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In this communication, a new photoelectrochemical aptasensor 

with Au nanoparticles functionalized self-doped TiO2 nanotube 

arrays (Au/SD-TiO2 NTs) as core sensing unit and aptamers as 

recognition unit was set up to accomplish the sensitive and 

selective detection of kanamycin with the lowest detection limit 

of 0.1 nM. 

Kanamycin is an aminoglycoside antibiotic, produced by 

fermentation of Streptomyces kanamyceticus, and used in veterinary 

medicine to treat a wide variety of infections caused by Escherichia 

coli, Proteus, Enterobacter aerogenes, Klebsiella Pneumoniae, 

Serratia Marcescens, Acinetobacter spp and Staphylococcus through 

inducing mistranslation by interacting with the 30S subunit of the 

prokaryotic ribosome.1 However, the widespread and overdosed 

using of kanamycin may cause its accumulation in the animal body 

and transfer in the food chain, thus lead to potential hazards to 

human health, such as damage of hearing and kidneys, allergic 

reactions and neurological symptoms.2 The kanamycin 

contamination in animal-derived food was compulsory inspected in 

most countries, for example, the European Medicines Evaluation 

Agency has established the maximum residue limit of kanamycin in 

milk and in meat.3 Currently, the detection methods for kanamycin 

was still based on complicated and expensive apparatus, such as 

high-performance liquid chromatography and capillary 

electrophoresis.4 Therefore, it is desirable to establish a highly 

sensitive and selective sensing strategy for kanamycin detection. 

Inspired from the photoelectrochemical (PEC) approach for 

solar energy conversion,5 a new and promising PEC detection 

platform was recently proposed with high sensitivity due to its 

unique signal transducing modality, excitation energy sources of 

light and readout signal of electricity.6 However, the exorbitantly 

high catalytic activity of the PEC materials would result in poor 

recognition of analytes, and thus limit its possibility for selective 

detection. While, if some terms of recognition units can be integrated 

into the PEC approach, a new detection platform with both high 

sensitivity and selectivity will be established. On this occasion, 

aptamers, single-stranded oligonucleotides with specific sequences, 

generated through an in vitro selection process of systemic evolution 

of ligands by exponential enrichment (SELEX), stood out as an 

effective recognition unit with the ability for rapid and accurate 

recognizing their cognate targets, such as ions, small biomolecules, 

proteins, and even cells, which have presented unprecedented 

advantages to traditional antibodies due to their high specificity, 

strong affinity, reusability and easy synthesis in vitro.7 Herein, a new 

PEC aptasensor was proposed by integrated aptamers into the 

photoelectrode of gold nanoparticles (Au NPs) functionalized self-

doped TiO2 nanotube arrays (TiO2 NTs) to realize the sensitive and 

selective detection of kanamycin. The TiO2 NTs were rationally 

selected as pristine TiO2 candidate due to its superior electron 

transportation stemmed from its unique one-dimensional nanotubular 

structures, and the Au NPs functionalized self-doped TiO2 NTs 

(Au/SD-TiO2 NTs) with the synergistic effect of surface plasmonic 

resonance from Au NPs and inter-bands from self-doped Ti3+ center, 

which would boost the PEC performance in visible light region. 

 
Fig. 1 Schematic diagram of the photoelectrochemical aptasensor. (a) Ti foil; 

(b) first-step anodized TiO2 NTs; (c) Ti nanoconcaves; (d) second-step 
anodized TiO2 NTs; (e) SD-TiO2 NTs; (f) Au/SD-TiO2 NTs; (g) aptamer- 

Au/SD-TiO2 NTs; (h) kanamycin-aptamer-Au/SD-TiO2 NTs. 

The design and fabrication strategy of PEC aptasensor of 

aptamer-Au/SD-TiO2 NTs is presented in Fig. 1. The TiO2 NTs were 

fabricated in a facile two-step anodization process on the basis of our 

previous reported method with minor modification,8 and the detailed 

experimental processes were presented in Experimental Section of 

ESI†. Briefly, a cleaned Ti foil (Fig. 1a) was first anodized in a 

fluoride contained organic electrolyte, then the as-grown TiO2 NTs 

(Fig. 1b), with rough top surface (Fig. S1, ESI†), were thoroughly 

removed in an ultrasonic bath, whereas left behind well-ordered 

nanoconcaves on the Ti foil surface (Fig. 1c and Fig. S2, ESI†). The 

Ti foil with patterned nanoconcaves as template was subjected to a 

second anodization process to yield uniform TiO2 NTs with unique 
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hierarchical top-porous-bottom-tubular nanostructures (Fig. 1d). 

Then, electrochemical reduction process (Fig. S3, ESI † ) was 

conducted in supporting electrolyte of Na2SO4 solution under 

negative potentials of -1.5 V vs Ag/AgCl to induce self-doping 

center of Ti3+ into TiO2 NTs (Fig. 1e).9 Compared with hetero-

doping, resulted in a deteriorated PEC performance by increasing the 

recombination center due to the foreign impurities, the self-doping 

with homo-species surface defect engineering strategy would be a 

more rational option to realize the enhancement of PEC 

performance.10 Then, Au NPs were decorated on the SD-TiO2 NTs 

in a photocatalytic reduction process to form Au/SD-TiO2 NTs (Fig. 

1f). The Au NPs owned dual functions in this case, one function was 

the enhancement of the PEC performance in visible light region as a 

sensitizer due to their surface plasmon resonance (SPR) activity,11 

and another function was the formation of the unique sulfur-gold 

linkage between the Au NPs and the mercapto group (HS-aptamer) 

to immobilize the aptamer on the surface of Au/SD-TiO2 NTs (Fig. 

1g). The mercapto group functionalized DNA aptamer (5'-HS-

(CH2)6-TGGGG GTTGA GGCTA AGCCG A-3') was jointed on the 

Au NPs, and its secondary structure have been reported to bind the 

kanamycin into its loop region with high affinity and selectivity (Fig. 

1h).12 After the aptamer was attached on the Au NPs, 

mercaptohexanol was also introduced to cover the rest Au surface 

for voiding any nonspecifically adsorption of interferences. Thus, a 

PEC aptasenor for kanamycin detection was set up, and the bonded 

kanamycin would be recognized by the aptamer and oxidized by the 

photo-generated holes. 

 
Fig. 2 (a) SEM image of high magnification top view of SD-TiO2 NTs, the 
top inset is a cross-sectional view SEM image, and the bottom inset is a large 

scale top view SEM image; (b) SEM image of high magnification top view of 

Au/SD-TiO2 NTs, the inset shows a large scale top view image; (c) XRD 
patterns of (i) TiO2 NTs, (ii) SD-TiO2 NTs, and (iii) Au/SD-TiO2 NTs; high 

resolution XPS core level of (d) Ti 2p in (i) TiO2 NTs, (ii) SD-TiO2 NTs, (iii) 

Au/TiO2 NTs, (iv) Au/SD-TiO2 TNs, and (e) Au 4f in (i) Au/TiO2 NTs, (ii) 
Au/SD-TiO2 NTs; (f) diffuse reflectance UV-vis absorption spectra, the inset 

presents surface plasmon resonance absorption spectra of the Au NPs on the 

(i) Au/TiO2 NTs and (ii) Au/SD-TiO2 NTs. 

The high magnification top view scanning electron microscope 

(SEM) image of SD-TiO2 NTs was presented in Fig. 2a, which 

indicated a periodical top-nanopore structure with an average 

diameter of 70 nm. The high magnification SEM cross-sectional 

view (top-inset in Fig. 2a) helped to verify the hierarchical top-

porous/bottom-tubular nanostructures and to identify the tube length 

of about 2 µm, which was rationally controlled to match the 

maximum penetration depth of the incident light in TiO2 near the 

band gap. The bottom-inset in Fig. 2a depicted a large area SEM 

image of SD-TiO2 NTs, which revealed a high uniformity of the top 

porous structure in large scale. Compared with the pristine TiO2 NTs 

(Fig. S4, ESI†), the electrochemical reduction process did not 

significantly change the morphology and dimensions of the 

hierarchical nanotube structures. After photocatalytic reduction 

reaction, the Au NPs were uniformly decorated on the surface of SD-

TiO2 NTs with average size of 20 nm, as shown in Fig. 2b, no 

significant aggregation in large scale visible (inset of Fig. 2b). The 

energy dispersive X-ray spectroscopy (EDS) spectrum of the Au/SD-

TiO2 NTs supplied another evidence of the successful Au decoration 

(Fig. S5, ESI†). 

The XRD patterns of the TiO2 NTs, SD-TiO. NTs and Au/SD-

TiO2 NTs all showed dominant anatase phase with preferential 

orientation of (101) (Fig. 2c). The electrochemical reduction process 

did not change the crystal structure of SD-TiO2 NTs. After Au NPs 

decoration, one obvious Au peak at 44.3° can be indexed to Au 

(200) plane. For further analyzing the chemical composition, 

oxidation states of titanium and understanding the interaction of Au 

NPs with SD-TiO2 NTs, X-ray photoelectron spectroscopy (XPS) 

technique was employed (Fig. S6, ESI†). The high resolution core 

level spectra of Ti 2p are presented in Fig. 2d, a new peak with lower 

binding energy emerged after self-doping, as the formation of Ti3+ 

species,13 and a slightly shift to lower energy of Ti4+ peak was 

observed due to the electrons transfer to the new forming neighbor 

Ti3+ center,14 After the decoration of Au NPs, the Au/SD-TiO2 NTs 

sample still presented an extra low energy binding peak at 457.3 eV, 

which implied that the photocatalytic deposition of Au NPs did not 

destroy the self-doping specie, in addition, both the Au/TiO2 NTs 

and Au/SD-TiO2 NTs samples presented a conversely positive shift 

to higher energy, which helped to confirm the electron transfer 

between oxygen vacancies of the TiO2 and Au.15 Moreover, the Au 

core level XPS spectra (Fig. 2e) presented two peaks at 83.3 and 

87.0 eV for Au 4f7/2 and Au 4f5/2 respectively, which attributed to 

metallic gold, and the Au 4f7/2 showed a much lower binding energy 

than its bulk phase (84.0 eV), which also revealed the feasibility of 

the electron transfer between the Au and TiO2 NTs.16 

The UV-vis diffuse reflectance absorption spectra of TiO2 NTs, 

Au/TiO2 NTs, SD-TiO2 NTs and Au/SD-TiO2 NTs samples were 

measured and are presented in Fig. 2f. All samples showed strong 

UV absorption due to the electronic transition from the valence band 

to the conduction band. After self-doping process, the SD-TiO2 NTs 

exhibited a remarkably enhanced absorption in whole visible light 

region as compared with the pristine TiO2 NTs. The enhanced 

optical absorption can be attributed to the electronic transition from 

valence band to the inter-bands and/or from these inter-bands to the 

conduction band. The Au/TiO2 NTs and Au/SD-TiO2 NTs showed a 

significant visible absorption enhancement around 550 nm (inset in 

Fig. 2f), which can be ascribed to the SPR absorption of the Au NPs. 

The enhanced optical absorption from inter-bands overlapped with 

the wavelength of SPR of Au NPs, which would induce further light 

resonance and enhanced optical absorption. In fact, the Au/SD-TiO2 

NTs sample indeed presented higher SPR absorption than Au/TiO2 

NTs. 
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Fig. 3 Photoelectrochemical performance of (i) TiO2 NTs, (ii) Au/TiO2 NTs, 

(iii) SD-TiO2 NTs, (iv) Au/SD-TiO2 TNs in (a) linear-sweep 

voltammograms, collected with a scan rate of 5 mV s-1 under illumination of 
visible light with wavelength ≥420 nm; (b) amperometric transient 

photocurrent density vs time plots at an applied potential of 0.5 V vs 

Ag/AgCl under illumination of visible light with wavelength ≥420 nm with 
60 s light ON/OFF cycles; (c) electron lifetime measurements determined 

from the decay of open circuit potential in dark; (d) electrochemical 

impedance spectra of Nyquist plots (Zre vs. Zim) under visible light 
illumination; (e) Mott-Schottky plots at a fixed frequency of 5 kHz in dark; 

(f) parallel capacitance (Cp) vs applied potential plots in a fixed frequency of 

10 Hz in dark. 

A series of PEC and electrochemical experiments were 

conducted to determine the PEC performance of TiO2 NTs, Au/TiO2 

NTs, SD-TiO2 NTs, and Au/SD-TiO2 TNs samples under visible 

light illumination. Analysis of the linear sweep 

photovoltammograms (LSPV), as presented in Fig. 3a, allowed us to 

draw the following conclusions: (1) both Au/TiO2 NTs, SD-TiO2 

NTs samples showed much enhanced photocurrent densities than 

TiO2 NTs, which indicated that both the SPR from Au NPs and the 

inter-bands from self-doping created visible light response for TiO2-

based photoelectrode; (2) the Au/SD-TiO2 TNs sample presented the 

highest photocurrent density among all the samples, and the 

significant enhanced photocurrent density was much higher than the 

increase from Au/TiO2 NTs plus from SD-TiO2 NTs samples, which 

implied the existence of synergistic effect between the Au NPs SPR 

and inter-bands induced from the self-doping process. Amperometric 

I-t measurements were also performed to examine the photo-

response over time (Fig. 3b). All samples exhibited fast and 

reproducible photocurrent responses upon each illumination, and 

presented the same increased photocurrent density tendency as from 

LSPV measurements.  

For further understanding the enhanced PEC performance, the 

inherent electronic properties were characterized by open-circuit 

photo-voltage decay (OCPVD), electrochemical impedance spectra 

(EIS) and capacitance measurements. The OCPVD experiments 

were performed and allowed us to estimate the photo-generated 

electron lifetime based on the following equation:17 

  

 � � ���
� ��	
��� 

��         (1) 

where � is the potential dependent photoelectron lifetime, kB is 

Boltzmann’s constant, T is temperature, e is the charge of a single 

electron, and Voc is the open-circuit voltage at time t. As shown in 

Fig. 3c, the Au/SD-TiO2 TNs sample showed the longest electron 

lifetime, which contributed to its high PEC performances. The EIS is 

another powerful tool for studying the interfacial properties of 

photoelectrodes. Fig. 3d presented Nyquist plots under visible light 

illumination, and the Au/SD-TiO2 TNs sample showed the smallest 

semicircle diameter, which indicated its smallest charge transfer 

resistance and fastest electron mobility. The capacitance 

measurement on the electrode/electrolyte was conducted to 

determine their carrier density (ND) following the equation below:18 
�
�� �

�
������

���� � ��� � ���
� �  (2) 

where C is the space charge capacitance in the semiconductor; ND is 

the electron carrier density; e is the elemental charge value; ε0 is the 

permittivity of the vacuum; ε is the relative permittivity of the 

semiconductor; Us is the applied potential; T is temperature; and kB 

is the Boltzmann constant. The carrier density ND was determined 

from the Mott-Schottky (MS) plots as 1/C2 vs potential in Fig. 2e 

using the following equation: 18 

 ! �	� # �
����
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with e = 1.6 × 1019, ε0 = 8.86×10-12 F/m, and ε = 48 for anatase 

TiO2
19. The calculate donor densities are 8.9×1017, 9.2×1017, 

3.2×1020, and 6.5×1020 cm-3 for TiO2 NTs, Au/TiO2 NTs, SD-TiO2 

NTs, and Au/SD-TiO2 NTs, respectively. The significantly increased 

ND confirmed that the self-doping process improved the electrical 

conductivity, accelerated the electron transfer. Fig. 3f showed the 

parallel capacitance (Cp) plotted against the applied potential. The 

TiO2 NTs and Au/TiO2 NTs samples presented obvious peaks at -0.2 

V vs Ag/AgCl, which implied only one kind of surface defect, 

whereas, the SD-TiO2 NTs and Au/SD-TiO2 NTs samples presented 

continually increased capacitance value from -0.25 to 1.4 V vs 

Ag/AgCl, which indicated that the self-doping process created new 

types of surface defects.  

The Au/SD-TiO2 NTs sample was rationally selected as 

candidate of photoelectrode for PEC sensing measurements due to 

its best PEC performance under visible light illumination. After 

binding with the aptamer, the sensing performance of PEC 

aptasensor, aptamer-Au/SD-TiO2 NTs, was well investigated and 

presented in Fig. 4. Fig. 4a presented the time-dependent PEC 

photocurrent (i-t) measurements with 0, 0.2 and 200 nM kanamycin, 

where the photocurrent density increased with the increase of the 

kanamycin concentrations, and the increased photocurrent density 

was mainly ascribed to the PEC oxidation of kanamycin from the 

photo-generated holes. The concentration of the aptamer was 

optimized and the experimental results were presented in Fig. S7, 

ESI†, and the photocurrent increased as the increase of the aptamer 

concentration till reached a steady state with the aptamer 

concentration of 2.5 µM, which concentration of aptamer was 

selected.  

Chronoamperometry was applied to evaluate the sensitivity and 

detection range of the PEC aptasensor, and the photocurrent 

response upon the addition of kanamycin was presented in Fig. 4b. 

With the addition of kanamycin with different concentrations, the 

photocurrent rapidly increased and rapidly reached a steady state. 

Based on a signal-to-noise factor of 3 (S/N = 3), the detection limit 

can be calculated to be 0.1 nM (inset in Fig. 4b). The calibration 

curve of photocurrent density vs kanamycin concentrations was 

shown in Fig. 4c, and the curve exhibited a good linear relationship 

in the ranges of 0.2-200 nΜ (R2 = 0.9987, sensitivity = 0.0268 µA 

cm-2 nM-1), which was much sensitive than the PEC aptasensor 

fabricated by aptamer-Au/TiO2 NTs (R2 = 0.9985, sensitivity = 

0.0088 µA cm-2 nM-1, Fig. S8, ESI†). Compared with the previously 
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reported kanamycin aptasensor, this rationally designed PEC 

aptasensor presented the lowest detection limit and large detection 

range (Table S1, ESI†). 

 
Fig. 4 (a) Amperometric transient photocurrent density vs time plots at an 

applied potential of 0.5 V vs Ag/AgCl under illumination of visible light with 

wavelength ≥420 nm with light ON/OFF model for 0, 0.2 and 200 nM 

kanamycin; (b) Photocurrent density vs time for successive addition of 

kanamycin at 0.5 V vs Ag/AgCl under illumination of visible light with 

wavelength ≥420 nm, the right-bottom inset is the magnified image of the 

first 120 seconds of the sensing curve; (c) photocurrent density-kanamycin 

concentration calibration curve; (d) anti-interference property with initial 

addition of 100 nM kanamycin and 100 nM of chloramphenicol, 

ciprofloxacin, erythromycin, ofloxacin, doxycycline, followed by addition of 

another 100 nM kanamycin. 

The selectivity of the PEC aptasensor was demonstrated by 

measuring the photocurrent response upon the addition of different 

molecular interferences. As shown in Fig. 4d, the addition of 100 

nM of kanamycin resulted in a quick and significant photocurrent 

increase, whereas an addition of 100 nM of chloramphenicol, 

ciprofloxacin, erythromycin, ofloxacin, doxycycline did not cause 

observable photocurrent changes, after that, another 100 nM 

kanamycin was added and an obvious photocurrent increase was 

observed again. In this PEC aptasensor, the aptamer was used as 

recognition unit, and the Au/SD-TiO2 NTs was used as sensing unit, 

where the kanamycin was caught by the aptamer, and oxidized by 

the photo-generated holes from Au/SD-TiO2 NTs. However, the 

interferences of ciprofloxacin, erythromycin, ofloxacin, doxycycline 

cannot be captured by the aptamer, and cannot reach the surface of 

the photoelectrode due to the steric effect as all the surface of Au 

NPs were occupied by the aptamer and the  mercaptohexanol as 

blocking agent. Thus the PEC aptasensor possessed a very favorable 

selectivity toward kanamycin detection.  

The detection reproducibility was also investigated by 

measuring the response photocurrent of more than five aptasensors, 

and a standard deviation of 3.75% was achieved, confirming the 

good reproducibility. In addition, the long-term stability of the 

aptasensors were also tested by studying the current response 

intermittently in a period of 30 days (stored at 4 °C after the each 

measurements), and no obvious photocurrent differences were 

found, suggesting the aptasensor was quite stable for the kanamycin 

sensing. 

The PEC aptasenosr was used to detect the recoveries of 

different concentrations of kanamycin in commercial-available 

bovine milk by standard addition method to evaluate its feasibility of 

detection of real samples. The results were shown in Table S2, ESI†, 

and the recovery was in the range of 94.8-103% with low relative 

standard deviation in the range of 2.31-3.15%, which results were 

consistent with the data from enzyme-linked immunosorbent assay 

(ELISA) analysis, and thus  revealed that the PEC aptasenosr can be 

utilized for determining of kanamycin in animal derived foods. 

In summary, we set up a new PEC aptasensor with Au NPs 

functionalized self-doped TiO2 NTs as core sensing unit and 

aptamers as recognition unit to accomplish the sensitive and 

selective detection of kanamycin with the lowest detection limit. In 

addition, the synergistic effect between SPR from the Au NPs and 

inter-bands from the self-doping induced Ti3+ centre boosted the 

PEC performance under visible light irradiation, which paved a new 

avenue not only for designing of sensitive PEC sensors but also 

exploiting its PEC applications for solar energy conversion. 
We thank to the support from “Yingcai” program of ECNU, 

Shanghai Pujiang Program (14PJ1403400), and National Natural 

Science Foundation of China (No. 21405046).  
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A new photoelectrochemical aptasensor with Au nanoparticles functionalized self-doped TiO2 nanotube arrays as 

core sensing unit and aptamers as recognition unit was set up to accomplish the sensitive and selective detection of 

kanamycin. 
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