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Abstract 

The quantification of proteins is essential in fundamental research or clinical 

applications. Here, we developed a facile electrochemical aptasensor based on 

target-induced turn-off of photosensitization for label-free and ultrasensitive detection of 

protein (exemplified by lysozyme). EB (ethidium bromide) molecules that were 

embedded in dsDNA between lysozyme binding aptamer and complementary DNA 

immobilized on the electrode, could photo-cleave the dsDNA via singlet oxygen (O2
1) 

during photosensitization, resulting in a high voltammetry current of the [Fe(CN)6]
3-/4-. 

Upon recognition of the lysozyme by aptamer, the EB molecules were released from 

dsDNA, and it photosensitization activity was turned off. As a result, more amount of 

complementary DNA was retained on the Au nanoparticles modified carbon nanotube 

paste electrode (AuNPs-CNPE), leading to a declined voltammetry current. Such a 

sensing strategy allowed detection of 10 pM-1 µM lysozyme with a low detection limit 

(about 2 pM). Besides, the sensor was free of labeling procedure as well as extra signal 

amplification step, and the CNPE modification was quite simple, only with AuNPs. The 

sensor also showed excellent selectivity toward lysozyme in the presence of interfering 

proteins, such as thrombin, bovine serum albumin, myoglobin, etc. The proposed sensor 

was applied to the determination of lysozyme in urine samples with the recoveries 

ranging from 96.6% to 101%. The proposed biosensor holds a great promise in 

developing other electrochemical sensors based on photosensitization. 

 

Keywords: Electrosensor; photosensitization; lysozyme; aptamer  
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1. Introduction 

Lysozyme, an important protein, was widely distributed in diverse organisms, such 

as virus, bacteria, plants, insects, mammalian tissues and secretions. It is ubiquitous in 

cells, and its changes in level in serum or urine always indicate of many diseases such as 

cancer (Sava et al., 1989), HIV (Lee-Huang et al., 2005) andinflammation (Ganz et al. 

2003). Lysozyme can also potentially lead to allergic reactions in sensitive individuals 

even in trace amounts (Mainente et al., 2017). High performance liquid Chromatography 

(HPLC) with UV/mass spectrometric detection mode is usually used for lysozyme 

quantification (Labella et al., 2016; Guarino C., 2011; Fuselli, et al., 2012), whereas the 

HPLC-based methods suffered from tedious sample preparation as well as long analysis 

time. Hence, development of facile biosensors has been given considerable significance 

for fast detection of protein including lysozyme. 

 Enzyme linked immunosorbent assay (ELISA) is one of the most frequently used 

for sensing of protein. However, it is limited by the availability of commercial antibodies. 

In place of commercial antibodies, the use of aptamers as the recognition elements may 

be an alternative strategy, as they are inexpensive, easily available and fast to use 

(Hamaguchi et al., 2001). Considerable efforts have been made to develop aptasensors 

using various detection methods such as colorimetry (Mishra et al. 2017, Song et al., 2011; 

Wang et al., 2010) fluorescence (Zhang et al., 2015a; Liu et al., 2014; Wang et al., 2009), 

chemiluminesence (Li et al., 2011; Hun et al., 2010), surface plasmon resonance (Wang et 

al., 2011), etc. Electrochemical aptasensors offering short analytical time, high 
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sensitivityand wide range of applications, have been demonstrated to be an appealing tool 

for lysozyme detection (Vasilescu et al., 2016). To facilitate detection of low abundant 

lysozyme, one of the effective approaches for signal amplification is modifying the 

electrode by functional nanomaterials like Au nanoparticles (Li et al., 2010), 

chitosan-graphene oxide (Erdem et al., 2014). TiO2/three-dimensional reduced graphene 

oxide/polypyrrole nanocomposite (Wang et al., 2015). These modifications especially by 

multi-component nanomaterials, always required sophiscated procedures. DNA 

engineering technique such as rolling circle amplification (Zhou et al., 2007), 

hybridization chain reactions (Chen et al., 2015), etc., are also good signal amplification 

strategies for protein detection, but always need careful design and extra amplification 

steps. Thus, new signal amplification procedure for electrochemical aptasensing of 

protein is still highly desirable.   

In recent years, photosensitization, as a green catalytic amplification strategy, has 

played an important role in organic synthesis (Ischay et al., 2008), hydrogen preparation 

(Khnayzer et al., 2013) and pollutant degradation (Li et al., 2017). It also has been 

demonstrated to be a good catalytic signal amplification strategy for sensing (Xu et al., 

2013; Zhang et al., 2014; Zhang et al., 2018; Huang et al., 2018; Tang et al., 2017). 

Recently, we have developed a dsDNA-dye photosensitization technology and further 

used it for ultrasensitive visual or electrochemical sensing of DNA (Zhang et al., 2015b; 

Qin et al., 2016). Additionally, label-free DNA detection can be readily achieved by 

formation of dsDNA during recognition of target DNA.  

The aim of this work is to develop a target-induced photosensitization turn-off 
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technique as a new catalytic signal amplification approach for label-free and 

ultrasensitive electrochemical detection of protein (exemplified by lysozyme). In the 

preliminary experiments, we found the EB molecules (Fig.S1) that were embed in dsDNA 

between aptamer and its complementary DNA (DNA-c) can effectively photo-cleave of 

DNA, leading to the fall of the DNA, and correspondingly, a high redox current of 

[Fe(CN)6]
3-/4- Qin et al. 2016. Here, carbon nanotube paste electrode (CNPE) modified 

with gold nanoparticles (Au-NPs) was fabricated and capture DNA (DNA-c) was 

immobilized on gold surfaces by means of self-assembly. Upon base paring between 

lysozyme binding aptamer (LBA) and DNA-c, dsDNA was formed and EB molecules 

were embedded into it. In the presence of lysozyme, the dsDNA-EB photosensitization 

system will be dissociated via the binding reaction between aptamer and lysozyme, and 

thus turning off the photosensitization. Accordingly, the DNA-c was retained in the 

electrode without cleavage, resulting in a low [Fe(CN)6]
3-/4- redox current (Fig.1). Hence, 

label-free detection of lysozyme can be achieved by target-induced turn-off of 

photosensitization.   

 

2. Experimental 

2.1. Materials 

All HPLC-purified oligonucleotides were purchased from Sangon Biotechnology Co. 

Ltd (Shanghai, China) with the following sequences: 

Complementary DNA (DNA-c): 5′-CTA AGT AAC TCT GCA CTC TTA TAT ATC 

ATA GAA TTG GTA GAT-(CH2)6-SH-3′. 

Lysozyme binding aptamer (LBA): 5′-ATC TAC GAA TTC ATC AGG GCT AAA 
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GAG TGC AGA GTT ACT TAG-3′. 

Tris (hydroxymethyl) aminomethane (Tris), lysozyme (Lyz), thrombin, bovine serum 

albumin (BSA) were purchased from Sangon Biotechnology Co. Ltd (Shanghai, China). 

ethidium bromide (EB) was purchased from Alfa Aesar (USA). GO was supplied from 

Chengdu Organic Chemicals Co. Ltd. (Chengdu, China). Other chemicals used were of 

analytical grade and were supplied from Kelong reagent Co. (Chengdu, China). All 

solutions were prepared using 18.2 MΩ cm-1 ultrapure water. 

 

2.2. Apparatus  

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements 

were performed with a CHI 660E electrochemical analyzer (Chenhua Instrument 

Shanghai Co., Ltd., China). The size and morphology of the electrode surface was 

characterized by a scanning electron microscope (SEM-EDX, XL30 and Philips, 

Netherland). Three-electrode system with carbon nanotube paste electrode (CNPE) as 

the working electrode, a Pt wire as auxiliary electrode and an Ag/AgCl electrode as 

reference electrode was applied for the experiments. A 3 W green LED (520-530 nm in 

emission wavelength) which was placed opposite of the working electrode, was used for 

initiating the photochemical reaction.  

 

2.3. Preparation of unmodified carbon paste electrodes 

Unmodified carbon paste was prepared by hand mixing of 80% of graphite powder and 

20% of paraffin oil. The CNP was prepared by mixing 80% (w/w) CNTs with 20% (w/w) 
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paraffin in a mortar and pestle. The graphene-based carbon paste (G-CP) and graphene 

oxide-based carbon paste (GO-CP) consisted of 80% graphite powder or graphene oxide, 

and 20% mineral oil by weight. Constituents were mixed thoroughly with a mortar and 

pestle until a thick paste was created. Unmodified pastes were then forced into carbon 

paste electrodes (CPE) body with 3.0 mm internal diameter. Surfaces of the paste 

electrodes were smoothed by polishing on weighing papers whenever regeneration of the 

electrode was required. Fig.S2 showed that CNPE has optimum CV signal among the 

investigated different paste electrodes, CPE, G-CPE, GO-CPE and CNPE.  

 

2.4. Fabrication of LBA/DNA-c/AuNPs/CNPE and electrochemical characterization 

AuNPs with a diameter of 13 nm were prepared by the citrate reduction of HAuCl4. 

Firstly, to construct the AuNPs modified CPE (AuNPs/CNPE), CNPE was modified by a 

drop of 30 μl of AuNPs solution. The scanning electron microscope (SEM) graphs of 

AuNPs/CNPE were shown in Fig. S3. Then The AuNPs/CNPE was placed into 1 µM 

complementary DNA (DNA-c) solution for 15 h at 4 °C. The electrode was then rinsed 

repeatedly with 10 mM Tris buffer to remove unbounded DNA strands, and the electrode 

of DNA-c/AuNPs/CNPE was obtained. After that, DNA-c/AuNPs/CNPE was incubated 

in 2 µM LBA for 2 h at room temperature, and the base pair interaction between DNA-c 

and LBA occurred with the formation of LBA/DNA-c/AuNPs/CNPE. The prepared 

LBA/DNA-c/AuNPs/CNPE was used for further lysozyme sensing. 

All the processes of electrode modifying and aptamer immobilization were studied 

using CV and DPV techniques. CV was carried out at room temperature in 5 mM 
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[Fe(CN)6]
3-/4- solution with 0.1 M KCl and 10 mM Tris as background electrolyte at a 

scan rate of 50 mV/s. DPV was performed at a potential scanned between 0.1 and 0.5 V 

with a modulation amplitude 25 mV and step potential 5 mV in 0.1 M KCl and 10 mM 

Tris.  

2.5 Lysozyme sensing procedure 

During the sensing, the prepared LBA/DNA-c/AuNPs/CNPE was immersed into a 

solution containing various concentration of lysozyme for 40 min at room temperature. 

Afterwards, the obtained LBA/DNA-c/AuNPs/CNPE was incubated in 1.2 mM EB 

solution for 20 min at room temperature. The EB/LBA/DNA-c/AuNPs/CNPE was rinsed 

repeatedly with Tris buffer and then immersed in the buffer, followed by 3 W green LED 

irradiation for 4 min. The resulted electrode was then transferred into the electrochemical 

system for CV and DPV measurements as the above.  

 

 

3. Results and discussion 

 

3.1. Fabrication of photocatalytic electrosensor for lysozyme detection  

Fig. 1 illustrates target-induced turn-off of photosensitization system for electrochemical 

detection of lysozyme. The DNA-c modified with thiol group was immobilized on the 

electrode through thiol-Au interaction. Further by base pairing, the double strand DNA 

(dsDNA between DNA-c and LBA) was assembled on the AuNPs. The dsDNA could 

trigger the photosensitization activity of EB under green LED irradiation and yield singlet 

oxygen (O2
1), as was proved in our previous study (Qin et al., 2016). The O2

1 efficiently 

cleaved the dsDNA, so the less blocking of electrode and weaker charge repulsion effect 
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led to a high peak current of [Fe(CN)6]
3-/4-. In the presence of lysozyme, the specific 

binding of LBA to lysozyme denatured the duplex and liberated lysozyme-binding LBA 

into the solution. The lysozyme can cause the dissociation of the duplex, which was due 

to the fact that target-aptamer complex was more constant that the short DNA duplex (Li 

et al., 2010; Zou et al., 2007). EB was released from dsDNA, and its photosensitization 

ability was decreased, thus resulting in the turn-off of photosensitization. Because 

DNA-c cannot be cleaved in such case, the blocking effect to electrode and charge 

repulsion by DNA-c lead to a deceased peak current of [Fe(CN)6]
3-/4-

. Accordingly, 

quantitative determination of lysozyme can be achieved by detecting the variation of [Fe 

(CN)6]
3-/4- peak current. In order to verify that the feasibility of the strategy, we tested the 

DPV of [Fe(CN)6]
3-/4- in the presence of 10 nM lysozyme, and Tris buffer solution was 

used as a control. The obviously decreased DPV current for 10 nM lysozyme 

demonstrated that the target-induced turn-off of photosensitization strategy is workable 

(Fig.S5). 

 

3.2 The electrochemical characterization of the sensor surfaces   

The CVs of [Fe(CN)6]
3-/4- at each modification/photocleaving steps were studied in 

10 mM Tris (pH 7.4), as can be seen from Fig. 2. When dsDNA (DNA-c and LBA) was 

immobilized on the AuNPs/CNPE, both of the anodic and cathodic peak currents of 

[Fe(CN)6]
3-/4- decreased. The reduction in peak current was due to that the negatively 

charged phosphate skeletons of the immobilized dsDNA on the electrode prevented 

[Fe(CN)6]
3-/4- from reaching the electrode surface by electrostatic repulsion. After 

photocleaving of the dsDNA by EB photosensitization, the peak currents of [Fe(CN)6]
3-/4- 
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recovered. In the presence of lysozyme, it bound with LBA and led the dsDNA to be 

dissociated, and turning off the photosensitization. So, both of the anodic and cathodic 

peak currents remarkably decreased.  

 

3.3 Optimization of photocatalytic sensing system  

The experimental parameters that can affect the photocatalytic sensing system were 

optimized in terms of EB concentration, incubation time of EB, incubation time of 

lysozyme and LED irradiation time. The effect of EB concentration was investigated from 

0.25 to 1.2 mM. As shown in Fig. 3 (A), the peak current increased as EB concentration 

increased in the range of 0.25-1.0 mM probably because of more EB molecules that was 

embedded in the dsDNA. When EB concentration was higher than 1.0 mM, the peak 

current almost maintained constant. Thus, the optimal EB concentration was selected as 

1.0 mM. The effect of EB incubation time was optimized from 5 to 25 min. Figure 3 (B) 

showed that the peak current of [Fe (CN)6]
3-/4- increased from 5 to 20 min and then held 

constant as the incubation time was over 20 min, indicating that 20 min was suitable for 

the formation of EB-dsDNA complex. The effect of lysozyme incubation time was tested 

from 10 to 50 min. Fig. 3(C) indicated that the peak current of [Fe(CN)6]
3-/4- decreased 

from 10 to 30 min and then kept constant as the incubation time was over 30 min. The 

effect of irradiation time was also investigated in the range of 0-12 min (Fig.3 D). The 

peak current increased sharply as the irradiation time varied from 0 to 7.5 min, and longer 

irradiation time (>7.5 min) only led to a slight enhancement of the peak current. Hence, 

7.5 min was adequate to in view of both high photocatalytic ability and fast analysis.  
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3.4. Analytical performance of the lysozyme electrosensor  

3.4.1 Linearity and limit of detection 

Fig. 4 demonstrates the effect of different lysozyme concentrations on the biosensor 

response. With an increase of the lysozyme concentration, the peak current rose 

correspondingly. The linear response was obtained when the lysozyme concentrations 

were within the range of 10 pM-100 nM. The regression equation is the regression 

equation is Y = 3.4019X + 5.4859, with a correlation coefficient R>0.990. Where Y is the 

reduction current of [Fe (CN)6]
3-/4-; X is the logarithm of lysozyme concentration. The 

limit of detection (LOD, 3σ) of the developed biosensor for lysozyme was calculated to 

be about 2 pM. The comparison between the photocatalytic sensor and the reported 

electrochemical sensors for lysozyme detection was summarized in Table 1. Although our 

sensor is not as sensitive as some of the reported electrochemical assays, it was free of 

labeling procedure as well as extra signal amplification procedure such as hybridization 

chain reaction (HCR) or AuNPs networks; also the CNPE modification is quite simple, 

only by AuNPs.  

 

   The reproducibility of the sensor for lysozyme determination was investigated with 

intra-/inter-assay precision. The intra-assay precision, or the repeatability of the sensor, 

was evaluated by assaying 10 nM lysozyme with the same AuNPs/CNPE. The relative 

standard deviation (RSD) for 5 successive determinations was about 3.6%, demonstrating 

an excellent detecting repeatability. Moreover, the inter-assay precision, or the 

reproducibility, was estimated by detecting 10 nM lysozyme with five biosensors 
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prepared in the same method independently, and the RSD was 4.7%. Thus, the proposed 

method had an excellent reproducibility for lysozyme determination. The good 

reproducibility maybe attributed to simple electrode modification and free of signal 

amplification procedure.  

3.4.2 Stability 

    The storage stability of the designed sensor was also explored. For detection of 10 

nM lysozyme, there was no significant current change (3.4%) in the first 7 hours. The 

current response varied about 10.6% after 7-day period comparing to that of the initially 

fabricated electrode. These results indicated that the proposed biosensor had an 

acceptable stability. 

3.4.3. Specificity 

The specificity test was carried out by measuring and comparing the response of 

lysozyme with specific interferential biomolecules. When 10 nM each of lysozyme, 100 

nM thrombin, BSA, myoglobin, ATP and glucose was incubated and detected individually 

with the electrosensor. As we can see from Fig. 5, only lysozyme can lead to turn off the 

photosensitization, and resulted in a much lower current compareed with those of the 

other interferential biomolecules. These results indicated that our biosensor was able to 

recognize lysozyme as the targets with high specificity and can be used for selective 

detection of lysozyme.  

 

3.4.4. Analysis of spiked urine sample  

To examine the feasibility of the proposed sensor for possible application in real 
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samples, the 10-fold diluted human urine samples from healthy individuals were tested. 

Four urine samples spiked with 0.1, 1, 20 and 100 nM lysozyme were detected by DPV. 

Recoveries were shown in Table S1, ranging from 96.6% to 101.1%. In the test, each 

sample underwent six parallel measurements, and the RSD was below 5%, suggesting a 

good reproducibility. These results indicated the applicability of the proposed method for 

lysozyme detection in real samples. 

 

Conclusion 

We have developed a target-induced turn-off of photosensitization technique via 

release of EB molecules from dsDNA during the lysozyme recognition by aptamer. Using 

electrochemical detection, the strategy allowed label-free and amplified sensing of 

lysozyme with a low LOD about 2 pM. The sensor is free of extra signal amplification 

procedure and the electrode modification is also quite simple, only by AuNPs. Although 

the LBA/DNA-c/AuNPs/CNPE cannot be reusable, the disposability of the CNPE also 

makes the sensing procedure be convenient. By altering the aptamer sequence, the 

electrochemical aptasensor will be also a promising tool for detection of other proteins or 

small biomolecules.  
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Fig. 1 Schematic illustration of target-induced turn-off of photosensitization.  

Fig. 2. CVs of [Fe(CN)6]
3-/4-

 at each modification/photocleaving steps. Experimental conditions: 

EB concentration, 1.0 mM; irradiation time, 7.5 min; incubation time of lysozyme, 30 min; and 

buffer solution, pH 7.4 of 10 mM Tris. 

Fig. 3. Factors that influenced the photocatalytic activity (evaluated through the DPV current of 

[Fe(CN)6]
3-/4-

). EB concentration (A); incubation time of dsDNA with EB (B); incubation time of 

lysozyme (C); and LED irradiation time (D). Experimental conditions: DNA-c concentration, 2 

μM; LBA concentration, 100 nM and buffer solution, pH 7.4 of 10 mM Tris. The error bar stands 

for the standard deviation of three parallel determinations.  

Fig.4. Variation of the DPV under LED irritation with increasing concentration of lysozyme (A) 

and the linear relationship between peak currents and logarithmic lysozyme concentration (B). 
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Experimental conditions: EB concentration, 1.0 mM; irradiation time, 7.5 min; incubation time of 

lysozyme, 30 min; and buffer solution, pH 7.4 of 10 mM Tris. The error bar stands for the 

standard deviation of three parallel determinations. 

Fig. 5 Selectivity of the system for lysozyme analysis. Experimental conditions: EB concentration, 

1.0 mM; irradiation time, 7.5 min; incubation time of lysozyme, 30 min; and buffer solution, pH 

7.4 of 10 mM Tris. The error bar stands for the standard deviation of three parallel determinations. 

 

Fig. 1 
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Fig. 5 
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Table. 1. Comparison of the proposed technique with other reported assays for the detection 

of lysozyme 

Electrode a Detection Comments Linear range LOD Ref. 

Chitosan-graphe

ne oxide-GE 

EIS Electrode modified by   

chitosan-graphene oxide 

0-3.7 µM 28.53 nM (Erdem et al., 2014) 

TiO2/3D-rGO/ 

PPy-GE 

DPV Electrode modified by  

TiO2/3D-rGO/PPy 

0.007-3.5 nM 5.5 pM (Wang et al., 2015) 

pcDNA-LBA 

-GE 

EIS Label-free and 

amplification-free 

0.2-4.0 nM 70 pM (Peng et al., 2009) 

DNA duplex-GE SWV Immobilized DNA on 

electrode 

7-30 nM 450 pM (Chen and Guo, 

2013) 

Cu2O/rGO/PpPG

-GE 

DPV Electrode modified by  

Cu2O/rGO/PpPG 

0.01-200 nM 60 pM (Fang et al., 2016) 

AuNPs-DNA-G

E 

DPV Labeled by AuNPs, 

amplified by AuNPs 

network 

1 pM-10 nM 0.32 pM (Cao et al., 2018) 

Fc-DNA/LBA/A

uNPs-GE 

 Tagged by Fc and amplified 

by AuNPs 

0.1 pM-1 nM 0.1 pM (Li et al., 2010) 

DNA/AgNCs-G

E 

CV Labeled by AgNCs, HCR  

amplification 

0.1 pM -10 nM 42 pM (Chen et al., 2015) 

TiO2/PPAA-GE EIS Plasma modification, 

Electrode modified 

TiO2/PPAA 

3.5 pM-7 nM 1.04 pM (Zhang et al., 2015c) 

dsDNA-EB-CNP

E 

DPV Photosensitization,  

Electrode modified by only 

AuNPs 

10 pM-100 nM 2 pM This work 

aAbbreviations: GE=gold electrode; rGO=reduced grapheme oxide;   PPy=polypyrrole;  pcDNA=partial 

complementary single strand DNA;   PpPG=plasma-polymerized propargylamine;  PPAA= polyacrylic acid; 

HCR= hybridization chain reaction; 

 

Highlights: 

 A new label-free electrochemical aptasensor was developed based on target-induced 

turn-off of photosensitization.  

 The target-induced turn-off of photosensitization is a simple technique for amplified 

detection of protein without an extra amplification step.  

 The fabricated electrosensor can be used for label-free detection of lysozyme as low 

as 10 pM.  

 




