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Abstract: The application of electrochemical sensors to the detection of real samples is hampered by the fact that the 
electrode surface is often prone to adsorption of other substances that cause a non-specific current response. In 
addition, electroactive substances in the actual sample are prone to redox reactions on the electrode surface and affect 
the detection of target molecules. In this paper, we constructed a novel DOX sensor with excellent selectivity using an 
aptamer-modified gold electrode and used it for the label-free rapid detection of DOX in lake water. DOX molecules in 
solution can be captured by the aptamers immobilised on the surface of the gold electrode, followed by the DOX 
molecules getting electrons on the surface of the electrode and undergoing a reduction reaction. Aptamers give 
electrochemical sensors excellent sensitivity and selectivity. Finally, the electrochemical aptamer biosensor was 
successfully applied to detect DOX in lake water with a detection limit of 30 nmol/L and a detection range of 30 nmol/L–
10 µmol/L. 
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1. INTRODUCTION 

The extensive use of antibiotics in clinical 
treatments leads to their introduction into natural 
environmental waters through human excretion and 
medical wastewater discharges [1-3]. Doxorubicin 
(DOX), an anthracycline antibiotic with excellent 
anticancer activity, has been widely used in the 
chemotherapy of cancer [4, 5]. Animal studies have 
shown that DOX is cardiotoxic, embryotoxic and 
mutagenic [6]. During chemotherapy, DOX may be 
excreted into the sewage system through the urine of 
cancer patients [7-9]. Due to incomplete degradation in 
wastewater treatment systems, DOX enter natural 
water bodies and groundwater, thus causing serious 
environmental pollution problems [10]. Therefore, it is 
of great practical significance to develop a rapid and 
accurate method for the rapid detection of DOX in 
environmental waters. 

Currently, the accurate detection of DOX is mainly 
performed using classical analytical methods including 
chromatography, fluorescence spectroscopy, and UV-
Vis spectroscopy [11-13]. However, these methods 
require large instruments and specialised personnel to 
operate. Compared with these classical analytical 
methods, electrochemical sensors have the  
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advantages of low cost, fast response and simple 
operation, and are suitable for the rapid detection of 
DOX in environmental waters [14-16]. DOX is 
susceptible to redox reactions on the electrode surface 
due to its electrochemically active groups (quinone, 
hydroxyquinone) [17]. Therefore, researchers have 
mostly focused on modifying electrodes using 
nanomaterials to improve the detection sensitivity of 
the DOX sensors [18-20]. Th. Abhishek Singh et al. 
[21] synthesised a carbon dots/magnesium oxide 
(CDs/MgO) nanomaterial using hydrothermal method. 
Modification of SPCE electrode using this nanomaterial 
significantly enhanced the electrochemically active 
surface area of the working electrode. DOX was 
detected using cyclic voltammetry with a detection limit 
of 0.09 µmol/L. Haiyan Zhao et al. [22] developed a 
sensitive DOX electrochemical sensor based on 
covalent organic skeleton electrode materials modified 
with gold nanoparticles and multi-walled carbon 
nanotubes (AuNPs@COFs-MWCNTs). 
AuNPs@COFs-MWCNTs significantly enhanced the 
electrocatalytic performance of the electrodes with a 
detection limit for DOX as low as 16 nmol/L. 

Although the detection of target molecules using 
electrochemical analytical methods such as square 
wave voltammetry (SWV) is performed with good 
selectivity due to the specific redox peaks of the target 
molecules [23, 24]. However, when electrochemical 
sensors are applied to the analysis and detection of 
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real samples, the electrode surface tends to adsorb 
macromolecules, resulting in a non-specific current 
response [25, 26]. Aptamers are oligonucleotide 
sequences obtained by in vitro screening that 
recognise specific target molecules [27, 28]. Because 
aptamers have the advantages of low synthetic cost, 
high specificity and easy modification, electrochemical 
aptamer biosensors have attracted wide attention in 
recent years [29-32]. Nicole Bahner et al. [33] 
developed an impedance-based electrochemical 
biosensor for the detection of DOX using aptamers and 
6-Mercapto-1-hexanol (MCH)-modified gold electrodes. 
This electrochemical biosensor requires measurement 
of electrochemical impedance spectroscopy (EIS) in 
[Fe (CN)6]3+/4+ solutions. Therefore, the development of 

reagent-free electrochemical aptamer sensors for real-
time monitoring of DOX is essential. 

In this work, we developed a label-free 
electrochemical aptamer biosensor for the rapid 
detection of DOX in lake water. The aptamer was self-
assembled onto the surface of a gold electrode by Au-
S bonding, and then the electrode was closed using 
MCH. The aptamer modified on the surface of the 
electrode traps DOX molecules in the detection 
solution, and when the electrode is tested using 
square-wave voltammetry, the DOX undergoes a redox 
reaction on the surface of the electrode, gaining 
electrons and generating a reduction current. 
Experimental results showed that the prepared 

 
Scheme 1: Schematic diagram of label-free detection of DOX in lake water by electrochemical aptamer sensors. 
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electrochemical aptamer biosensor could accurately 
detect DOX in spiked lake water samples in the range 
of 30 nmol/L–10 µmol/L, and the sensor had excellent 
selectivity and detection sensitivity. 

2. MATERIALS AND METHODS  

2.1. Materials and Reagents 

Gold working electrode, Pt wire counter electrode, 
and Ag/AgCl reference electrode were purchased from 
CH Instruments, Inc. arsenic nitrate, copper nitrate, 
mercury nitrate, lead nitrate purchased from Guobiao 
(Beijing) Testing & Certification Co., Ltd. Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP), 6-
Mercapto-1-hexanol (MCH), potassium ferricyanide, 
potassium ferrocyanide trihydrate, potassium chloride 
(KCl), and sodium hydroxide (NaOH) were obtained 
from Aladdin Biochemical Technology Co., Ltd. 
(Shanghai, China). Doxorubicin hydrochloride (DOX), 
kanamycin sulfate (Kana), and PBS buffer (PH 7.2-7.4) 
were purchased from Biotech Bioengineering 
(Shanghai, China) Co., Ltd. Concentrated sulfuric acid 
(H2SO4) was obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Enrofloxacin 
hydrochloride (ENR), tetracycline hydrochloride (TET), 
chlorotetracycline hydrochloride (CHT), 
chloramphenicol (CHP), ciprofloxacin hydrochloride 
(CIP), and ofloxacin hydrochloride (OFL) were obtained 
from Macklin Inc. The Lake water sample was taken 
from Liren Lake of Hefei University of Technology. 
Water quality parameters (biochemical oxygen demand 
(BOD): 6.32 mg/L, total dissolved solids (TDS): 159 
mg/L, electrical conductivity (EC): 218µS/cm, oxidation-
reduction potential (ORP):74 mV, total hardness 
(TH):69 mg/L, PH:7.15). 

The aptamer was synthesized and purified by 
Biotech Bioengineering Co., Ltd., with the 5' end 
modified with HS-SH-(CH2)6, and the sequence of the 
nucleic acid aptamer [34] was 5 ' - HS- S-(CH2)6 - ACC 
ATC TGT GTA AGG GGT AAG GGG TGG T - 3'. The 
aptamer powder was dissolved using PBS to a 
concentration of 100 µM and then stored in a -20°C 
refrigerator. 

2.2. Pretreatment and Modification Process of Gold 
Electrodes 

The working electrodes were first polished with 0.05 
µm Al2O3 powder for 2 minutes, and then the 
electrodes were cleaned sequentially by ultrasonic 
cleaning in anhydrous ethanol and deionised water for 

5 minutes. The working electrode was then connected 
to an electrochemical workstation for electrochemical 
cleaning. (1) 300 cycles were scanned using cyclic 
voltammetry in 0.5 mol/L NaOH solution with a 
scanning voltage range of -1 V to -1.6 V and a 
scanning rate of 1 V/s. (2) 20 cycles were scanned 
using cyclic voltammetry in 0.1 mol/L H2SO4 / 0.01 
mol/L KCl solution with a scan voltage range of 0.2 V-
1.5 V and a scan rate of 0.1 V/s. Finally, the electrodes 
were blown dry using nitrogen. 

2 µL of aptamer solution (100 mol/L) was taken and 
mixed well by adding 4 µL of TCEP solution (5 mmol/L) 
and incubated for 1 hour at room temperature, then the 
aptamer solution was diluted using PBS solution to 
make it 500 nmol/L. The working electrode was 
inserted into the aptamer solution and incubated for 2 
hours at room temperature, followed by rinsing the 
electrode twice with PBS solution. Finally, the working 
electrode was immersed into the MCH solution (2 
mmol/L) and placed in a 4°C refrigerator overnight. 

2.3. Electrochemical Testing 

EIS was tested in solutions containing 0.1 mol/L KCl 
and 5 mmol/L [Fe (CN)6]3-/4- (potential: 0.2 V; frequency 
range: 0.1 Hz–100 kHz). SWV measurements were 
performed in PBS solution and lake water with the 
following parameter settings: scanning voltage range of 
-0.3 V to -0.8 V, potential step of 0.001 V, amplitude of 
0.025 V, scanning frequency of 100 Hz, and sensitivity 
of 1×10-5 A/V. 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical Impedance Spectroscopy of 
Modified Electrodes 

EIS tests were carried out in [Fe (CN)6]3-/4- solution 
to characterise the change in surface charge transfer 
resistance (Rct) of the electrode modification process. 
As shown in Figure 1, the diameter of the semicircle in 
the curve represents the value of the electrode Rct. 
Where the Rct of the bare gold electrode was about 237 
Ω, when the aptamer was modified, the Rct increased 
to about 1342 Ω. Finally, the Rct further increased to 
about 3302 Ω when the MCH closed electrode was 
used. The significant increase in the Rct value of the 
gold electrode surface indicates that the aptamer was 
successfully modified to the electrode surface and that 
MCH successfully closed the remaining active site of 
the gold electrode. 
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Figure 1: Electrochemical impedance spectroscopy of 
electrode modification.  

 

3.2. Detection of DOX in PBS 

We first tested the detection performance of the 
sensor in PBS buffer, as shown in Figure 2, when DOX 

was not present in the PBS buffer, the SWV curve did 
not show any obvious reduction peaks around 0.61V. 
When the concentration of added DOX reached 30 
nmol/L, an obvious reduction peak appeared around 
0.61 V, which was due to the reduction reaction of DOX 
molecules on the electrode surface. And with the 
increase of DOX concentration, the peak current of the 
reduction peak increased significantly, which was due 
to the reduction reaction of more DOX molecules on 
the electrode surface. The aptamer modified on the 
surface of the electrode traps the DOX molecules in 
PBS, which undergo a reduction reaction driven by the 
scanning voltage to obtain electrons, generating a 
Faraday current. Three consecutive measurements of 
1 µM DOX were performed using the prepared sensor 
and the experimental results are shown in Table 1 with 
a relative standard deviation of 7.7%. This detection 
mechanism is similar to the catalytic reaction of an 
enzyme, so we used the Michaelis-Menten equation to 
fit the calibration curve. Change in DOX concentration  
 

 
     a      b 

 
     c      d 
Figure 2: (a) SWVs curve of the DOX sensor in PBS, (b) calibration curve of the DOX sensor in PBS, (c) effect of PH on the 
detection performance of DOX sensors (1µM DOX), (d) effect of temperature on the detection performance of DOX sensors 
(1µM DOX). The error bars indicate the standard deviation of three consecutive measurements. 
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with respect to the peak current is in accordance with 
the Michaelis-Menten equation [35]. 

PC = PCmax
[DOX]

Km + [DOX]
           (1) 

where PC denotes the peak current, PCmax represents 
the maximum value of the peak current, [DOX] is the 
molar concentration of DOX, and Km is the dissociation 
constant. 

The calibration curve of the sensor in PBS was 
obtained by nonlinear fitting of the measured data 
using OriginPro 2021, where PCmax=12.65±3.74 µA, 
Km=8.12±3.35 µmol/L, R2=0.996. 

3.3. Selective Testing of DOX Sensor 

To test the selectivity of the electrochemical 
aptamer sensor, we chose several common antibiotics 
and heavy metals that may be present in lake water. As 
shown in Figure 3ab, when these interfering 
substances were added to the solution, no obvious 
reduction peaks appeared in the SWV curves, whereas 
when 1 µmol/L DOX was added to the solution, the 
reduction peaks of DOX molecules appeared in the 
SWV curves. In addition, we chose the structural 
analogues of DOX, tetracycline (TET) and 
chlortetracycline (CHT), as interfering substances 
during the selectivity test. As shown in Figure 3a, the 
addition of 10 µmol/L of tetracycline and 

chlortetracycline showed no obvious reduction peaks, 
which indicates that the sensor has good anti-
interference ability. The selectivity experiments showed 
that the aptamers endowed the electrochemical sensor 
with excellent selectivity and anti-interference ability. 

3.4. Electrochemical Aptamer Biosensor Detects 
DOX in Lake Water 

Finally, we tested the detection performance of the 
sensor in real lake water samples. The lake water 
sample was not pre-treated and then the sensor was 
immersed into the lake water, followed by adding DOX 
to it and recording the SWV curve after 5 minutes. As 
shown in Figure 4a, when 30 nmol/L DOX was added 
to the lake water sample, the SWV curve showed a 
reduction peak at -0.6 V, and the peak current of the 
reduction peak increased significantly with the increase 
of the concentration of DOX in the lake water sample. 
As shown in Figure 4b, the calibration curve for the 
sensor to detect DOX in real lake water samples was 
obtained by nonlinear fitting using equation 1, where 
PCmax=336.69±44.83 µA, Km=4.21±0.71 µmol/L, 
R2=0.996. The experimental results show that the 
prepared DOX sensor has excellent detection 
performance with a detection limit of 30 nmol/L and a 
detection range of 30 nmol/L–10 µmol/L when working 
in real lake water samples. As shown in Table 2, which 
shows the recently reported DOX sensors, we have 
prepared sensors with low detection limits as well as a 
wide detection range for practical use. 

Table 1: Reproducibility of DOX (1 µmol/L) by the Biosensor 

Test Test 1 Test 2 Test 3 Average RSD (%) 

Current (µA) -2.37  -2.51 -2.15  -2.34  7.7 

 
     a      b 
Figure 3: Selectivity test of DOX sensor. (a) SWV curves after addition of other antibiotics (10 µmol/L) and DOX (1 µmol/L) to 
the solution, (b) SWV curves after addition of heavy metal ions (10 µmol/L) and DOX (1 µmol/L) to the solution. 
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     a      b 
Figure 4: Electrochemical aptamer biosensor detects DOX in lake water. (a) SWV curves of lake water samples after addition of 
different concentrations of DOX, (b) calibration curve of the sensor for DOX detection in lake water samples. 

 

Table 2: Comparison of Analytical Performance for DOX between this Work and other Representative Publications 

Method Material LOD (µM) Detection range 
(µM) 

Real Sample Reference 

EIS Aptamer/MCH/Au 0.028 0.031–0.125 water 33 

Fluorescence Apt-
NaYF4:Yb/Er/Nd@NaYF4:Nd 

0.5 0.5–55 human urine 36 

FRET MUA-CDs 0.66 0.25–19.96 mice serum, human urine 37 

Fluorescence Bimetallic Au/Ag 
nanoclusters 

0.003 2.5–150 human serum 38 

DPV MB@MWCNTs/UiO-66-NH2 0.051 0.1–75 human saliva 39 

SWV rGO/AuNPs/Aptamer 0.1 0.3–6 human serum 40 

SWV Aptamer/MCH/Au 0.03 0.03–10 Lake water This work 

 
4. CONCLUSION 

In this paper, we prepared an electrochemical 
aptamer biosensor with high selectivity for the rapid 
detection of DOX in lake water. The aptamer 
immobilised on the surface of the electrode specifically 
recognises DOX molecule, which undergo a reduction 
reaction on the surface of the gold electrode to 
generate a reduction current. The excellent sensitivity 
and selectivity of the sensor after modifying the gold 
electrode with the aptamer and MCH was attributed to 
the fact that the aptamer could enrich DOX molecules 
on the electrode surface. The actual sample detection 
experiments showed that the detection limit of the 
sensor for DOX in lake water was 30 nmol/L, and the 
detection range was 30 nmol/L–10 µmol/L. This work 
provides a new idea for the construction of 
electrochemical biosensors with high selectivity. 
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