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ABSTRACT

Herein, an efficient photoelectrochemical (PEC) platform was constructed by a co-

sensitization strategy with a cascade energy level arrangement for the ultrasensitive 

evaluation of T4 polynucleotide kinase (T4 PNK). Based on CdSe quantum dots (QDs) 

with an extremely narrow bandgap, this co-sensitization strategy offered a highly 

efficient sensitizer with a matching band-edge level of a ternary TiO2/g-C3N4/CdS 

nanocomposite. In this protocol, the ternary nanocomposite was first prepared to serve 

as the matrix to construct the PEC sensing platform. On the other hand, a well-designed 

hairpin DNA1 probe with 5’-hydroxyl termini was specifically phosphorylated by T4 

PNK which would be selectively cleaved with lambda exonuclease (λ-Exo) outputting 

3’-thiol end ssDNA2. After tagged with CdSe QDs, ssDNA2 was captured by the 

complementary capture DNA3 on the electrode surface. As a result, CdSe QDs were in 

close contact with the ternary nanocomposite matrix, leading to an enhanced 

photocurrent response. Therefore, this proposed PEC platform displayed an analytical 

performance with a wide linear range from 0.0001 to 0.02 U mL-1 and a low detection 
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limit down to 6.9 × 10-5 U mL-1. Moreover, this ternary nanocomposite-based platform 

exhibited excellent selectivity, good reproducibility, and remarkable storage stability, 

which shows the great potential for the T4 PNK detection and inhibitor screening.

INTRODUCTION

T4 PNK, as a primary member of the 5’-kinase family which can catalyze the transfer 

of γ-phosphate group of nucleoside triphosphate to the 5’-hydroxyl termini of nucleic 

acids or oligonucleotides,1,2 was first discovered in 1965.3 The aberrant activity of T4 

PNK results in many lethal illnesses, such as loom’s, Rothmund-Thomson and 

Werner’s syndromes.4,5 Therefore, monitoring T4 PNK activity is very meaningful and 

significant for kinase-targeted drug discoveries, clinical diagnoses, as well as 

fundamental biochemical processes.6-8 The conventional T4 PNK measurements 

mainly utilize the analytical techniques including autoradiography, electrophoresis, and 

32P labeling, but suffer from several weaknesses including complicated operating 

procedures, time consuming, and perilous radioactivity.9-11 To overcome these 

drawbacks, many strategies including electrochemistry,12 colorimetry,13 

fluorescence,11,14 and other methods15 have been proposed to monitor T4 PNK activity 

and inhibition. Fluorescence strategies have emerged as the most popular method to 

detect T4 PNK activity. For example, Hou’s group14 proposed a catalyzed hairpin 

assembly-mediated target recycling amplification strategy for the ultrasensitive 

measurement of T4 PNK activity. Lin’s16 group took advantage of the hyper quenching 

property of graphene oxide to evaluate the T4 PNK activity. Great efforts have already 

been devoted, however, the sensitivity evaluation for T4 PNK activity still remains a 
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big challenge.11,16

Recently, PEC detection technology with multiple advantages, including sensitivity, 

cheap instrumentation with simple operation and a wide dynamic range,17 has been 

widely applied to immunoassay18,19, genosensor20 and cytosensor.21 The PEC reaction 

describes a photoelectric conversion process involving the charge separation and 

transfer of photoactive materials under the illumination of a light source.17,20 

Semiconductor nanomaterials are recognized as the most widely utilized photoactive 

materials due to their special electronic states of valence band (VB) and conduction 

band (CB), as well as the suitable band gap. Taking the n-type semiconductor as an 

example, the electrons on the VB of the semiconductor photoactive species are excited 

by the light and then skip the band gap from VB to CB, resulting in the separated 

electrons in CB and the remained holes in VB.17,22 The photoexcited electrons transfer 

to the electrode and support an stable electrical signal readout. The PEC biosensing is 

conducted by recording the changed photocurrent responses caused by the interaction 

between the photoactive species and target, and this alteration shows a close 

relationship with the analyte dose.17-22 Therefore, A PEC biosensor shows inherent 

superiority with negligible background due to its total separated energy forms of the 

visible light as a non-intrusive excitation source and the photoelectric outputs as 

detection signals.22 It is worth noting that, to date, no PEC platform has been 

constructed for sensitively detecting the activity of T4 PNK-catalyzed phosphorylation 

reaction.

Generally, the performance of PEC biosensors depends heavily on the features of the 
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photoactive materials. Among a variety of photoactive materials, TiO2 has been 

confirmed as a basic material to develop PEC bioassays because of its strong 

photocatalytic activity, good biocompatibility, chemical stability and controllable 

morphology.23 Unfortunately, TiO2 can only be excited by ultraviolet light (<387 nm), 

thereby wasting more than 95% of the solar light spectrum.24 Even worse, the fast 

recombination of photo-induced electron and hole usually leads to a relatively low PEC 

signal, which greatly restricts its practical use.25

To address these issues, the binary nanocomposites by hybridizing TiO2 with narrow 

bandgap semiconductors such as graphitic C3N4 (g-C3N4, ~2.7 eV)26-28, CdS (~2.4 eV)29, 

MoS2 (~1.9 eV)30, CdSe (~1.8 eV)31 and CdTe (~1.56 eV)32 have been exploited to 

improve the photoelectric response extending to visible region. These narrow band gap 

semiconductors serve as sensitizers because their conduction bands (CBs) is higher than 

those of TiO2, promoting the flow of photogenerated electrons from their CB to the CB 

of TiO2, which assists in charge separation and enhances the PEC ability of the TiO2-

based nanocomposite.33 To further improve the performance of PEC, these co-

sensitized structures are more sophisticatedly designed, leading to the development of 

nanocomposites with two or more different energy gap sensitizers such as 

TiO2/Ag2S/Bi2S3
34, TiO2/MoS2/AuNPs.35 Herein, a ternary TiO2/g-C3N4/CdS 

nanocomposite was first prepared by coupling TiO2 with two narrow bandgap 

semiconductors to form co-sensitized structures with stepwise band-edge levels, which 

not only increased the light absorption capacity, but also effectively prevented charge 

recombination, accordingly improving photoelectric conversion efficiency. Therefore, 
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this novel ternary nanocomposite could qualify for PEC electrode matrix to obtain a 

strong and stable photocurrent signal under white light illumination. 

Strategies based on co-sensitization signal amplification are constantly implemented to 

construct PEC biosensor.36 These strategies are based on a co-sensitization effect 

arising from narrow band gap semiconductors as sensitizers in close contact with the 

electrode matrix material to form co-sensitized structures. These sensitizers can expand 

the absorption region of the matrix enduing the system with a superior light absorption 

capacity. Besides, the sensitizers exhibit higher CBs than the matrix materials do, 

promoting the flow of photo-generated electrons from their CBs to the CBs of the 

matrix materials, which accelerate charge separation and transfer. Therefore, the effects 

of the co-sensitization strategy including sufficient light absorption, effective charge 

separation, and rapid electron transfer can improve the PEC ability to supply an 

enhanced photocurrent readout. The co-sensitization strategy is simple and cost-

effective enough to construct a PEC platform compared to a more conventional method 

involving the use of enzymes, which usually bears a hindered charge transfer, and a 

high cost and time consuming procedure.37 Apparently, the efficiency of co-

sensitization effect determines analytical performance but it is affected by the electrode 

matrix material and sensitizers. CdSe QDs as an extremely narrow bandgap 

semiconductor could match well with the ternary nanocomposite with cascade energy 

level arrangement to achieve high co-sensitization efficiency. To the best of our 

knowledge, however, a ternary nanocomposite has not yet been constructed and utilized 

to co-sensitize with CdSe QDs within a PEC platform.
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Therefore, in our work, we take advantages of the highly efficient co-sensitization 

strategy to sensitively detect T4 PNK activity. As depicted in Scheme 1A, the efficiency 

of phosphorylation process through catalyzing a 5’-hydroxyl group terminal hairpin 

DNA1 to form a phosphate group was utilized to assess the T4 PNK activity. Then, 

lambda exonuclease (λ-Exo) selectively catalyzed the progressive hydrolysis of double-

stranded DNA (dsDNA) sequence from 5’-PO4 terminal to release single nucleotides to 

output a 3’-thiol ssDNA2. Finally, DNA2 labelled with CdSe QDs (DNA2-CdSe QDs) 

was hybridized with the exposed DNA3 on the electrode surface forming a co-

sensitization structure to trigger an enhanced photocurrent for accurate measurement of 

T4 PNK activity. Such a construct provides a novel approach for designing reliable and 

sensitive PEC sensors for the T4 PNK activity evaluation and inhibitor screening.
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EXPERIMENTAL SECTION

Materials and Instruments

All the materials and instruments utilized in this work were supplied in Supporting 

Information.

Preparation of Ternary Nanocomposites

The ternary TiO2/g-C3N4/CdS nanocomposite was synthesized in two steps. The first 

step was to synthesize a binary TiO2/g-C3N4 complex using a modified method.38 

Typically, a mixture of 10 g urea and 2 g TiO2 in 20 mL deionized water was stirred 

for 1 h. After that, the precipitation was dried thoroughly at 80 ºC. The solid powder 

was packed in 4 sheets of aluminum foil, and calcined in a muffle at 550 ºC for 3 h with 

a rate of 5 ºC/min. The polymerization space of g-C3N4 was highly limited with the 

assistance of the 4 layers aluminum foil so that the g-C3N4 shell could be synthesized 

covering TiO2 in situ in the heating procedure.38 The second part was to decorate CdS 

QDs on the surface of binary complex in situ. Specifically, 40 mg of binary 

nanocomposite was uniformly dispersed in 40 mL pure water followed by adding 0.15 

g of CdCl2. The dispersion was bubbled with nitrogen (N2) for a quarter, and its pH was 

adjusted to eleven through dropwise addition of NaOH solution (1 M) followed which 

40 mL of 20 mM TAA were successively added in. Afterwards, this prepared reaction 

solution was refluxed for 2 h (80 ºC) under N2 protection. After being treated with 

anhydrous ethanol, the compounds were centrifuged at 8500 rpm for ten minutes and 

rinsed with distilled water three times. Eventually, this acquired water-soluble ternary 
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TiO2/g-C3N4/CdS nanocomposite was redistributed in distilled water and stored at 4 ºC.

Fabrication of a T4 PNK Sensing Platform

The fluorine-doped tin oxide (FTO) glass was cut into small stripe pieces (5 mm × 9 

mm) and was sequentially sonicated in distilled water, acetone and ethanol. The 

manufacture process was schematically exhibited in Scheme 1A. Firstly, Poly dimethyl 

diallyl ammonium chloride (PDDA) was utilized to treat the surface of FTO glass with 

positive charge by applying PDDA (30 µL, 2%) on the surface for one hour. After being 

washed with distilled water and dried in a N2 atmosphere, a 30 µL aqueous dispersion 

of TiO2/g-C3N4/CdS nanocomposite was utilized to modify the FTO surface. After the 

material was completely solidified on the surface of FTO, the T4 PNK sensing platform 

was finally constructed by bio-functionalizing the ternary nanocomposite with capture 

DNA3. Specifically, the capture DNA3 solution was pretreated by tris-(2-carboxyethyl)-

phosphine (TCEP, 100 mM) to open the S-S bonds. Afterwards, 30 µL capture DNA3 

solution (1 µM) was applied on the ternary nanocomposite matrix at 4 ºC overnight. 

After the electrode was rinsed with TE buffer (10 mM Tris-HCl solution containing 1 

mM EDTA) and dried under N2 atmosphere, 30 μL 6-mercaptohexanol (MCH, 10 mM) 

was used to detach the unbinding capture DNA3 and block the remaining active sites. 

Evaluation of T4 PNK Activity

The PEC detection was conducted at room temperature in 10 mM phosphate buffer 

solution (PBS) containing 0.1 M ascorbic acid (AA), which provides sufficient 

electrons to improve PEC performance. A Xenon Lamp with full spectrum irradiation 

was used as the excitation light source. The PEC detection process was also 

Page 8 of 48

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



schematically exhibited in Scheme 1A. Firstly, a hairpin DNA1 solution (1 μM) was 

annealed to form a hairpin structure prior to use. Typically, hairpin DNA1 (1 μM) was 

dispersed in TE buffer with 1.5 mM MgCl2 at a volume ratio of 100:1. The hairpin 

DNA1 solution was then annealed by heating to 90 ºC and cooling down to room 

temperature. Then it was pretreated by TCEP (100 mM) for 1 h to break disulfide bonds. 

Crucially, the phosphorylation system was applied to evaluate T4 PNK activity by the 

quantitatively evolution of the conversion from 5’-hydroxyl group to 5’-phosphate 

group of hairpin DNA1, which contains 5 µL of hairpin DNA1 (1 μM), 3.6 µL of 

reaction buffer A (500 mM Tris-HCl solution containing 10 mM MgCl2, 50 mM DTT, 

and 1 mM EDTA), 0.5 μL of ATP (100 mM) and various concentrations of T4 PNK 

for a one-hour incubation. After that, 0.35 µL of λ-Exo (10 U µL-1) diluted with PBS 

was mixed with the solution while being incubated at 37 ºC for 50 minutes to 

sequentially cleave DNA1 from 5’-PO4 terminal. In our work CdSe QDs was 

synthesized and activated as previous reported37 (Synthesis of CdSe QDs and Figure S1, 

Supporting Information). After incubating with 10 µL CdSe QDs at 37 ºC for 1 hour, 

the solution was finally applied on the sensing platform with capture DNA3 to facilitate 

the DNA hybridization reaction to achieve co-sensitized structure. Finally, the FTO 

electrode served as a working electrode to collect corresponding photocurrent signal.

Screening T4 PNK inhibitor

(NH4)2SO4 and adenosine diphosphate (ADP) are typical models for inhibition of T4 

PNK catalyzed phosphorylation process.11,14,39 Different amounts of inhibitors were 

employed in the phosphorylation system with an ultimate T4 PNK concentration at 1.0 
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U mL-1. With the exception of increasing the incubation time to one hour, the other 

parameters were identical to those specified above.

RESULTS AND DISCUSSION

Characterization of Ternary Nanocomposite

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

were utilized to characterize the morphology of the ternary TiO2/g-C3N4/CdS 

nanocomposite. Figure 1A displays the scanning electron micrograph exhibiting a 

three-dimensional structure with fluffy stereoscopic morphology, which is favorable to 

the absorption of light. Figure 1B1 exhibits the transmission electron micrograph with 

tightly packed titanium dioxide structure covered by g-C3N4 sheets, suggesting that 

TiO2 compacts well with g-C3N4 and changes its morphology. As shown in Figure 1B2 

and 1B3, the transmission electron micrographs show the standard morphology of 

nanocomposite, and high-revolution transmission electron micrograph exhibits lattice 

fringes corresponding to the interplanar distance of 0.31 and 0.25 nm which can be 

ascribed to the (101) plane of TiO2 and (111) plane of CdS QDs, respectively.38,40

X-ray powder diffraction (XRD), elemental mapping and X-ray photoelectron 

spectroscopy (XPS) were also conducted to demonstrate the successful synthesis of the 

ternary nanocomposite. Figure 1C presents the XRD data of TiO2 alone. TiO2/g-C3N4, 

and TiO2/g-C3N4/CdS nanocomposite. The diffraction peaks (2θ values) of TiO2/g-

C3N4 at 25.28°, 37.80°, 48.05°, 55.06°, 62.69°, 70.31°, 76.01°, and 82.66° matched well 

with the (101), (004), (200), (211), (204), (220), (301), and (224) planes of pure TiO2 

(JCPDS card no. 21-1272), indicating that the crystalline characteristics of TiO2 

nanoparticles remained unchanged after reaction. Sharp peaks in the pattern of TiO2/g-
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C3N4/CdS with 2θ values at 26.52°, 43.96°, and 52.13° could be ascribed to the (111), 

(220), and (311) planes of CdS, which was consistent with the previous work reported 

by Maity et al.,40 indicating good crystalline characteristics of CdS QDs on the surface 

of TiO2/g-C3N4. The result implied that CdS, g-C3N4 and TiO2 crystal structures were 

indeed in existence in this ternary nanocomposite. The elemental mapping images 

displayed the existence of Ti, N, and Cd elements within the ternary nanocomposite, 

indicating the successful synthesis (Figure 1D). In addition, Figure S2 (Supporting 

Information) shows the survey XPS spectrum of the three materials. Elements including 

O, Ti, Cd, N, C, and S were displayed in this ternary nanocomposite, further revealing 

the coexistence of these three components.

Feasibility of Co-sensitization Amplification Strategy

To explore the feasibility and mechanism of the co-sensitization amplification strategy, 

three kinds of materials including pristine TiO2, binary TiO2/g-C3N4 complex and the 

ternary TiO2/g-C3N4/CdS nanocomposite were used as matrixes for constructing the 

electrodes. The photocurrent response from the three systems were examined by casting 

constant amounts of CdSe to form co-sensitized structure (Figure 2). The corresponding 

co-sensitization efficiency (E) was calculated on the basis of E = (Ii/I0 – 1) × 100%, 

where I0 and Ii respectively represents the photocurrent before and after co-sensitization 

with CdSe QDs sensitizers. The corresponding co-sensitization amplification efficiency 

of the three matrixes was 50%, 65% and 89%. Experimental data demonstrated the co-

sensitization effect between ternary nanocomposite and CdSe QDs exhibiting the 

highest efficiency. This phenomenon was mainly based on the matching of the 

extremely narrow bandgap of CdSe QDs with the stepwise band-edge levels of the 

ternary nanocomposite, making it a competent as sensitizer to achieve a high co-

sensitization efficiency. Thus, the proposed PEC biosensor based on co-sensitization 
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amplification strategy by coupling CdSe QDs with ternary TiO2/g-C3N4/CdS 

nanocomposite is feasible with achievable high sensitivity. This issue was also verified 

with XPS technology.

XPS spectra were acknowledged as convincing supplementary evidence to identify the 

valence elements and explain the electron transport by studying the shift in the binding 

energy of elements. As shown in Figure 3a, two remarkable peaks of Ti were clearly 

observed at 459.30 eV (Ti 2p1/2), 465.05 eV (Ti 2p3/2), and the splitting between them 

of our three TiO2-based materials were 5.75 eV, suggesting the normal state of Ti4+. 

This inference was according to the article reported by Tang et al. that the splitting 

binding energy between Ti 2p1/2 and Ti 2p3/2 is 5.7 eV suggesting the normal state of 

Ti4+.41 However, the typical binding energy of Ti has obviously shifted to a lower state 

after forming a ternary nanocomposite. The oxygen peak (Figure 3b) located at 530.55 

eV corresponds to Ti-O groups, and a similar positive shift of binding energy was 

observed after the formation of compounds. As shown in Figure 3c, the typical binding 

energy of g-C3N4 at 284.80 and 288.70 eV in the C 1s spectrum correspond to that of 

C-(N)3, and N-C=N, respectively. Moreover, both C 1s and N 1s peaks moved to a 

lower binding energy in the ternary nanocomposite (Figure 3c, d). As exhibited in 

Figure 3e, Cd 3d region shows two typical peaks at 404.95 eV (3d5/2) and 411.65 eV 

(3d3/2), and Figure 3f displays S 2p region, which could be simulated into two peaks at 

161.05 eV (2p3/2) and 162.25 eV (2p1/2). Unlike the previous ones, both Cd 3d and S 2p 

migrated to a higher state. It has been confirmed that the internal electronic structure 

has a strong effect on the local binding energies of TiO2, g-C3N4 and CdS formed a 

heterojunction according to those previously reported that the formed heterojunction 

will affect the local binding energies of the components of the compound.31,42,43 Hence, 

the XPS results suggested that the components of the ternary nanocomposite are well 
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connected with each other by strong interactions. In addition, compared with the pure 

materials, local binding energies of Cd and S in ternary nanocomposite obviously 

shifted to higher states, but C, N, Ti and O migrated to opposite energy states. The 

possible reason is that there is a positive charge area on the CdS surface due to the 

transfer or consumption of electrons from CdS resulting in increased local binding 

energies of Cd and S elements, but g-C3N4 and TiO2 possess negative charge domains 

owning to the acceptance of electrons leading to reduced local biding energies of C, N, 

Ti, and O elements in XPS testing. Therefore, there is an effective charge transfer inter 

the ternary nanocomposite and the electrons transfer path is from CdS QDs to the g-

C3N4 surface and eventually reaching the inner layer of TiO2 (Scheme 1B). Such 

electron transfer can attribute to Fermi level rearrangement when the nanocomposite 

meet the Fermi-Dirac distribution resulting in stepwise band edges.44 Therefore, the 

ternary TiO2/g-C3N4/CdS nanocomposite could be used as a matrix of PEC platform 

with cascade energy level arrangement to achieve highest co-sensitization efficiency, 

resulting in a better analytical performance to sensitively detect T4 PNK activity.

Characterization Construction and Feasibility of the PEC Platform

To evaluate the successful construction and the detection feasibility of the as-fabricated 

PEC platform, we made a comparison of the photocurrent at different stages of the 

fabrication process, and the experimental conditions were identical to those specified 

at Evaluation of T4 PNK Activity in Experimental Section. The experimental results 

was shown in Figure 4A. Trace a shows a low background photocurrent at a bare FTO 

electrode. Trace b represents the photoelectric response of the pristine TiO2-modified 

the FTO electrode, and it shows a relatively low photocurrent of 15.3 µA. The weak 

photoelectric response is owing to the poor light absorption capacity of TiO2 resulting 
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from its relatively large band gap. Meanwhile, the rapidly decreased photocurrent of 

trace b in the detection process from 10 to 30 seconds also indicated the fast 

recombination of photo-induced electron and hole between CB and VB band of TiO2. 

Next, at the TiO2/g-C3N4-modified the FTO electrode (trace c), the photocurrent 

increase to 30.7 µA because g-C3N4 with a narrow band gap could prevent 

recombination of photo-induced electron and increase the efficiency of electron 

transmission. Meanwhile, the photocurrent at the ternary TiO2/g-C3N4/CdS 

nanocomposite-modified electrode (trace d) was enhanced to 95.0 µA, indicating that 

the photoactive material of CdS could improve the light absorption capacity and 

promote charge separation. However, the photocurrent decreased to 80.0 µA after 

attaching capture DNA3 to the electrode and then blocking with MCH (trace e). When 

DNA2-CdSe QDs hybridized onto the surface, the signal enhanced significantly to 

180.0 µA (trace f), because CdSe QDs with a narrow band gap could increase the 

efficiency of light absorption and the impactful co-sensitization effect aided in 

achieving the coupling with ternary nanocomposite. As a control, the only CdSe QDs 

were applied on the electrode matrix without the bio-functionalization of DNA2, and 

the photocurrent in trace g was measured to be 78.0 µA. The photocurrent was almost 

unchanged compared to trace e and largely lower compared to trace f, which seemed to 

indicate very little non-specific adsorption between CdSe QDs alone and the TiO2/g-

C3N4/CdS/MCH-modified electrode. Based on the above results, we concluded that the 

PEC sensing platform was successfully constructed and could be applied for 

ultrasensitive detection of T4 PNK activity.
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Electrochemical impedance spectroscopy (EIS) has been commonly used to investigate 

the interfacial properties of fabricated electrode. The detailed experimental parameters 

were detailed at Instruments in Supporting Information. Typically, a semicircular shape 

is obtained in the high frequency range of a Nyquist plot, the diameter of which is 

related to the electron transfer resistance (Ret) of an electron reaction.45 Figure 4B shows 

the impedance spectrum at different steps of the fabrication process of the PEC platform. 

The bare FTO electrode exhibited a small Ret value of 90 ohm (trace a) and the Ret value 

increased to 158 ohm (trace b) after the modification of the ternary nanocomposite, 

indicating its successful immobilization on the surface of electrode. After the electrode 

was bio-functionalized with capture DNA3 and blocked with MCH, the Ret value 

increased to 198 ohm (trace c) because both capture DNA3 and MCH showed low 

conductivity, and capture DNA3 could form a negatively charged layer on the surface 

with a repelling effect toward the negatively charged ferricyanide molecules. After 

CdSe QDs-DNA2 immobilized on the electrode (trace d), Ret value increased again to 

249 ohm, which was ascribed to lower electron-transfer abilities of the CdSe QDs. It 

was noteworthy that sole CdSe QDs modified on the electrode displayed an 

unobviously changed Ret value of 212 ohm (trace e) compared to trace c, indicating that 

the nonspecific adsorption can be neglected. Therefore, these expectable change of Ret 

values suggested the successful fabrication of the T4 PNK sensing platform and this 

method for T4 PNK detection was completely feasible.

Optimization of Assay Conditions

Several crucial parameters including volume of ATP and λ-Exo, reaction time of T4 
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PNK-catalyzed phosphorylation and the integrated λ-Exo cleavage process, as well as 

incubation time of DNA hybridization reaction were investigated and optimized to 

obtain the best analytical performance of the proposed platform (Figure S3, Supporting 

Information). As shown in Figure S3A, the photocurrent exhibited a gradual 

enhancement along with the increasing volume of ATP (100 mM), and reached its 

maximum at the volume of 0.5 µL. Then, the photocurrent decreased because the active 

sites of T4 PNK for DNA might be inhibited by the excess of ATP.16 Therefore, we 

chose 0.5 µL as the optimal ATP volume. The photoelectrical responses to different 

volume of λ-Exo (10 U µL-1) showed the same trend, as shown in Figure S3B. The 

photocurrent reached the highest value at 0.35 µL of λ-Exo suggesting the full cleavage 

process. Then the photocurrent decreased obviously because the superfluous λ-Exo may 

cause the side reaction and affect the formation of DNA2. Thus, 0.35 µL was chosen as 

the optimal volume of λ-Exo. As displayed in Figure S3C, the photocurrent increased 

obviously from 30 to 60 min, and then reached a platform, suggesting the complete 

phosphorylation. Accordingly, the perfect phosphorylation reaction time was 

determined to be 1 h to get the highest efficiency in the shortest time. Also, the 

photocurrents exhibited the same trend in the cleavage and DNA hybridization reaction 

process. Thus, the coupled cleavage process got a proper time at 50 min (Figure S3D), 

and the incubation time of DNA hybridization reaction was optimized at 60 min (Figure 

S3E).

Dose-Response Curves for T4 PNK

Under the optimal conditions, T4 PNK activity was evaluated by this proposed platform. 

Page 16 of 48

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 5A displays the photocurrent responses corresponding to various doses of T4 

PNK. The photocurrent exhibits a gradual enhancement along with the increasing 

amounts of T4 PNK. Figure 5B shows the relationship between photocurrents and T4 

PNK doses. The photocurrent response (I) linearly increases with increasing logarithm 

of T4 PNK dose ([C]), and the regression equation is I (µA) = 168.57 + 20.34 lg [C] 

(U mL-1) (R2=0.9937, N = 7) with a linear concentration range between 0.0001-0.02 U 

mL-1, and a low detection limit (based on a signal-to-noise of 3) of 6.9 × 10-5 U mL-1, 

demonstrating that our platform exhibited excellent analytical performance to 

sensitively detect T4 PNK. 

The analytical performance of the proposed PEC biosensor is superior to most of the 

recently reported works (tabulated in Table S1), which may result from some following 

advantages. (Ⅰ) The totally separated excitation source (light) and the signal readout 

(electricity) endows PEC detection with an almost zero background.17-22 (Ⅱ) The co-

sensitization strategy is already simple and sensitive enough to detect the trace 

targets.36,37 Furthermore, a high co-sensitization efficiency was achieved in our design 

by coupling CdSe QDs with the ternary TiO2/g-C3N4/CdS nanocomposite with a 

cascade energy level arrangement, resulting in a superior PEC reaction with sufficient 

light absorption, effective charge separation, and rapid electron transfer. (Ⅲ ) Other 

advantages, such as the large specific surface area of the ternary nanocomposite, the 

specific recognition of the complementary DNA chains46, as well as the optimized 

experimental conditions, also favor our biosensor with a better analytical performance 

for the evaluation of T4 PNK.
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Kinase Inhibition Assay

It is well established that ADP and (NH4)2SO4 are common inhibitors11,14,16 to evaluate 

the T4 PNK inhibition activity. ADP inhibits the T4 PNK activity by transferring 

phosphate group from DNA to ADP molecules, and (NH4)2SO4 can change the nature 

of DNA and T4 PNK to inhibit T4 PNK activity. The concentration of T4 PNK (1.0 U 

mL-1) remained unchanged in the inhibition test with different concentrations of 

inhibitors. The intensity displayed a gradual decrease with the increasing amounts of 

ADP or (NH4)2SO4 (Shown in Figure 6) with the half-maximal inhibition concentration 

(IC50) estimated to be 1.25 and 5.0 mM, respectively. These results are similar to 1.0 

and 7.5 mM previously reported by Lin et al.39 and Gao et al.47, and evidently indicated 

the feasibility of this constructed PEC platform to screen the inhibitors and evaluate the 

corresponding inhibition effect.

Specificity, Repeatability, and Storage Stability

Some interfering enzymes containing adenylate kinase (AK), EcoRV, BamHI, EcoRI, 

and heat-inactivated T4 PNK were chosen to conduct assays under identical conditions 

to assess the selectivity of this prepared platform.11,48 As shown in Figure 7, apart from 

the photocurrent of T4 PNK alone and the mixed enzymes containing T4 PNK 

displaying significantly enhanced intensities (60.00% and 61.25%), all others showed 

relatively low intensities (1.25%-3.75%). The results signified that the proposed 

platform possessed a selectivity for T4 PNK catalyzing phosphorylation reaction.

Five FTO electrodes produced in the same batch were utilized to evaluate the 

repeatability of the assay. The detection relative standard deviation (RSD) between 

same batch and different batches at 0.0001, 0.001 and 0.01 U mL-1 of target were 
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corresponding estimated as low as 2.03%, 3.43%, 2.98% and 3.81%, 4.63%, 4.17%. 

These results demonstrated that this PEC platform showed good repeatability.

The storage stability was studied by storing the constructed electrode at 4 °C for fifteen 

days, and the photocurrent only reduced 0.5% relative to the initial intensity, suggesting 

its excellent storage stability (Figure S4, Supporting Information).

CONCLUSIONS

In summary, a novel PEC platform was constructed based on co-sensitization effect 

between ternary TiO2/g-C3N4/CdS nanocomposite and CdSe QDs with a cascade 

energy level arrangement to sensitively detect T4 PNK activity. As the matrix of this 

sensing platform, ternary TiO2/g-C3N4/CdS nanocomposite was successfully 

synthetized and exhibited a cascade energy level arrangement with excellent 

photoelectric performances including sufficient light absorption, effective charge 

separation, and rapid electron transfer. As the sensitizers, CdSe QDs match the ternary 

nanocomposite with stepwise band-edge levels to achieve impactful co-sensitization 

efficiency. Under the optimal conditions, this proposed platform demonstrated the 

ultrasensitive determination of T4 PNK. In addition, the proposed PEC platform with 

high selectivity, good repeatability, and perfect stability can also serve as a potential 

tool for T4 PNK activity inhibitor screening, which may have a contribution for the 

discovery of anticancer drug.
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FIGURE CAPTIONS

Scheme 1. (A) Schematic exhibition of fabrication process of the sensing platform and 

protocol of the co-sensitization amplification PEC assay; (B) Photogenerated electron-

hole transfer mechanism of the co-sensitization strategy with a cascade energy level 

arrangement.

Figure 1. SEM image (A), TEM image (B1), HRTEM images (B2 and B3), XRD 

spectra (C), and STEM (D) of the as-synthesized ternary TiO2/g-C3N4/CdS 

nanocomposite. 

Figure 2. Feasibility of the co-sensitization amplification strategy. Three systems were 

cosensitized with constant amounts of CdSe QDs. Inserted diagram at right side shows 

the corresponding real photocurrent responses.

Figure 3. XPS analysis of (a) Ti 2p and (b) O 1s of TiO2, TiO2/C3N4, and TiO2/g-

C3N4/CdS; (c) C 1s and (d) N 1s of C3N4, TiO2/C3N4, and TiO2/g-C3N4/CdS; (e) Cd 3d 

and (f) S 2p of CdS, and TiO2/g-C3N4/CdS.

Figure 4. (A). Photocurrent responses of FTO (a), FTO/TiO2 (b), FTO/TiO2/g-C3N4 (c), 

FTO/TiO2/g-C3N4/CdS (d), FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH (e), 

FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH/DNA2-CdSe (f), FTO/TiO2/g-

C3N4/CdS/capture-DNA3/MCH/CdSe (g); (B) Nyquist plots of EIS measurements for 

bare FTO (a), FTO/TiO2/g-C3N4/CdS (b), FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH 

(c), FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH/DNA2-CdSe (d), FTO/TiO2/g-

C3N4/CdS/capture-DNA3/MCH/CdSe (e).

Figure 5. (A). Photocurrent responses of the PEC platform to different concentrations 

Page 29 of 48

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



of T4 PNK from 0.0001 U mL-1 to 1 U mL-1. (B). Corresponding photocurrents versus 

various T4 PNK concentrations for the sensing system. The inset shows the linearity of 

the photocurrent response against the logarithm of target dose (n=5 for each date point).

Figure 6. Inhibitory effects of (A) ADP, (B) (NH4)2SO4 on T4 PNK activity with a T4 

PNK concentration of 1.0 U mL−1. 

Figure 7. Selectivity of the PEC platform for T4 PNK activity detection. The 

concentration of inactive T4 PNK was 0.1 U mL-1 and others were 0.01 U mL-1.
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Scheme 1. Schematic exhibition of fabrication process of the sensing platform and protocol of the co-
sensitization amplification PEC assay. 
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Figure 1. SEM image (A), TEM image (B1), HRTEM images (B2 and B3), XRD spectra (C), and STEM (D) of 
the as-synthesized ternary TiO2/g-C3N4/CdS nanocomposite. 
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Figure 2. Feasibility of the co-sensitization amplification strategy. Three systems were cosensitized with 
constant amounts of CdSe QDs. Inserted diagram at right side shows the corresponding real photocurrent 

responses. 
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Figure 3. XPS analysis of (a) Ti 2p and (b) O 1s of TiO2, TiO2/C3N4, and TiO2/g-C3N4/CdS; (c) C 1s and (d) 
N 1s of C3N4, TiO2/C3N4, and TiO2/g-C3N4/CdS; (e) Cd 3d and (f) S 2p of CdS, and TiO2/g-C3N4/CdS. 
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Figure 4. (A). Photocurrent responses of FTO (a), FTO/TiO2 (b), FTO/TiO2/g-C3N4 (c), FTO/TiO2/g-
C3N4/CdS (d), FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH (e), FTO/TiO2/g-C3N4/CdS/capture-

DNA3/MCH/DNA2-CdSe (f), FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH/CdSe (g); (B) Nyquist plots of EIS 
measurements for bare FTO (a), FTO/TiO2/g-C3N4/CdS (b), FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH (c), 

FTO/TiO2/g-C3N4/CdS/capture-DNA3/MCH/DNA2-CdSe (d), FTO/TiO2/g-C3N4/CdS/capture-
DNA3/MCH/CdSe (e). 
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Figure 5. (A). Photocurrent responses of the PEC platform to different concentrations of T4 PNK from 0.0001 
U mL-1 to 1 U mL-1. (B). Corresponding photocurrents versus various T4 PNK concentrations for the sensing 

system. The inset shows the linearity of the photocurrent response against the logarithm of target dose 
(n=5 for each date point). 
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Figure 6. Inhibitory effects of (A) ADP, (B) (NH4)2SO4 on T4 PNK activity with a T4 PNK concentration of 1.0 
U mL−1. 
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Figure 7. Selectivity of the PEC platform for T4 PNK activity detection. The concentration of inactive T4 PNK 
was 0.1 U mL-1 and others were 0.01 U mL-1. 
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