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ABSTRACT: 5′-Polynucleotide kinase is a crucial class of
enzyme that catalyzes the phosphorylation of nucleic acids
with 5′-hydroxyl termini. This process regulates many
important cellular events, especially DNA repair during strand
damage and interruption. The activity and inhibition of
nucleotide kinase have proven to be an evident effect on
cellular nucleic acid regulation and metabolism. Here, we
describe a novel nanochannel biosensor for monitoring the
activity and inhibition of T4 polynucleotide kinase (PNK), a
famous member of the 5′-kinase family playing a major role in
the cellular responses to DNA damage. On the basis of the
functionalized nanochannel system and coupled λ exonuclease
cleavage reaction, the nanochannel-sensing platform exhibits
high sensitivity and convenience toward kinase analysis. Biotin-labeled dsDNA effectively blocks the streptavidin-modified
nanochannel through forming a closely packed arrangement of DNA structure inside the channel. When dsDNA is
phosphorylated by PNK and then immediately cleaved by λ exonuclease, the pore-blocking effect almost disappears. This PNK-
induced microstructural distinctness can be directly and accurately monitored by the nanochannel system, which benefits from its
high sensitivity to the change of the effective pore size. Furthermore, modification convenience and mechanical robustness also
ensure the stability of the test platform. This as-proposed strategy exhibits excellent analytical performance in both PNK activity
analysis and inhibition evaluation. The simple and sensitive nanochannel biosensor shows great potential in developing on-chip,
high-throughput assays for fundamental biochemical process research, molecular-target therapies, and clinic diagnostics.

The 5′-polynucleotide kinase is a crucial class of enzyme
that catalyzes the phosphorylation of nucleic acids with 5′-

hydroxyl termini. This process regulates many important
cellular events, especially DNA repair during strand damage
and interruption,1−4 which result from various exogenous and
endogenous agents including chemical substances,5 ionizing
radiation,6 as well as nucleases.7 Normal function of 5′-
polynucleotide kinase is indispensable to the 5′-phosphate
terminal dependent DNA healing and the maintenance of gene
integrity. Blockage of DNA phosphorylation may lead to
serious consequences, even some lethal diseases. T4 poly-
nucleotide kinase (PNK), first discovered in 1965,8 is a famous
member of the 5′-kinase family. It catalyzes the transfer of the
γ-phosphate group of nucleoside triphosphate (ATP) to the 5′-
hydroxyl end of oligonucleotides or nucleic acids. PNK has
been extensive used in analysis of DNA adducts9 and in repair
of nucleic acid lesions.10 What’s more, PNK plays a major role
in cellular nucleic acid metabolism, particularly in the cellular
responses to DNA damage. Aberrant PNK activity and DNA
phosphorylation states relate to many human disorders as
Bloom’s syndrome, Werner syndrome, and Rothmund-
Thomson syndrome.11 Accordingly, information about the
activity profile of PNK and its potential inhibitors is not only
useful for investigating the fundamental biochemical process

during nucleic acid metabolism but also valuable for the
development of effective therapeutic protocols and kinase-
targeted drug discovery.
Until now, various approaches for the determination of DNA

phosphorylation have been developed. Conventionally, the
activity of PNK was detected by radical isotope 32P-labeling,
polyacrylamide gel electrophoresis (PAGE), and autoradiog-
raphy.3,4,8,12−16 Although these methods work well in both in
vitro and in vivo analytical systems, unfortunately, complicated
instruments, sophisticated operating procedures, and always in
need of skillful technicians greatly limit their wide applications.
Furthermore, these approaches also suffer from other
disadvantages such as radioactive contamination, time-consum-
ing, and costly. Recently, to eliminate the traditional problems,
fluorescence assays have emerged as an increasingly popular
tool for evaluating DNA phosphorylation. Song et al. described
a novel fluorescence approach for real-time monitoring of the
kinetics of PNK based on specially designed DNA-hairpin
probes and coupled enzyme reaction.17 Wu et al. successfully
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screened DNA phosphorylation process by using graphene
oxide as a super quencher.18 However, fluorescence signals are
largely influenced by many environmental factors in the
reaction system. Various undesirable substances would make
the fluorescence signals unreliable. In addition, the increasing
demands of practical applications require further development
of a sensing platform with much better analytical performance.
Therefore, more avenues still need to be explored to have a
convenient, rapid, sensitive and accurate method to measure
the activity of DNA phosphorylation kinase.
In recent years, artificial nanochannels fabricated in track-

etched polymer membranes have received unrivalled research
attention due to their unique properties, for instance, well-
defined geometries and dimensions, ease of miniaturization,
and compatibility with electronic measurement technique.19−21

Furthermore, fabrication simplicity and modification conven-
ience greatly enrich the nanochannel systems in the field of
biomimetic materials.22−24 Comparing with protein nano-
channels, which still have to rely on the fragile lipid bilayer,
solid-state nanochannel appears to be much more promising in
practical applications because of its mechanical and chemical
robustness. Artificial nanochannels modified with appropriate
functional groups have emerged as an increasingly popular tool
to develop innovative sensing platforms for analysis of
proteins,25 DNA,26 ions,27,28 and small molecules.29,30 Un-
fortunately, despite its notable advantages, the nanochannel
based platform has not yet been applied to detect the activity
and inhibition of important kinases.
In this work, we designed a novel nanochannel biosensor for

detecting PNK activity and inhibition on the basis of
functionalized nanochannel systems combined with the λ
exonuclease (λ exo, a highly processive 5′-3′ enzyme catalyzing
the removal of 5′ mononucleotides from duplex DNA to
generate single-stranded DNA (ssDNA) and mononucleotides)
cleavage reaction. Taking advantage of the efficient affinity
interaction, biotin-labeled double-stranded DNA (biotin-
dsDNA) effectively blocked the streptavidin-modified nano-
channel through forming a closely packed arrangement of
dsDNA structure inside the channel. Nevertheless, when PNK
and λ exo cleavage reaction were introduced, the blockage effect
almost disappeared because of the prompt digestion of biotin-
dsDNA by the coupled enzymes. Owing to its sensitive
response to microstructural distinctness, the nanochannel
sensing system not only provides an excellent PNK screening
platform with wide linear range and low detection limit but also
shows super ability for accurate investigation of kinase-targeted
inhibitors. Moreover, modification convenience and mechanical
robustness also ensure the stability of the test platform. The
simple and sensitive nanochannel biosensor exhibits great
potential in biological processes research and drug discovery.

■ EXPERIMENTAL SECTION
Reagents. T4 polynucleotide kinase (10 units/μL), λ

exonuclease (5 units/μL) were bought from New England
Biolabs (NEB, U.K.). N-Hydroxysuccinimide (NHS) and N-
ethyl-N-(3-dimethylaminopropyl)carbodiimide (EDC) were
purchased from Alfa Aesar. Tris(hydroxymethyl)aminomethane
(Tris), adenosine triphosphate (ATP), adenosine diphosphate
(ADP), dithiothreitol (DTT), 2-[N-morpholino]ethanesulfonic
acid (MES), and streptavidin were obtained from Beijing
DingGuo Biotech. Co., Ltd. Polyethylene terephthalate
membranes (PET; Hostaphan RN 12, Hoechst, 12 μm thick,
with ion track of 106/cm2) were bought from GSI, Darmstadt.

The DNA sequences were purchased from Shanghai Sangon
Biological Engineering Technology & Services Co., Ltd. Other
regents of analytical grade were obtained from Beijing Chemical
Company (China). Sequences of oligonucleotide probes used
in this work are listed as follows:
Probe 1 (P1-biotin): 5′-GCT ACT AGT AAT CTT GTT

CAT AGT ATC ATT GTA CAT AGT GTC AGA GCC-
biotin-3′
Probe 2 (P2): 5′-C3-GGC TCT GAC ACT ATG TAC AAT

GAT ACT ATG AAC AAG ATT ACT AGT AGC-3′
Probe 3 (P3-FAM): 5′-AAC AAG ATT ACT AGT AGC-

FAM-3′
Current Measurements. A nanoporous PET film was

mounted between two chambers of the testing cell which are
both filled with test buffer (5 mM Tris-HCl, 100 mM KCl, pH
7.0). Current measurement was taken out via a Keithley 2636A
picoammeter (Keithley Instruments, Inc., Cleveland, OH).
Transmembrane potential across the film was applied by
placing two Ag/AgCl electrodes into each half of the cell
(Scheme S1 in the Supporting Information). The scanning
voltage used in this work was varied from −0.5 to +0.5 V. All
the ion current signals were recorded and collected via ACS
Basic 1.2 Software (Keithley Instruments, Inc., Cleveland, OH).
The average current values at different voltages were obtained
through three repeated tests.

Preparation and Functionalization of Nanochannels.
The nanoporous PET films were fabricated through the ion
track-etching technique. Generally, PET membrane was first
exposed to the ultraviolet light (UV) for 1 h from each side.
After that, the film was treated with hot NaOH solution (9 M,
50 °C) for several minutes (optimized from 6 to 10 min) and
then quickly immersed into the stopping solution (1 M KCl + 1
M HCOOH) for 20 min at room temperature. Subsequently,
the nanoporous membrane was carefully washed with deionized
water and stored in deionized water overnight before use. To
obtain streptavidin-modified membrane, the as-prepared nano-
porous PET film was put into 0.1 M MES buffer (pH 6.0)
containing 50 mM N-hydroxysuccinimide (NHS) and 100 mM
N-ethyl-N-(3-dimethylaminopropyl)carbodiimide (EDC) for
30 min to activate the carboxyl groups on the channel walls.
After rinsing with deionized water, the resulting PET
membrane was then reacted with 0.2 mg/mL streptavidin in
0.1 M MES buffer (pH 6.0) overnight. The unbound area on
the channel walls was blocked by incubating the film with 1 M
glycine for 10 min in the dark. Finally, the functionalized PET
membrane was gently washed with deionized water and then
stored in the test buffer.

DNA Hybridization and Immobilization. The hybrid-
ization between P1-biotin (1 μM) and P2 (1.5 μM) was carried
out in Tris-HCl buffer (20 mM Tris, 10 mM MgCl2, pH 7.0)
for 1 h (55 °C). The obtained biotin-dsDNA solution (about 1
μM) was stored at 4 °C for further use. Biotin-dsDNA was
immobilized onto the channel walls through the strong affinity
interactions between biotin and streptavidin. In order to
evaluate the pore-blocking effect, streptavidin-modified nano-
porous PET films were incubated with different amount of
biotin-dsDNA in the reaction buffer (70 mM Tris-HCl, 10 mM
MgCl2, 5 mM DTT, pH 8.0) at room temperature. Current
measurements were performed after rinsing the resulted films
thoroughly with the test buffer. The concentration optimiza-
tions of streptavidin and biotin-dsDNA were 0.005−0.5 mg/
mL, 0.01−1 μM, respectively. The incubation time for the
affinity binding was optimized from 20 to 120 min.
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PNK-Catalyzed Phosphorylation and Assay Optimiza-
tion. In a typical phosphorylation and cleavage experiment, 100
nM biotin-dsDNA, 0.5 mM ATP, 10 units of λ exo, and a
certain amount of PNK were added into 100 μL of reaction
buffer and incubated at 37 °C for 30 min. Then streptavidin-
modified nanoporous PET film was immersed into the reaction
mixture for 1 h, followed by test buffer washing and finally ion
current measurement. The reaction pH was optimized from 7.0
to 9.0. The concentration optimizations of λ exo and ATP were
0.1−15 units and 0.01−5 mM, respectively.
Kinase Inhibitor Evaluation. In the inhibition assay, to

investigate the effects of inhibitors on the PNK-catalyzed
phosphorylation process, several kinds of inhibitors, including
adenosine diphosphate (0.1−4 mM), (NH4)2SO4 (1−25 mM),
and Na2HPO4 (10−50 mM), were contained in the reaction
buffer, respectively. After the addition of 100 nM dsDNA, 0.5
mM ATP, 10 units of λ exo, and 0.5 unit of PNK, the reaction
was carried out at 37 °C for 30 min. The procedures were
similar to the above.
Instruments. The scanning electron microscopy (SEM)

image was recorded using a JSM-7401 field emission SEM
system (JEOL, Japan). Attenuated total internal reflectance
Fourier transform infrared spectroscopy (ATR-FT-IR) and
Fourier transform-infrared spectroscopy (FT-IR) spectra were
obtained via a Nicolet 6700 FT-IR spectrometer (Thermo
Scientific). Fluorescence spectra were measured on a Multilabel
plate Reader (PerkinElmer) at room temperature.

■ RESULTS AND DISCUSSION

Design of the Nanochannel Biosensor. Scheme 1
illustrates the developed strategy for PNK activity evaluation.
Polyethylene terephthalate (PET, 12 μm thick, with ion track of
106/cm2) is a good candidate for preparing ion track pores with
a high aspect ratio in a free-standing membrane. Ion beam
irradiation and the chemical etching process produce plenty of
carboxyl (−COOH) groups on the nanochannel walls. Taking

advantage of the amide reaction between carboxyl and amino
groups, streptavidin was successfully grafted on the surface of
the nanochannels. Biotin-labeled dsDNA (biotin-dsDNA),
which was obtained by the hybridization between biotin
labeled oligonucleotide probe 1 (P1-biotin) and oligonucleo-
tide probe 2 (P2), was further immobilized on the inner
channel walls through the efficient streptavidin−biotin affinity
interaction. Owing to the rigid duplex structure, biotin-dsDNA
forms dense and stable macromolecular packing inside the
nanochannel, resulting in an obvious pore-blocking effect31 and
sharp decrease of the ion current. When λ exocatalyzed biotin-
dsDNA was incubated with the membrane, a similar
phenomenon that ion current decreased greatly has also been
found. It is ascribed to the fact that λ exo shows low catalytic
efficiency toward dsDNA with the 5′-hydroxyl end. Therefore,
biotin-dsDNA molecules are able to maintain their rigid
double-strand structure and bring on distinct current blockage
inside the channel. However, when the coupled exonuclease
reaction was introduced, PNK first phosphorylated biotin-
dsDNA at its 5′-hydroxyl end and then λ exo rapidly cleaved
the 5′-phosphoryl termini product, yielding ssDNA (i.e., P2),
mononucleotides, and biotin molecules. Although the affinity
binding between biotin and streptavidin still exists, unfortu-
nately, without the assistance given by dsDNA, small biotin
molecules could no longer induce any obvious current decline.
Thus the activity of PNK can be easily and sensitively reflected
by the ion current signals change.

Functionalization of the Nanoporous PET Mem-
branes. The nanochannels embedded in the 106/cm2 ion
track-etched PET membrane were fabricated through the track-
etching technique. This technique has been widely utilized in
the manufacture of particular nanoporous polymer products. By
using three steps of heavy ion irradiation, UV light exposure
and chemical etching, pore density, size, as well as channel
shapes can all be precisely controlled.32 SEM image (Figure S1
in the Supporting Information) demonstrates that after etched
by a hot concentrated sodium hydroxide (NaOH) solution for
8.5 min, the cylindrical nanochannels exhibit an average
diameter of 60 ±10 nm. Carboxyl groups on the channel
walls, which generated during the chemical etching, acted as the
junctions for further immobilizing streptavidin. We recorded
ATR-FT-IR spectra of the membrane to get insight on the
surface modification.33 It is observed from Figure S2 in the
Supporting Information that streptavidin conjugated PET film
shows two characteristic peaks at 1540 and 1650 cm−1,
corresponding to the amide II (N−H bending) and amide I
(CO) bands of the protein, respectively. The peak at 3300
cm−1 was assigned the N−H/O−H stretching frequency of
streptavidin.
Current measurement was applied to characterize the

buildup process by monitoring the ion transport properties of
the nanochannel. It has been reported that on the condition of
using the same transmembrane voltage and electrolyte ion
concentration, the ion current of PET nanopore is mainly
dependent on two factors: the effective pore diameter and the
charge distribution inside the nanopore.34−37 As can been seen
from Figure 1, bare nanochannel exhibits a linear current−
voltage (I−V) curve without a rectification effect attributed to
its cylindrical shape and symmetrical surface charge distribution
(curve a).38,39 When the film was grafted with streptavidin, the
protein monolayer on the nanochannel wall led to a minor
decrease of ion current (curve b). It is reasoned that covalently
immobilized streptavidin partially blocks the inner nanochannel

Scheme 1. Schematic Representation of the Nanochannel
Biosensor for Polynucleotide Kinase Activity (PNK) Activity
and Inhibition Detectiona

aThe chemically etched nanoporous PET membrane was first
modified with streptavidin through the amide reaction between
carboxyl groups on the nanochannel wall and amino groups of the
protein. (A) When biotin-dsDNA was incubated with the streptavidin-
functionalized nanochannel, the formation of dense DNA arrangement
inside the channel caused a significant pore-blocking effect and thus
led to a much lower current response. (B) After biotin-dsDNA was
phosphorylated by PNK and then immediately cleaved by λ exo, the
remaining biotin small molecules could not induce an obvious current
decline in spite of binding on the channel walls.
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and thus induces a reduction of the effective pore size.40 The
slight decrease of the ion current mainly originates from the
relatively small dimensions of streptavidin (5.4 nm × 5.8 nm ×
4.8 nm).41 The current−voltage characteristics indicate the
successful functionalization of streptavidin onto the inner walls
of the nanochannels, which is consistent with the results
obtained from the ATR-FT-IR method.
Pore-Blocking Effect Induced by Biotin-dsDNA. The

covalent immobilization of streptavidin on the channel surface
provides adequate binding sites for biotin-dsDNA. Moreover,
the highly efficient affinity interaction between streptavidin and
biotin ensure the binding efficiency of biotin-dsDNA. Figure 1
manifests that the ion current represents a sharp reduction after
the streptavidin-modified nanochannels were incubated with
biotin-dsDNA (curve c). The fact arises from the rigid duplex
structures of dsDNA, which form closely packed arrangements
inside the nanochannels and thus greatly decrease the effective
pore diameter.31 This phenomenon was also confirmed by
fluorescence emission spectra as shown in Figure S3 in the
Supporting Information. FAM labeled biotin-dsDNA (hybrid of
P1-biotin and P3-FAM) was used as the report probe.
Comparing with the streptavidin-modified PET film (curve
a), the DNA attached PET membrane exhibits strong
fluorescence emission around 520 nm with excitation at 497
nm (curve b), suggesting the effective assembly of biotin-
dsDNA on the PET surface.
In our strategy, we used I0/I to evaluate the dsDNA-induced

pore-blocking effect, where I0 and I are the current values of
streptavidin-modified nanochannel and biotin-dsDNA attached
nanochannel at −0.5 V, respectively. Higher I0/I value not only
means more effective pore-blocking effect but also provides
more excellent analysis performance for the following PNK
activity detection. Consequently, we optimized four main
influencing factors to obtain a more desired I0/I value,
including the chemical etching time, concentration of
streptavidin and biotin-dsDNA, as well as the affinity
incubation time (Figure S4 in the Supporting Information).
The optimal pore-etching time, concentrations of streptavidin
and biotin-dsDNA, and affinity incubation time for the DNA
binding procedure were 8.5 min, 0.2 mg/mL, 0.1 μM, and 60
min in these experiments, respectively.

PNK Monitoring Behavior of the Nanochannel
Biosensor. Figure 2 demonstrates the I−V properties of the

streptavidin-modified nanochannels after assembly of biotin-
dsDNA with (curve b) and without (curve c) PNK treatment.
Compared to the streptavidin-modified membranes (curve a),
channels reacted with biotin-dsDNA catalyzed only by λ exo
shows much lower current signal at the same voltage (curve c).
On the contrary, the current signal decreased slightly when
biotin-dsDNA catalyzed by both PNK and λ exo (curve b). It is
observed from the inset of Figure 2 that the obtained I0/I
values under these two situations (inset A = I0,a/Ib, inset B =
I0,a/Ic at −0.5 V) exhibit nearly 10 times a difference. It is
mainly ascribed to the fact that PNK catalyzes the transfer of
the γ-phosphate group of ATP to the 5′-hydroxyl end of biotin-
dsDNA, providing a preferred substrate (i.e., 5′-phosphorylated
biotin-dsDNA) for λ exo. This exonuclease will promptly
remove the 5′-phosphorylated mononucleotides from duplex
DNA in a 5′ to 3′ direction. It is known that λ exo will also
degrade nonphosphorylated substrate; however, the rate is over
300 times slower than that of dsDNA with a phosphate moiety
at the 5′-dsDNA end.42,43 Consequently, under the same
experimental conditions, biotin-dsDNA catalyzed only by λ exo
still maintain its original rigid duplex structure and thus result
in a great reduction of the effective pore size, yielding a relative
high I0/I value. When biotin-dsDNA were phosphorylated by
PNK and then rapidly hydrolyzed by λ exo, the remaining
biotin-nucleotides could not cause any effective physical block
inside the nanochannel. As a result, similar current signals of I
and I0 were found. The significant discrepancy of the I0/I values
indicates that combining with the coupled enzyme reaction
system, the as-designed nanochannel platform can be used for
kinase activity determination.

Optimization of Assay Conditions. In order to improve
the kinase detection performance, we investigated effects of
four main influencing factors on the sensor response. The
reaction time is a crucial parameter for PNK-catalyzed
phosphorylation and the coupled λ exo cleavage process.
Although λ exo could only digest dsDNA from the 5′-hydroxyl
end at a slow speed, nonetheless, it would also underlie
unfavorable cleavage when a long incubation time was

Figure 1. Current−voltage (I−V) characteristics of (a) bare
nanochannels embedded in a chemically etched PET membrane,
streptavidin-modified nanochannels (b) before and (c) after
incubation with biotin-dsDNA in test buffer. The etching time,
concentration of streptavidin and biotin-dsDNA, affinity incubation
time were 8.5 min, 0.2 mg/mL, 0.1 μM, and 60 min, respectively.

Figure 2. Current−voltage (I−V) characteristics and I0/I values of (a)
streptavidin-modified nanochannels, streptavidin-modified nanochan-
nels assembled of biotin-dsDNA (b, inset A = I0,a/Ib at −0.5 V) with
and (c, inset B = I0,a/Ic at −0.5 V) without PNK treatment in test
buffer. The concentrations of biotin-dsDNA, ATP, λ exo, and PNK
were 0.1 μM, 0.5 mM, 10 units, and 5 U mL−1, respectively.
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applied.42 As shown in Figure 3A, with the increase of the
reaction time, the I0/I value of the nanochannel gradually

decreased and finally reached a plateau in 30 min, suggesting a
tendency to complete the phosphorylation and cleavage
process. Accordingly, the optimal reaction time was chosen to
be 30 min.
ATP acts as the enzyme substrate and provides the

phosphate group for 5′-hydroxyl dsDNA during the phosphor-
ylation. It has been reported that either the absence or an
excess of ATP will prohibit the kinase activity.4 The amount of
ATP has a strong influence on the efficiency of kinase-
catalyzing reaction. Figure 3B demonstrates that the I0/I values
of the streptavidin-modified nanochannels reduced with the
growing concentrations of ATP in the presence of PNK. The
I0/I value reached its minimum at the ATP concentration of 0.5
mM while started to increase when the ATP concentration
further increased. The increasing I0/I values imply the analytical
performance degradation of the sensor at higher ATP
concentration. This inhibition effect stems from the com-
petitive binding between ATP and DNA to PNK, whose
binding sites for DNA are partially blocked by ATP. Thus, the
optimal concentration of ATP was 0.5 mM. Additionally, the
other two important parameters, the amount of λ exo and pH
of the reaction buffer were also optimized in our assay. As
shown in Figure S5 in the Supporting Information, the amount
of λ exo and the optimal pH for the coupled enzyme catalyzed
procedure were 10 units and 8.0 in these experiments,
respectively.

Current Measurement of PNK Activity. On the basis of
the optimal experimental conditions, the as-proposed nano-
channel biosensor was applied to investigate the activity of
kinase at different concentrations of PNK. Measurements were
performed three times for each test, and the results are
presented in Figure 4. As can be seen, the I0/I value decreased

along with the increasing PNK units varied from 0.01 to 5 U
mL−1. Figure 4B displays the dependence of the I0/I value on
the PNK concentration. The I0/I value of the sensor exhibits a
linear correlation to the logarithm of PNK concentration range
from 0.01 to 5 U mL−1. The linear relationship can be
described as I0/I = 2.988−3.790 log c with the correlation
coefficient of R2 = 0.994, where I0 and I are the current values
of the streptavidin-modified nanochannel before and after
incubating with the coupled-enzyme treated biotin-dsDNA at
−0.5 V, and log c is the logarithm of the PNK concentration.
The detection limit of PNK was 0.01 U mL−1 (signal-to-noise
ratio of 3), which was much lower than that of the previously
reported 32P-labeling methods and comparable to the results
obtained from fluorescence assays.4,12,17,44 The results indicate
that sensitive and accurate kinase activity measurement can be
achieved through the PNK-λ exo coupled enzyme catalytic
system and the nanochannel-based sensing platform.

Evaluation of Kinase Activity Inhibition. The capacity of
the nanochannel biosensor to detect the activity of PNK was
also studied by evaluating the effectiveness of various kinase
inhibitors, including adenosine diphosphate (ADP), ammo-
nium sulfate, and sodium hydrogen phosphate. Because these
chemicals are considered to have no inhibition effect on the
activity of λ exo, all can be used as inhibitors for PNK. Half-

Figure 3. Optimization of (A) coupled-enzyme reaction time and (B)
ATP concentration. The assays were all carried out in the reaction
buffer, containing 0.1 μM biotin-dsDNA, 10 units λ exo, and 5 U mL−1

PNK (S/N = 3).
Figure 4. (A) I0/I values with different activity units of PNK in
reaction buffer. (B) The dependence of I0/I value on the logarithm of
PNK concentration. The concentrations of biotin-dsDNA, ATP, and λ
exo were 0.1 μM, 0.5 mM, and 10 units, respectively.
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maximal inhibition value IC50 was obtained by means of
applying different concentrations of inhibitors in each
inhibition assay. ADP is the product of the phosphorylation
reaction. Continuous ADP accumulation in the reaction buffer
will cause a severe inhibition effect on PNK activity due to the
reversible property of the phosphorylation reaction.4 Figure 5A

presents the concentration dependent I0/I value. As expected,
merely 0.1 mM ADP had led to obvious increase of the I0/I
value. On the basis of the data, the IC50 of ADP was calculated
to be 1 mM, which is consistent with the results obtained in the
reported literature.4,17 In addition, as shown in Figure 5B,C, the
dose-dependence of inhibition by ammonium sulfate and
sodium hydrogen phosphate were further measured. The 12

mM ammonium sulfate and 18.5 mM sodium hydrogen
effectively suppressed the activity of PNK by around 50%,
respectively. These results are also very close to the value
determined elsewhere.4,17 The salt effect on PNK activity may
be attributed to two reasons. First, it is known that the activity
of the enzyme mainly depends on its structure and
conformation, which are significantly affected by several factors,
such as ion strength, temperature, pH, and so on. Therefore,
high concentration of salts probably induces the conformation
change of the enzyme and further leads to the reduction of the
kinase activity. Second, the reactivity of the 5′-hydroxyl group
would possibly be inhibited because of the more stable dsDNA
structure at high salt concentration.45,46 These results manifest
that the effect of various inhibitors on PNK can be
quantitatively determined using the developed nanochannel
biosensor.

■ CONCLUSION
In summary, a novel nanochannel biosensor based on a
functionalized nanochannel system and coupled λ exo cleavage
reaction has been developed for PNK activity and inhibition
assay. Different amount of PNK changes the DNA package
arrangements inside the channel and thus alters the effective
pore size to a different extent. The kinase-induced micro-
structural distinctness can be conveniently and sensitively
monitored through ion current signals using the nanochannel-
based sensing system. Moreover, modification convenience and
mechanical robustness ensure the stability of the test platform.
The as-proposed nanochannel biosensor provides a highly
sensitive approach for PNK activity screening with a low
detection limit of 0.01 U mL−1 and a wide linear range from
0.01 to 5 U mL−1. In addition, this strategy also exhibits
excellent performance in evaluating the inhibition effects of
ADP, ammonium sulfate, and sodium hydrogen phosphate on
phosphorylation. We believe that the sensitive nanochannel
biosensor has great potential for use in biological process
research, drug discovery, and diagnostic applications.
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