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ABSTRACT: A convenient and feasible photoelectrochemical (PEC) sensing platform based
on gold nanoparticles-decorated g-C;N,, nanosheets (AuNP/g-C;N,) was designed for highly
sensitive monitoring of T4 polynucleotide kinase (PNK) activity, using DNAzyme-mediated
catalytic precipitation amplification. To realize our design, the AuNP/g-C;N, nanohybrid was
initially synthesized through in situ reduction of Au(III) on the g-C;N, nanosheets, which was
utilized for the immobilization of hairpin DNA, (HP,) on the sensing interface. Thereafter, a
target-induced isothermal amplification was automatically carried out on hairpin DNA, (HP,)
in the solution phase through PNK-catalyzed 5’-phosphorylation accompanying formation of
numerous trigger DNA fragments, which could induce generation of hemin/G-quadruplex-
based DNAzyme on hairpin DNA,. Subsequently, the DNAzyme could catalyze the 4-chloro-
I-naphthol (4-CN) oxidation to produce an insoluble precipitation on the AuNP/g-C;N,
surface, thereby resulting in the local alternation of the photocurrent. Experimental results
revealed that introduction of AuNP on the g-C;N, could cause a ~100% increase in the
photocurrent because of surface plasmon resonance-enhanced light harvesting and separation
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of photogenerated e”/h* pairs. Under the optimal conditions, the percentage of photocurrent decrement (AI/I, relative to
background signal) increased with the increasing PNK activity in a dynamic working range from 2 to 100 mU mL™" with a low
detection limit (LOD) of 1.0 mU mL™". The inhibition effect of adenosine diphosphate also received a good performance in
PNK inhibitor screening research, thereby providing a useful scheme for practical use in quantitative PNK activity assay for life

science and biological research.
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1. INTRODUCTION

The photoelectrochemical (PEC) sensing approach is a newly
emerged yet dynamically developing technique for various
blologlcal assays 1nclud1ng antigens or antibodies,' ™ nucleic
acids,” proteins® and cells.”® Evolved from the traditional
electrochemical detection method, the PEC-based sensing
strategy can preserve the essential benefits of the former in
sensitivity, robustness, broad applicability, and suitability to
automation.”'® Nowadays, designs of PEC sensors mainly
depend on the photoactive metallic semiconductors (e.g., TiO,,
CdS, WO; and ZnO) based on their high-efficiency photo-
electric conversion elements and biocompatible immobilization
matrices for biomolecules. Unfavorably, the potentially practical
application of metallic semiconductors in the PEC sensors is
still restricted, e.g., some semiconductors with the wide band
gap (e.g, 3.2 eV for TiO,) are of strong oxidizing properties
and require for high-energy excitation light sources (e.g, UV
light) or suffer from photocorrosion under illumination, thus
easily resulting in fatal damage toward biomolecules or the
instability of the sensors."'™'® Despite some advances in this
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field, the quest for new PEC sensing platforms continues as
both the clinical diagnostic and life science research
communities constantly look from assay technologies that are
sensitive, robust and easy to implement.

Graphitic-phase carbon nitride (g-C;N,), a metal-free
photoactive semiconductor consisting of abundant and non-
toxic elements, has attracted worldwide attention due to its
superior photocatalytic activity'* and potential applications in
chemical and biosensing.">~"” Moreover, g-C;N, is also a green
and stable nanostructure with medium oxidation capacity,
visible-light response owning to its relatively narrow band gap
(2.7 eV). Compared with bulk g-C;N,, graphene-analogue g-
C;N, nanosheets are of improved photocatalytic activity and
photocurrent response based on the quantum confinement
effect, higher electron—hole separation efficiency, larger surface
area and better electronic conductivity.lg’19 Unfortunately, the
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Scheme 1. (A) Mechanism of the Photocurrent Production on the AuNP/g-C;N, Nanohybrid under Visible-Light Irradiation
(CB, conduction band; VB, valence band). (B) Schematic Illustration of Double Hairpins-based Photoelectrochemical
Detection Platform toward Monitoring the PNK Activity on AuNP/g-C;N, Nanohybrid-Modified Electrode Coupling with an
Isothermal Amplification Strategy and an Enzymatic Biocatalytic Precipitation Technique
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visible-light absorption, the separation of photogenerated
electron—hole (e”/h*) pairs and the resulting photoelectro-
chemical response is relatively limited to some extent.

Surface plasmonic resonance (SPR) phenomenon in metallic
nanostructures (e.g., nanogold and nanosilver) is of interest for
a variety of applications owing to the large electromagnetic field
enhancement that occurs in the vicinity of the metal surface,
and the dependence of resonance wavelength on the nano-
particle’s size, shape and local dielectric environment. Actually,
this well-established optical phenomenon of metallic nano-
structure has facilitated the development of various optical
sensing methods, namely, surface plasmonic resonance
sensors.”’ Besides, the combination of plasmonic metal with
semiconductor has become a flexible routine for enhancing the
photocatalytic activity and photocurrent response of semi-
conductor nanostructures. This phenomenon is also known as
SPR enhanced photocatalysis based on the electrical field
amplification effect, enhanced light absorbance and interfacial
charge transfer in semiconductor/metal interface.! >3 In this
regards, our motivation is exploring a highly eflicient
photoelectrochemical sensing platform by using nanogold-
decorated g-C;N, nanosheets as the signal-transduction tags
because plasmonic metal—semiconductor systems with a SPR-
enhanced effect can effectively generate the photocurrent as a
detection signal.

The T4 polynucleotide kinase (PNK) that catalyzes the
phosphorylation of nucleic acids at the 5'-hydroxyl termini
plays a crucial role in regulation of many important cellular
events, particularly in the cellular responses to nucleic acid
strand damage and interruption.”*** As a proof-of-concept,
herein we present a novel and highly sensitive PEC assay
method for quantitative monitoring of T4 PNK activity based
on the gold nanoparticles-decorated g-C;N, nanosheets
(AuNP/g-C;N,) coupling with a double-hairpin-based iso-
thermal amplification strategy and DNAzyme-assisted bio-
catalytic precipitation (Scheme 1). Initially, the added PNK
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catalyzes the phosphorylation reaction at the $'-termini of
hairpin DNA, in the solution phase to induce the progression
of isothermal amplification accompanying the formation of the
trigger DNA fragment. And then, the generated trigger DNA
fragment can activate the hemin/G-quadruplex-based DNA-
zyme sequence at the immobilized hairpin DNA; on the
AuNP/g-C;N, PEC electrode by opening the hairpin structure.
Finally, the activated DNAzyme catalyzes the oxidization of 4-
chloro-1-naphthol (4-CN) to generate an insoluble/insulating
precipitate on the AuNP/g-C;N,, thereby directly blocking the
light harvesting and destroying the plasmonic structure of
AuNP/g-C;N,. Consequently, the photocurrent of AuNP/g-
C;N,-based sensing platform is gradually inhibited with the
increasing PNK activity. By monitoring the change in
photocurrent, we can quantitatively determine the PNK activity
in the sample. The aim of this work is to successfully transform
the AuNP/g-C;N, nanohybrid into a versatile photoelectro-
chemical detection platform for highly sensitive monitoring of
PNK activity.

2. EXPERIMENTAL SECTION

Materials and Chemicals. T4 polynucleotide kinase (PNK),
N.BbvC IA endonuclease, 1 exonuclease (1-exo) and CutSmart buffer
were purchased from New England Biolabs (NEB, UK). Adenosine
triphosphate (ATP), dNTP, dicyanamide and HAuCl,-3H,O were
acquired from Sigma-Aldrich (Shanghai, China). Klenow fragment
exo~ (KF exo”) and hemin were achieved from Thermo Fisher Sci.
Inc. (Waltham, MA). All other chemicals used in this work were of
analytical grade. Ultrapure water used was from a Mill-Q water
purification system (18.2 MQ cm™', Millipore). All the oligonucleo-
tides were custom-synthesized by Sangon Inc. (Shanghai, China), and
purified by high-performance liquid chromatography and confirmed by
mass spectrometry. The sequences of the oligonucleotides were listed
as follows

Hairpin DNA, (HP,): 5-GGGTAGGGCGGGTTGGGATGAG-
AAAGGGCTGCCACATCCCAACCCATA-SH-3'.
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Figure 1. TEM images of (A) g-C;N, nanosheets and (B) AuNP/g-C;N, nanohybrids [Note: (C) HRTEM image of AuNP/g-C;N, nanohybrids].
(D) UV—vis absorption spectra (blue line) and photoluminescence (PL) spectra (red line) of (a) g-C;N, nanosheets and (b) AuNP/g-C;N,
nanohybrids [Insets: photographs of (a) g-C;N, nanosheets and (b) AuNP/g-C;N, nanohybrids obtained under excitation at 365 nm].

Hairpin DNA, (HP,): 5-HO-CTAACTCGCACTACTA-
CGGTTTGGCTGCCACATCCCAACCCA TACCTCAGCTC
TAACTCGCAGGCTAGTAGTGCGAGTTAG-OH-3'.

In the HP), the underlined letters were the stem of hairpin probe
and the italic letters were the recognition region for the trigger DNA
fragment while the bold letters were the sequence of hemin/G-
quadruplex-based DNAzyme. In the HP,, the underlined letters were
the stem of hairpin probe and the complementary sequences of the
bold italic letters were the recognition-site for N.BbvC IA
endonuclease whereas the italic letters were the template sequence
for polymerization reaction.

Synthesis of g-C3N, and AuNP/g-C3N,. Prior to synthesis, the
bulk g-C;N, was prepared by heating dicyanamide at 600 °C for 2 h in
static air with a ramp of ~3 °C min~". Following that, the resulting
yellow agglomerates were cooled down at ~1 °C min™', and milled
into powder by a mortar. Afterward, the g-C;N, nanosheets were
obtained by liquid exfoliation of the bulk g-C;N, powder in water.
Briefly, 600 mg of bulk g-C3N, powder was dispersed into 100 mL of
distilled water and sonicated for 10 h. The residual unexfoliated bulk g-
C;N, was removed by centrifugation at 4500g. Subsequently, the
supernatant was further centrifuged at 8000g, and the obtained
precipitation was dried at 45 °C in a vacuum oven. The molecular
structure of the as-prepared g-C;N, nanosheets were characterized
using Fourier-transform infrared spectroscopy (FT-IR) (Figure S1 in
the Supporting Information).

Next, the as-synthesized g-C3N, was utilized for the preparation of
AuNP/g-C;N, according to the previous report with a slight
modification.*® Initially, 20 4L of 10 mM HAuCl, aqueous solution
was added to 5 mL of g-C;N, suspension (~2.0 mg mL™") and stirred
for 2 h in the dark. And then, 30 uL of 0.01 M freshly prepared NaBH,,
was added dropwise to the suspension for the reduction of Au(III).
The resulted suspension was continuously stirred until the gas
evolution of NaBH, ceased. Following that, the suspension was
centrifuged at 6000g in order to remove the unreacted/unbound
species including single gold nanoparticle. Finally, the obtained
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AuNP/g-C3N, was washed with distilled water, and redispersed into 5
mL of distilled water for further use.

Fabrication of AuNP/g-C;N,-based PNK Sensing Platform.
Initially, a glassy carbon electrode (GCE, 2 mm in diameter) was
polished with 0.3 and 0.05 gm alumina slurry in turn, followed by
successive sonication in water and ethanol and then dried under
nitrogen. Following that, 4 yL of the above-prepared AuNP/g-C;N,
suspension was dropped onto the cleaned GCE and dried at room
temperature. After washing with distilled water, the AuNP/g-C;N,-
modifed GCE was used for the conjugation of HP; through the
interaction of its 3'-terminal thiol group with the decorated gold
nanoparticles on the g-C;N, nanosheets (Note: before the assembly,
probe HP, was dispersed into 10 mM tris(2-carboxyethyl)phosphine
for 60 min to reduce any disulfides between DNA molecules). Briefly,
the AuNP/g-C;N,-modifed GCE was immersed into 10 mM Tris—
HCl buffer (pH 7.4) containing 1.0 #M treated HP,, and incubated for
4 h at room temperature. Subsequently, the resulting electrode was
reincubated with 6-mercapto-1-hexanol (1.0 mM) for 60 min under
the same conditions to passivate the remaining gold surface and block
possible active sites. The remaining area and active site on the
uncovered g-C;N, were also blocked by 1% BSA. Finally, the HP,/
AuNP/g-C;N,/GCE was immersed into 10 mM Tris—HCI buffer (pH
7.4) containing 0.5 M NaCl and 20 mM MgCl, at 4 °C for further use.

Monitoring of PNK Activity. Scheme 1 gives the monitoring
mechanism of PNK activity and photoelectrochemical measurement
procedure on the AuNP/g-C;N,-modified electrode by coupling with
DNAzyme-catalyzed precipitation reaction. Photocurrent measure-
ment was carried out on a homemade detection equipment with a S00
W Xe lamp and a 400 nm cutoff filter (as the light source to provide
the visible irradiation) at a constant potential of 0.2 V in 0.1 M
Na,SO, solution containing 0.1 M Na,S and 0.05 M Na,SO;. All
electrochemical measurements including impedimetric spectroscope
(EIS) were performed on an AutoLab electrochemical workstation
(MAUTIILFRA2.v, Eco Chemie, The Netherlands) with a conven-
tional three-electrode system including an AuNP/g-C;N,-modified
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working electrode, a Pt-wire counter electrode and an Ag/AgCl
reference electrode. The assay mainly consisted of the following steps:
(i) The PNK sample with certain concentration was initially incubated
with 10 L of Tris—HCI buffer (10 mM, pH 8.0) containing 25-nM
HP,, 1.0 mM ATP, 14 units A-exo, 10 mM MgCl, and 5.0 mM
dithiothreitol for 35 min at 37 °C, and the reaction was then
terminated through heating the mixture to 90 °C followed by cooling
to room temperature (Note: during this process, the added PNK
catalyzed the phosphorylation at the 5’-termini hydroxy group of HP,,
followed by selective hydrolysis at its stem region by A-exo to form a
new hairpin probe); (ii) 4 uL of CutSmart buffer (including 0.6 mM
dNTP, 1.0 U Klenow fragment exo~ and 1.8 U N.BbvC IA
endonuclease) and 6 uL distilled water were added to the mixture,
and the mixture was incubated for 70 min at 37 °C, followed by
cooling to 4 °C (Note: during this process, a large number of trigger
DNA fragments were formed by enzyme-assisted isothermal reaction);
(iii) 4.0 uL of the above-reacted product and 2 uM hemin were
dropped on the HP,/AuNP/g-C;N,/GCE in sequence, and incubated
for 30 min at 37 °C (Note: during this process, peroxidase-mimicking
DNAzyme was formed); (iv) the resulting electrode was dipped into
0.1 M PBS (pH 7.4) containing 1.0 mM 4-CN and 0.15 mM H,0, to
induce DNAzyme-based biocatalytic precipitation reaction. Finally, the
resulting electrode was introduced to photocurrent measurement
referring to above-mentioned assay system.

3. RESULTS AND DISCUSSION
Characterization of AuNP/g-C;N, Nanohybrid. In this

work, the photocurrent mainly derives from the immobilized
AuNP/g-C;N, on the sensing interface. One important
precondition for the development of PEC sensor is to
successfully synthesize the high-efficient AuNP/g-C;N, with
enhanced photocurrent generation. Initially, we used trans-
mission electron microscopy (TEM) to investigate the
morphology and surface structure of the as-synthesized g-
C;N, before and after modification with nanogold particles.
Figure 1A displays the typical TEM image of g-C;N,, and the
morphology of the synthesized g-C;N, was planar sheet-like
with an average size of 100—150 nm, indicating that the
nanosheets were successfully formed. It is well-known that the
layer structures were derived from the graphitic 7planes with a
conjugated aromatic system of tristriazine units.”” Significantly,
we also observed that many nanoparticles were uniformly
covered on the surface/edges of g-C;N, nanosheets after in situ
reduction of Au(Ill) by the added NaBH, (Figure 1B).
However, a puzzling question arises, as the fact whether the
nanoparticles originated from zero Au’. To verify this concern,
we used high-resolution TEM (HRTEM) to study the
nanohybrids. As indicated from Figure 1C, the nanoparticles
displayed the lattice fringes with an interplane distance of 2.36
A corresponding to the (111) lattice space of metallic gold,
suggesting that the formed nanoparticles were single gold
crystals.”® More importantly, a distinguishable interface was
observed to formed between g-C;N, and AuNP. Such an
interface formed between plasmonic metal nanoparticles and
semiconductor was known to be highly beneficial for the
electron transfer within the composite structure and the
separation of photoinduced e”/h* pairs.

To realize our design on the subsequent application of
AuNP/g-C;N, in the PEC sensor, we compared the optical
properties of g-C;N, with AuNP/g-C;N, by using UV—vis
absorption spectroscopy and photoluminescence spectroscopy,
respectively (Figure 1D). Compared with g-C;N, alone (curve
a), an obscure absorption peak at ~520 nm for the
characteristic peak of colloidal gold SPR band could be
appeared for the AuNP/g-C;N, (curve b). The light absorption
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of AuNP/g-C3N, in UV region also increased distinctly, which
might be attributed to the inherent light absorption of
nanogold in the UV region.29 Hence, it could be determined
that introduction of AuNP with g-C;N,, exhibited an enhanced
light harvesting, which could play a positive role in enhancing
the photocurrent response (curve b vs curve a). Because the
photoluminescence of semiconductors was generated during
the recombination process of e /h" pair and there was a
positive correlation between the photoluminescence intensity
and recombination rate (Note: high photoluminescence
intensity indicated a high recombination rate and a weak
photocurrent response), the photoluminescence spectra could
be employed to investigate the recombination rate of the
photogenerated e /h* pairs. Further, both g-C;N, (curve a)
and AuNP/g-C;N, (curve b) displayed a luminescence peak at
~4S55 nm, which was attributed to the band—band photo-
luminescence phenomenon with the energy of emission light
approximately equal to the band gap energy of g-C;N, (2.7
eV).* Notably, photoluminescence intensity of the latter was
observed to be much lower, which indicated that the separation
of photogenerated e”/h* pairs in AuNP/g-C;N, was more
efficient, and the recombination of e”/h* pairs was inhibited
because the excited electron directly transported from the
conduction band (CB) of g-C;N, to AuNP through the
interface between them.

As described above, the SPR-enhanced photoactive nano-
structures with improved visible-light absorbance and e”/h*
pair separation efficiency could be successfully established by
the combination of plasmonic AuNP with the g-C;N,. To
further clarify the amplified efficiency of the as-synthesized
AuNP/g-C;N, toward generation of photocurrent, two
nanostructures including g-C;N, and AuNP/g-C;N, (the
same-amount g-C;N, used in this case) were directly
immobilized onto the cleaned GCE, respectively. As shown
from Figure 2, the presence of AuNP on the g-C;N, nanosheets
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Figure 2. Photocurrent responses for (A) g-C;N, nanosheets and (B)
AuNP/g-C3N, nanohybrids. All the electrodes were evaluated at a
constant potential of 200 mV (vs Ag/AgCl) in 0.1 M Na,SO, solution
containing 0.1 M Na,S and 0.05 M Na,SO; under visible-light
irradiation.

could cause a ~100% increase in the photocurrent relative to g-
C;N,modified electrode alone. Scheme 1A represents the
production mechanism of photocurrent in the AuNP/g-C;N,.
The visible-light fallen on the surface of AuNP/g-C;N, initially
excites the generation of conduction band electrons (e”) and
valence band (VB) holes (h*) in g-C;N,. Owning to the SPR-
enhanced effect, the excited electrons rapidly transports from
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Figure 3. (A) UV—vis absorbance intensities of different components (+, with;

—, without) relative to TMB-H,0O, system (Insets: photographs)

(Note: hemin was used in this case). (B) EIS spectra of (a) AuNP/g-C;N,-modified electrode, (b) sensor a + HP}, (c) sensor b + 4-CN + H,0,, (d)
sensor b after reaction with the trigger DNA fragment, (e) sensor d + hemin, and (f) sensor e + 4-CN + H,0, in 0.1 M KCl containing 5.0 mM
K;Fe(CN)4/K,Fe(CN)4 (Insets: the corresponding equivalent circuit and the magnificent figures of curves b and c). (C) Photocurrent responses of
(a) AuNP/g-C;N,-modified electrode, (b) sensor a + HP; + MCH/BSA, (c) sensor b after reaction with PNK-induced isothermal amplification, (d)

sensor ¢ + hemin and (e) sensor d + 4-CN + H,0, (50 mU mL™!

used in this case).

the CB of g-C;N, to AuNP through the interface built between
g-C;N, and AuNP, which in turn promoted the separation of
e”/h* pairs.®" As a consequence, a large number of electrons
accumulated in the CB of g-C;N, and on the surface of AuNP.
These electrons then rapidly transferred to electrode, causing a
higher photocurrent.

Characteristics of AuNP/g-C;N,-based PNK Sensing
Platform. To adequately highlight the advantages of the as-
synthesized AuNP/g-C;N, for development of photoelectro-
chemical sensors, the system was utilized for quantitative
screening of PNK activity by coupling with two hairpin probes
(HP, and HP,) and enzymatic biocatalytic precipitation
amplification (Scheme 1B). The thiolated HP; probe
containing a sequence of hemin/G-quadruplex-based DNA-
zyme (Aim: for the formation of hemin/G-quadruplex-based
peroxidase-mimicking DNAzyme) was immobilized onto the
AuNP/g-C;N,-modified electrode through the Au—S bond
(Note: the hemin/G-quadruplex DNAzyme sequence was
partially caged in the stem region of HP, at this step, and
could not fold into the catalytically active DNAzyme regardless
of the presence of hemin or not). Upon formation of the trigger
DNA fragment, the trigger sequence could open HP, probe,
and release the caged DNAzyme sequence to construct the
peroxidase-mimicking DNAzyme in the presence of hemin. In
contrast with probe HP,, the immobilization-free HP, (working
in the solution reaction) could recognition the phosphorylation
of target PNK and mediate the enzyme-assisted isotherm
amplification reaction in the solution phase. Each HP, probe
had a stem of 16 base pairs (bp) enclosing a 49-nucleotide (nt)
loop with a blunt end. The initial 10 bases at the 3’ end of HP,
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(TGCGAGTTAG, denoted as unit I) could not only pair with
the initial 10 bases (CTAACTCGCA) of its S’ end, but also
was the complementary sequences of 10 bases (CTAACTCG-
CA, denoted as unit II) in the middle of loop region. Logically,
a confused question was which one unit I should initially
hybridize with. From a thermodynamic point of view, the
hairpin probe with a 16-bp stem was more stable than that of
10 bp according to the Nucleic Acid Package calculation (see
Figure S2 and a related description in the Supporting
Information). In addition, the recognition sequence of
N.BbvC IA endonuclease was close to unit II at the loop
(CCTCAGCT, denoted as unit III), while the complementary
sequence of the trigger DNA fragment located at its 5’ end
(denoted as unit IV) (Note: the produced trigger DNA
sequence could hybridize partially with the immobilized HP, on
the AuNP/g-C;N, to release the caged DNAzyme sequence).

Upon PNK introduction, the target analyte initially catalyzed
the transfer of the y-phosphate residue of ATP to $'-hydroxyl
termini of HP,, resulting in the S’-phosphorylated HP,. With
the help of A-exo, the 5’ phosphorylated strand at the double-
helical stem of HP, was digested selectively from the 5'-
phosphate termini,** thus resulting in the dissociation of unit I
from the double-stranded DNA. Alternatively, the released unit
I could pair with unit II to form a new hairpin DNA with an
extra overhang including units III and IV at the 5’ end, which
was conducive for polymerase/nicking enzyme-assisted iso-
therm amplification reaction without the participation of
exogenous primers because unit I with 3'-OH could act as an
endogenous primer to initiate the KF exo”-based polymer-
ization reaction by using the overhang region as template. With

DOI: 10.1021/acsami.5b01923
ACS Appl. Mater. Interfaces 2015, 7, 8330—8338


http://dx.doi.org/10.1021/acsami.5b01923

ACS Applied Materials & Interfaces

Research Article

[B)
< “'(A) m 061
= < 2
g 36 > R” = 0.9948
g < 0.4
5 24
(4]
]
9 12 ﬂ ﬂ 0.2+
o
0.04— ANFI N y v ! , ; . : .
0 2 515 30 45 70 100 0 25 50 75 100
PNK concentration (mU mL™) PNK concentration (mU mL")
3.2 0.5l
<52.4-(C) °-4‘(D)
z = 0.9849
o 0.3
= 1.6
5
o
] 0.2
Sos
o 0.1
0.0 : . : r
20 40 60 80

PNK concentratlon (mU mL )

PNK concentration (mU mL™)

Figure 4. (A,C) Photocurrent responses and (B,D) the corresponding calibration curves of double hairpins-based detection platform toward
different PNK Activities on (A,B) AuNP/g-C;N,-coated electrode and (C,D) g-C;N,-coated electrode [Note: AI = I, — I, I, was the background
photocurrent of HP,-modified GCE, and I was the photocurrent of finishing all steps].

the assistance of N.BbvC IA endonuclease, numerous trigger
DNA fragments were generated on the basis of the isothermal
amplification reaction. The as-produced trigger DNA fragments
could hybridize with the immobilized HP; on the electrode,
thereby leading to the formation of numerous DNAzyme
biomolecules based on the above-described procedure. The
formed DNAzyme could catalyze 4-chloro-1-naphthol (4-CN)
oxidization by H,O, to yield an insoluble/insulating benzo-4-
chlorohexadienone precipitate on the AuNP/g-C;N, surface,
thus inhibiting the production of the photocurrent. By
monitoring the change in the photocurrent, we could indirectly
determine the PNK activity in the sample with high sensitivity.

To realize our design, two key points to be investigated in
the strategy were (i) whether target PNK could induce HP,-
based isothermal amplification reaction to activate the
peroxidase-mimicking DNAzyme at the probe HP; and (ii)
whether the as-produced DNAzyme could catalyze the 4-CN
precipitation reaction to inhibit the photocurrent. To
demonstrate the first issue, we used UV—vis absorption
spectroscope to investigate the characteristics of different
substrates after incubation with various components relative to
3,3/,5,5 -tetramethylbenzidine (TMB)—H,0O, system (Figure
3A). As seen from column 1 and photograph 1, almost no
absorbance and color (close to colorless) were observed after
incubation with HP; and hemin at 450 nm (characteristic
absorbance peak of the oxidized TMB), indicating that hemin
alone could not open the HP, to form the hemin-based
DNAzyme. Inspiringly, a strong absorbance and a yellow-
colored solution could be obtained when target PNK, HP,,
HP,, A-exo™, KF exo™, N.BbvC IA and hemin were present in
the incubation solution (column S and photograph S), which
mainly derived from the formed peroxidase-mimicking
DNAzyme toward the catalytic oxidization of TMB. In contrast,
when target PNK (column 2 and photograph 2), HP; (column
3 and photograph 3), or N.BbvC IA (column 4 and photograph
4) was absent in the incubation solution, the absorbance was
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low and the color of the solution was close to colorless. The
results in comparison with sample 5 and sample 2 revealed that
target PNK could promote the formation of peroxidase-
mimicking DNAzyme, whereas the comparative studies with
sample S and sample 3 could confirm that the absence of HP,
could not cause the visible color and the strong absorbance
(indirectly suggesting the absence of DNAzyme). Meanwhile,
the enzyme-assisted isothermal amplification could be also
elucidated on the basis of the results of sample 4 and sample 5.
Hence, these results indirectly revealed that these two hairpin
probes could be employed for the monitoring of PNK activity
through DNAzyme-based amplification strategy.

Next, we used electrochemical impedance spectroscopy
(EIS) to clarify the secondary concern on the DNAzyme-
based catalytic precipitation reaction on AuNP/g-C;N;-
modified interface because EIS, an effective method to probe
the interfacial properties of the modified electrode, is often used
for understanding chemical transformations and processes
associated with the conductive supports. Typically, the
semicircle diameter of EIS equals the electron transfer
resistance, R,,. which controls the electron transfer kinetics of
the redox-probe at the electrode interface. As seen from Figure
3B, the R, at AuNP/g-C;N,-modified electrode was small
(curve a). After the thiolated HP; was assembled on AuNP/g-
C;N,, the R, increased markedly owing to the repelling effect
of the negatively charged DNA toward the negatively charged
ferricyanide (curve b). Inspiringly, the change in R, was not
almost negligible when the HP,/AuNP/g-C;N,/GCE was
incubated with 4-CN-H,0, system (curve c), indicating that
the as-prepared electrode could not oxidize the 4-CN even if
H,0, was present. However, the resistances slightly increased
when the HP,/AuNP/g-C;N,/GCE reacted with the trigger
DNA fragment (curve d) and hemin (curve e) in turn. More
favorably, a large resistance was achieved after the interaction
between the resulting electrode and 4-CN-H, 0, system (curve
f). The results revealed that the formed DNAzyme could
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catalyze the 4-CN—H,0, system to produce a heavily insulting
product and inhibit the electron transfer between the solution
and the PEC electrode.

Further, we also utilized the AuNP/g-C;N,-modified sensing
platform for the monitoring of S0 mU mL™" target PNK (used
as an example) in 0.1 M Na,SO, containing 0.1 M Na,$S and
0.05 M Na,SO; based on the photoelectrochemical principle by
coupling hairpin-based isothermal amplification with DNA-
zyme-catalyzed precipitation reaction (Figure 3C). As shown
from curve a, a high photocurrent was acquired at AuNP/g-
C;N,-modified electrode, which could provide convenience for
PNK-based inhibition assay. With the introduction of HP,
(curve b), target-induced trigger DNA fragment (curve c) and
hemin (curve d) on the AuNP/g-C;N,, the detectable
photocurrents gradually decreased, which were in accordance
with EIS results. More obviously, the photocurrent largely
decreased upon addition of the 4-CN—H,O, system on the
DNAzyme-modified interface (curve e). The phenomenon
could be explained as follows (i) the precipitated benzo-4-
chlorohexadienone was insoluble and greatly hindered the
diffusion and electron transfer of Na,S on the electrode/
solution interface to donate electron for the photogenerated
holes of g-C;N, and (ii) the precipitation covered on the
electrode directly weakened the SPR property of AuNP and the
light harvest efficiency of AuNP/g-C;N,. On the basis of these
results, we might make a conclusion that the AuNP/g-C;N,-
based PEC sensing platform could be preliminary applied for
monitoring of PNK activity by coupling with two hairpin
probes and DNAzyme-based biocatalytic precipitation techni-
que.

Optimization of Experimental Conditions. To achieve
an optimal analytical performance for our design, some
experimental conditions including the concentration of
enzymes (e.g, A-exo”, KF exo~ and N.BbvC IA), the
phosphorylation and hydrolysis time for HP, by PNK/A-exo
couple, and the reaction time for the isotherm amplification
should be investigated. The evaluation was based on the change
in the signal-to-noise (S/N) ratio toward the detection system.
The detailed results and discussion were described in Figure S3
of the Supporting Information. The optimal experimental
parameters were 14-U A-exo, 30 min for HP, phosphorylation
and hydrolysis by PNK/A-exo couple, 1.0-U KF exo™ and 1.8-U
N.BbvC IA, and 70 min for the HP, mediated signal
amplification reaction.

Evaluation of PNK Activity. Under optimal conditions, the
ability of quantitative analysis of AuNP/g-C;N,-based sensing
platform was investigated by assaying different-activity PNK
standards with the photoelectrochemical detection method.
The PNK activity was monitored with three measurements
each in parallel. As shown in Figure 4A, the photocurrents
decreased with the increasing PNK activity in the sample,
confirming that the designed system could respond to PNK to
inhibit the photocurrent signal. A linear dependence between
the percentage of photocurrent decrement (AI/I;) and PNK
activity was obtained in the range from 2 to 100 mU mL™
(Figure 4B). The linear regression equation was y (#A) = 0.006
X Cppnkg + 0.105 with a correlation coefficient of 0.9948 (n =
21). The detection limit (LOD) was 1.0 mU mL7) as
calculated in terms of the rule of 3X standard deviation over the
blank signal. For comparison, we also investigated the analytical
properties of using g-C;Nj-coated electrode without gold
nanoparticles for the detection of PNK activity (note: The
fabrication of g-C;N,-based PNK sensing platform was
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described in the Supporting Information). As shown in Figure
4C,D, the linear range and LOD were 15—80 and 10.5 mU
mL™". Obviously, the LOD of using the AuNP/g-C;N,-coated
electrode was lower than those of g-C;N,-coated electrode,
polyethylene terephthalate (PET) nanochannel-based elec-
tronic sensing method, ligase-assisted bioluminescence,>*
gold nanoparticle-enhanced fluorescence 3polarization assay™>
and molecular beacon-based fluorescence.>® Such a low LOD
was mainly attributed to (i) the exponential amplification
features of polymerase/nicking enzyme-assisted isothermal
reaction (because the phosphorylation of HP, hairpin probe
by target PNK and the accompanying solution reaction could
induce the generation of numerous trigger DNA fragments to
activate the hemin-based DNAzyme in the HP; probe)*’ >’
and (ii) the photocurrent of AuNP/g-C;N, nanohybrids was
high sensitive with local chemical environment and could be
drastically inhibited by enzymatic biocatalytic precipitation
reaction on the electrode surface.

Inhibition Assay. As is well-known, several reagents
including adenosine diphosphate (ADP), ammonium sulfate
and sodium hydrogen phosphate can be used as the inhibitors
of PNK activity.*® Typically, the coexistence of ADP with 5'-
phosphorylated nucleic acids can trigger a reversible phosphor-
ylation reaction, thus make the phosphate of DNA transfer to
ADP molecule. Using ADP as a model inhibitor toward PNK
activity, the validity of the as-prepared AuNP/g-C;N, nano-
hybrids in screening the inhibition of PNK was evaluated
through adding the different-concentration ADP into 50 mU
mL ™" PNK (used as an example) with the above-mentioned
system. As shown in Figure S, the photocurrent responses (AI)

24

0.0

0.8
ADP concentration (mM)

1.6 24 3.2

Figure S. Inhibition effects of ADP on phosphorylation activity of
PNK.

gradually decreased with the increasing ADP level (Note: the
added ADP has no significant effect on the activity of A-
ex0°>>73%). Meanwhile, we also observed that addition of 0.6
mM ADP could cause about 50% decrease in AI, while the
PNK activity was completely inhibited when the concentration
of ADP was higher than 2.5 mM, indicating the potential
application of the developed assay system for the studies of
PNK inhibition.

4. CONCLUSIONS

In summary, we design a new photoelectrochemical detection
platform for ultrasensitive monitoring of PNK activity by using
AuNP/g-C;N, nanohybrids as the signal-transduction tags,
accompanying with a double-hairpin-based isothermal amplifi-
cation strategy and an enzymatic biocatalytic precipitation
technique. Compared with g-C;N, nanosheets alone, intro-
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duction of gold nanoparticles heavily strengthened the
photocurrent responses of g-C;N, nanosheets, and enhanced
the detectable sensitivity of the photoelectrochemical sensors
based on SPR-enhanced light harvesting and separation of the
photogenerated e”/h* pairs. Meanwhile, the AuNP/g-C;N,-
based PEC detection system did not require the participation of
ultraviolet excitation, thus was harmless to biomolecules for the
visible-light absorption property and medium band gap (2.7
eV) of g-C;N, More favorably, the HP, probe could be
phosphorylated by target PNK accompanying with partial
digestion by A-exo to yield an endogenous primer, thereby
initiating a solution-phase isothermal amplification reaction to
exponentially generate numerous trigger DNA fragments. The
released DNA fragments could activated the peroxidase-
mimicking DNAzymes on the HP, probes to catalyze the
precipitation reaction of 4-CN, thus resulting in the decrease of
photocurrent responses of the immobilized AuNP/g-C;N,
nanohybrids on the electrode. Further, the practicality of
system was demonstration through evaluating the inhibition
effects of ADP on PNK activity, thus holding great potential
application in different routine clinical and biochemical
analyses.
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