection with different concentrations (a—h): 0, 0.001, 0.005, 0.01, 0.0S, 0.1, 1, 10 U/mL, respectively. (B)
Dependence of Al on the logarithm of PNK concentration in buffer (cyan) and cell lysate (blue). The effects of different inhibitors (C) ADP, (D)
Na,HPO,, and (E) (NH,),SO, on PNK activity. The error bars represent the standard deviation of three independent experiments.

lysate. The peak current significantly increased in the presence
of PNK, as observed in pure buffer. These results demonstrate
that the proposed sensor is robust and feasible for PNK
analysis in complicated fluids.

Applications in Detection Sensitivity. Having sub-
stantiated the feasibility, stability, selectivity, and robustness
of the MoS,-AuNP-based E-DNA sensor for PNK assay, we
further investigate the analytical sensitivity of the strategy. As
shown in Figure 4A, the SWV signal increased as the
concentration of PNK increased, demonstrating a great
concentration-dependent current response for quantitative
detection. The peak current increase (AI) was proportional
to the concentration of PNK, which can be fitted with a
Langmuir—Freundlich isotherm, demonstrating that the
detection mechanism is based on the adsorption of PNK
(Figure S6). The detailed relationship between the peak
current increase (AI) and the logarithm of PNK concentration
is summarized in Figure 4B (cyan line). A good linear range is
from 0.001 to 10 U/mL, with the regression equation of Al =
2.176lgc + 9.326 (c represents the concentration of PNK) with
R* = 0.991. The limit of detection is 2.18 X 10™* U/mL,
according to the criteria of 36/S (o represents the standard
deviation of the blank control and S is the slope of the fitting
line shown in Figure 4B), which is lower than or comparable to
other reported methods (Table S1).'"*”*" We also calculated
the limit of detection in different ways according to IUPAC
recommendations, such as the rules of 36 and 106 (Table S2).
As a control, when the E-DNA sensor was decorated on the
gold electrode for PNK assay under the optimal conditions, AI
was linearly proportional to the concentration of PNK in the
range from 0.001 to 1 U/mL with a detection limit of 0.0013
U/mL (Figure S7), 6 times as high as that of the MoS,-AuNP-
based E-DNA sensor. These results indicate that MoS,-AuNPs
as substrates can significantly improve the sensitivity.

To investigate the practicability of the developed strategy,
we further challenged the PNK detection in the HeLa cell
lysate. As observed in pure buffer, AI also increased with an
increase in PNK concentration (Figure S8), and exhibited a
good linear correlation (R* = 0.992) with the regression
equation of AI = 2.37lgc + 8.14 (Figure 4B, blue line). The
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limit of detection is estimated to be 0.0023 U/mlL,
demonstrating that the proposed sensor has great potential
for clinical applications.

Inhibition Assay. Because inhibitors can enhance the
efficacy of cancer treatment, the screening of the effective PNK
inhibitors is significant for the development of clinical
therapeutics. Thus, we selected three inhibitors in the reported
work,"* ADP, NaH,PO,, and (NH,),SO,, with no influence on
A exo activity, as models for inhibitor screening. ADP has a
reverse impact on the phosphorylation reaction to inhibit the
PNK activity, whereas NaH,PO, and (NH,),SO, inhibit the
PNK activity by salt effects. The relative activity was calculated
on the basis of (1—I/I) X 100%, where I, and I are the SWV
peak currents with and without inhibitors, respectively. As
shown in Figure 4C—E, the relative activity decreased in
response to the increasing concentrations of three inhibitors by
fixing PNK at 1 U/mL, indicating that the activity of PNK has
been inhibited. The half-maximal inhibition values (ICs,) of
ADP, NaH,PO,, and (NH,),SO, were 1.78, 11.77, and 12.1
mM, respectively, which are consistent with those in previous
reports.'*>*° The result demonstrates that the proposed
sensor can be used to screen PNK inhibitors.

B CONCLUSIONS

In summary, we have developed a new signal-on E-DNA
sensor integrated with MoS,-AuNPs for PNK detection based
on PNK-induced A exo-degraded reaction for conformational
change. Taking advantage of the large area and good
conductivity of MoS,-AuNPs and the highly switchable
structure of the dsDNA probe for “signal-on” sensing, this
sensor provided a detection limit of 2.18 X 107* U/mL in
buffer and 0.0023 U/mL in the cell lysate. Due to its
reagentless, stable, and single-step detection process, the E-
DNA sensor can monitor the reaction and has the potential to
quantify the kinetics of enzymatic reactions. In addition, this
strategy was applied to estimate the inhibition effect of
potential inhibitors, showing great potential in clinical
diagnosis and drug screening.
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