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A B S T R A C T

Polynucleotide kinase (PNK) plays an essential role in cellular nucleic acid metabolism and the cellular response
to DNA damage. However, conventional methods for PNK assay suffer from low sensitivity and involve multiple
steps. Herein, we develop a simply electrochemical method for sensitive detection of PNK activity on the basis of
Au nanoparticle (AuNP)-mediated lambda exonuclease cleavage-induced signal amplification. We use
[Ru(NH3)6]

3+ as the electrochemically active indicator and design two DNA strands (i.e., strand 1 and strand
2) to sense PNK. The assembly of strand 2 on the AuNP surface leads to the formation of AuNP-strand 2
conjugates which can be subsequently immobilized on the gold electrode through the hybridization of strand 1
with strand 2 for the generation of a high electrochemical signal. The presence of PNK induces the
phosphorylation of the strand 2-strand 1 hybrid and the subsequent cleavage of double-stranded DNA
(dsDNA) by lambda exonuclease, resulting in the release of AuNP-strand 2 conjugates and [Ru(NH3)6]

3+ from
the gold electrode surface and consequently the decrease of electrochemical signal. The PNK activity can be
simply monitored by the measurement of [Ru(NH3)6]

3+ peak current signal. This assay is very sensitive with a
detection limit of as low as 7.762 × 10−4 U mL−1 and exhibits a large dynamic range from 0.001 to 10 U mL−1.
Moreover, this method can be used to screen the PNK inhibitors, and it shows excellent performance in real
sample analysis, thus holding great potential for further applications in biological researches and clinic
diagnosis.

1. Introduction

DNA phosphorylation plays an important role in many important
biological processes, including DNA recombination, DNA replication,
and the repair of damaged DNA (Tang et al., 2005; Wang et al., 2002).
In the DNA phosphorylation process, polynucleotide kinase (PNK) can
catalyze the transfer of the γ-phosphate group of a nucleoside tripho-
sphate to the 5′-hydroxyl termini of nucleic acids (Novogrodsky et al.,
1966; Richardson, 1965), and the catalytic activity of PNK is critical to
the repairing of DNA strand breaks. Moreover, the human PNK
participates in the maintenance of genetic integrity (Rasouli-Nia
et al., 2004; Wang et al., 2002) and is closely associated with various
human diseases, such as Werner syndrome, Rothmund Thomson
syndrome and Bloom's syndrome (Brosh and Bohr, 2007; Sharma
et al., 2006). Therefore, accurate detection of PNK activity is of great

importance to the biological research and clinical diagnosis.
Conventional methods for PNK assay include radioisotope 32P-

labeling (Durand et al., 2012; Lillehaug and Kleppe, 1975a), poly-
acrylamide gel electrophoresis (Karimi-Busheri et al., 1998) and
autoradiography (Phillips and Arlt, 2007). Although these methods
are well established, some of them suffer from radioactive contamina-
tion and/or labor-intensive procedures. Alternatively, some new ap-
proaches such as fluorescent (Huang et al., 2013; Jiao et al., 2012; Lin
et al., 2011; Liu et al., 2014a; Song et al., 2015), colorimetric (Jiang
et al., 2013, 2014), electrochemical (Cui et al., 2017; Wang et al., 2012,
2013, 2014a) and luminescent assays (Du et al., 2014; He et al., 2014;
Tang et al., 2014) have been developed in combination with functional
nucleic acid probes (e.g., molecular beacons (He et al., 2014) and
DNAzymes (Jiang et al., 2013, 2014; Liu et al., 2014a)) and novel
nanomaterials (e.g., graphene oxide (Lin et al., 2011), TiO2 (Wang
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et al., 2013, 2014a) and Au nanoparticles (Huang et al., 2013)). The
fluorescent method is most widely used for PNK assay, but it usually
relies heavily on the use of functional nucleic acid probes with
sophisticated sequence design (Jiao et al., 2012; Liu et al., 2014a;
Song et al., 2015) and complicated dye labeling (Shen et al., 2012). The
colorimetric method may be carried out with simple and cost-effective
instrument, but its sensitivity is usually very poor (Lodeiro et al.,
2010). In contrast, the electrochemical method has distinct advantages
of low cost, portability and high sensitivity (Wang et al., 2012, 2013,
2014a). Typical electrochemical biosensors for PNK assay are con-
structed based on either the conjugation of electroactive species (e.g.,
tyrosine (Kerman et al., 2007) and ferrocene (Wang et al., 2012)) to the
substrate (Wang et al., 2012, 2013) or the coordination effect between
the phosphate group and the metallic ions (e.g., Ti4+ and Zr4+) (Ji et al.,
2009; Xu et al., 2009). A detection limit of 0.01 U mL−1 can be
obtained for an electrochemical biosensor based on Ti4+- and amino-
ferrocene (Fc)-single wall carbon nanotubes (SWCNTs)-mediated
signal amplification, but this biosensor involves complicated prepara-
tion of Fc-SWCNTs (Wang et al., 2012). A detection limit of as low as
0.0018 U mL−1 has been reported for a label-free electrochemical
biosensor based on phosphorylation reaction-triggered exonuclease
cleavage, but it may produce a high background electrochemical signal
even without target PNK (Zhang et al., 2016b).

Due to their unique optoelectronic properties (e.g., localized surface
plasmon resonance (LSPR), huge reactive surface area, unusual
catalytic property, fluorescence quenching capability) (Song et al.,
2009) and excellent biocompatibility (Guarise et al., 2006), gold
nanoparticles (AuNPs) have been widely used for the detection of
proteins (Guarise et al., 2006; Wang et al., 2014b; Zhang et al.,
2016a,b), nucleic acids (Cao et al., 2002; Seferos et al., 2007; Song
et al., 2009), circulating tumor cells (Halo et al., 2014), metal ions
(Miao et al., 2013), and intracellular gene (Rosi et al., 2006). Herein,
we developed a simple electrochemical biosensor for PNK assay based
on AuNP-mediated lambda exonuclease cleavage-induced signal am-
plification. We used electroactive Ru(NH3)6

3+ as the signal reporter
(Zhang et al., 2016a) and designed two DNA strands (i.e., strand 1 and
strand 2) to sense PNK. Unlike the reported colorimetric biosensors in
which AuNP-DNA conjugates served as the colorimetric reporters
(Jiang et al., 2013, 2014), the AuNP-DNA conjugates used in this
biosensor may significantly amplify the electrochemical signal, because
each AuNP carries a large number of DNA strands which may bind
abundant [Ru(NH3)6]

3+ to greatly enhance the electrochemical signals.
Moreover, this assay is very rapid and simple without the involvement
of time-consuming synthesis procedures and the covalent labeling of
oligonucleotides with electroactive (Wang et al., 2012; Wang et al.,
2014a) and colorimetric/fluorescent probes (Huang et al., 2013; Jiang
et al., 2014; Jiao et al., 2012; Lin et al., 2011; Liu et al., 2014a; Song
et al., 2015). This method can be applied for sensitive detection of PNK
and screening of PNK inhibitors, and it exhibits excellent performance
in real sample analysis as well.

2. Materials and methods

2.1. Materials and reagents

Mercaptohexanol (MCH), tris-(2-carboxyethyl) phosphine hydro-
chloride (TCEP), tris-(hydroxymethyl)aminomethane (Tris), polysor-
bate 20 (Tween-20), hexaammineruthenium (III) chloride
([Ru(NH3)6]

3+), bovine serum albumin (BSA), lysozyme, ATP and
adenosine diphosphate (ADP) were obtained from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). T4 polynucleotide kinase
(10 U μL−1), lambda exonuclease (5 U μL−1), T4 DNA ligase, E.coli
ligase and protein kinase A (PKA) were bought from New England
Biolabs (NEB, UK). The AuNPs (10 nm) were purchased from
Weiernuode Technology Co. Ltd. (Beijing, China). Other chemicals
employed were all of analytical grade and purchased from Sinopharm

Chemical Reagent Co. Ltd. (Shanghai, China). The buffers and solu-
tions involved in this research were as follows: DNA immobilization
buffer (10 mM PBS, pH 7.4), DNA hybridization buffer (10 mM PBS,
100 mM NaCl, 5 mM MgCl2, pH 7.4), and [Ru(NH3)6]

3+ solution
(50 μM [Ru(NH3)6]

3+, 10 mM PBS, 100 mM NaCl, pH 7.4). All
solutions were prepared with ultrapure water obtained from a Milli-Q
water purification system (Millipore Corp., Bedford, MA, USA) with a
resistivity of 18.2 MΩ cm. All of the oligonucleotides (Supplementary
information, Table S1) were synthesized and purified with HPLC by
Takara Biotech. Co. Ltd. (Dalian, China).

2.2. Apparatus

All electrochemical measurements were carried out on a CHI 660e
electrochemical workstation (CH Instruments Inc., USA) at room
temperature with a conventional three-electrode system composed of
a platinum wire, a saturated calomel and the gold electrode (d = 2 mm)
as counter, reference and working electrodes, respectively. Differential
pulse voltammetry (DPV) was performed in the potential range from
+0.1 to − 0.6 V with 0.05 V amplitude, 0.01 s pulse width and 0.02 s
pulse period in the [Ru(NH3)6]

3+ solution. Cyclic voltammetry (CV)
measurements were carried out in scanning potential from − 0.2 to
0.6 V with 5 mM [Fe(CN)6]

3−/4− (containing 0.1 M KCl) as the electro-
lyte. Electrochemical impedance spectroscopic (EIS) measurements
were performed in 5 mM [Fe(CN)6]

3−/4− redox couple solution (1:1 M
ratio) containing 0.1 M KCl over a frequency range from 10 kHz to
0.1 Hz using an alternative voltage with an amplitude of 10 mV,
superimposed on a dc potential of 0.20 V (vs SCE). The chronocoulo-
metry measurements were carried out over a range from +0.2 to −
0.5 V at a pulse period of 250 ms with the [Ru(NH3)6]

3+ as an
indicator. The UV–vis absorption spectra were obtained by a Hitachi
U-3900 UV–vis spectrophotometer (Varian, USA).

2.3. Preparation of AuNP-DNA conjugates

The AuNP-strand 2 conjugates were synthesized according to the
reported protocol (Ding et al., 2010). Briefly, strand 2 was dissolved in
10 mM PBS buffer containing 500 μM TCEP (TCEP was used to reduce
the disulfide bonded oligonucleotides) for 30 min. Then strand 2 and
the AuNPs (molar ratio of strand 2 to AuNPs is 200:1) were incubated
in 10 mM PBS (pH 7.4) containing 0.1% Tween-20 at room tempera-
ture with gentle shaking for 16 h to make sure that the AuNPs were
fully covered by thiolated strand 2. The colloid solution was salted by
stepwise addition of 10 mM PBS containing 3.5 M NaCl and allowed to
stand for 40 h. The AuNP-strand 2 conjugates were washed three times
with 10 mM PBS (pH 7.4) containing 100 mM NaCl by centrifugation
at 13,000 rpm for 30 min to get rid of the unlinked oligonucleotides.
The AuNP-strand 2 conjugates were finally redispersed in 10 mM PBS
(pH 7.4) containing 100 mM NaCl and stored at 4 °C prior to use.

2.4. Fabrication of electrochemical biosensor

Prior to the modification, the Au electrode was polished to a mirror-
like surface with 1.0, 0.3 and 0.05 µm α-Al2O3 slurry, respectively,
followed by successive sonication with ethanol and ultrapure water for
3 min to remove residual alumina powder. The electrode was then
immersed into fresh piranha solution (3:1 v/v mixture of concentrated
H2SO4 and 30% H2O2) for 10 min, followed by a thorough rinse with
ultrapure water and drying by nitrogen. Subsequently, the electrode
was electrochemically cleaned in 0.1 M H2SO4 solution by potential
scanning between − 0.2 and +1.6 V at a scan rate of 100 mV s−1 until a
stable reproducible cyclic voltammogram was obtained. After washing
with ultrapure water and drying in a nitrogen stream, the electrode was
incubated with 6 μL of 0.5 μM strand 1 which contained 25 µM TCEP
(TCEP is used to reduce the disulfide bonded oligonucleotides) at room
temperature for 12 h to make strand 1 immobilize onto the gold
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