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Abstract
Kanamycin (KAN) is widely used as a growth hormone analog and an antibacterial agent. However, abuse of this substance 
has resulted in the accumulation of excessive residue levels in foods of animal origin, which presents a significant risk to 
human health. A chemiluminescent aptasensor was constructed for the rapid quantitative detection of KAN by combining 
the properties of  Co3O4 nanoparticles  (Co3O4 NPs) nanozyme activity and DNA aptamer with high specificity. The DNA 
aptamer/Co3O4 NPs nanozyme regulated the chemiluminescence signal by exploiting the chemiluminescent properties of 
luminol oxidation by  H2O2. Specific binding of KAN to the aptamer led to the formation of a steric hindrance block in the 
solution, which inhibited the activity of nanozyme and reduced signal intensity. The degree of signal reduction is related to 
the concentration of KAN. Under optimal conditions, there was good linearity between KAN concentration and chemilu-
minescence signal intensity in the range of 0.5–8.0 μΜ, with a detection limit of 0.26 μΜ. The detection system performed 
well in the presence of competing antibiotics and was virtually unaffected. The method was also suitable for the detection of 
KAN in milk samples with sample recoveries of 97.8%–99.1%. The chemiluminescence sensor has the advantages of low 
cost, specificity, and sensitivity, and does not require an external light source or modification of the nucleic acid aptamer 
which makes it a promising candidate for applications in the field of food detection.
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Introduction

Kanamycin (KAN) is an important aminoglycoside antibi-
otic that could be widely used in veterinary medicine for 
the treatment of bacterial infections, it can also be used as 
a growth agent to accelerate the growth of livestock and 
poultry, and is currently widely used in the breeding industry 
of pigs, chickens, cattle and other animals [1, 2]. Excessive 
use of KAN leads to excessive residues of animal-derived 
food, causing serious harm to human health, such as hepa-
totoxicity, ototoxicity, myocardial inhibition, and even life-
threatening [3]. Therefore, the effective determination of 

trace amounts of KAN in animal-derived foods is of great 
significance [4]. To date, several methods have been used 
to analyze KAN in food or biological samples of animal 
origin, for instance, high-performance liquid chromatog-
raphy (HPLC) [5, 6], capillary electrophoresis [7, 8], sur-
face plasmon resonance (SPR) [9, 10] and enzyme-linked 
immunosorbent assay (ELISA) [11, 12]. Traditional detec-
tion methods can accurately quantify KAN but require 
sophisticated equipment, time-consuming procedures, or 
high reagent consumption, which limits their further appli-
cation. Hence, there is still an extraordinary need for rapid, 
economical, and satisfactory methods for detecting KAN 
residues suitable for routine use [13, 14]. Chemilumines-
cence is an analytical method constructed by releasing the 
energy produced in the chemical reaction process through 
photons, it does not require an external light source and has 
been widely used by researchers because of its high sensitiv-
ity, fast response time, low detection limit, and easy to use 
[15]. The traditional chemiluminescence method has a low 
signal and weak luminescence, so an enhancer is needed to 
modulate the signal [16].
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Nanozymes are kind of nanomaterials with enzymatic 
activity, which have been widely used in bioassays due 
to their greater environmental tolerance than natural 
enzymes, and have attracted attention for their ability to 
emulate the chemical functionality of natural enzymes, as 
well as their superior stability and diverse applicability 
[17–19]. With the discovery of the activity of nanomate-
rial enzymes, metal-based nanozymes have been used as 
catalysts to regulate chemiluminescence signals [20–22]. 
For example, a chemiluminescent/photothermal dual-
mode lateral flow immunoassay for gentamicin detection 
based on CoFe PBAs/WS2 nanozyme was reported by Wu 
et al. [23]. Shi et al. [24] proposed a colorimetric sen-
sor for phosphates discrimination and disease identifica-
tion based on  Cu2Cl(OH)3 nanozyme with conspicuous 
laccase and peroxidase-like activities. Shi’s group [25] 
constructed a bimetallic nanozyme, which can synergize 
to regulate the behavior of oxygen intermediates and 
substrate 5-hydroxymethylfurfural adsorption. Although 
nanozymes can replace natural enzymes to perform 
enzyme-like activities, the lack of specific recognition 
elements limits their applications in the field of analysis 
[26].

Aptamer is a stretch of single-stranded DNA or RNA 
that binds specifically to a target molecule, including 
enzymes, antibodies, metal ions and biotoxins [27, 28]. 
Aptamer has been found to be a key factor affecting 
the catalytic activity of nanozymes. The catalytic reac-
tion sites of nanozymes are located on their surfaces, 
and aptamers can be attached to them in various ways. 
Aptamer enables the nanozymes to uniquely recognize 
targets and thus modulate the catalytic activity of the 
nanozymes [29]. Therefore, aptamer-incorporating-
nanozymes can be used to develop various aptamer 
sensors. In recent years, researchers have favored DNA 
aptamer, owing to its low cost, high specificity, stabil-
ity, and wide range of target molecules [30–32]. DNA-
nanozyme-based sensors have been reported to detect 
multiple targets and have greatly accelerated the devel-
opment of nanozyme-based sensors [33].

Based on these considerations, we designed a plat-
form for rapid quantitative detection of KAN. The DNA 
aptamer/Co3O4 NPs nanozyme regulated the chemilu-
minescence signal by oxidizing the chemiluminescence 
properties of luminol with  H2O2. The steric hindrance 
block formed by the specific binding of KAN to the 
aptamer in solution would inhibit the activity of the 
nanozyme and thus decrease the signal intensity. The 
chemiluminescent sensor has the advantages of low cost, 
strong specificity, and high sensitivity, and does not 
require an external light source or modification of the 
nucleic acid aptamer, which has the potential for food 
safety applications.

Experimental section

Materials and reagents

KAN aptamer [5’-TGG GGG TTG AGG CTA AGC CGA-3’] 
was synthesized and HPLC-purified by Sangon Biotech-
nology Co., Ltd. (Shanghai, China). The diluted DNA 
materials and raw DNA materials were stored in a -20 
℃ refrigerator. Cobalt acetate (Co(CH3COO)2-4H2O) 
and ammonium were sourced from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). Luminol used in the 
experiment was purchased from Phygene Life Sciences 
Co., Ltd. (Fujian, China). Acetic acid (HAc), KAN, tetra-
cycline (TET), chlortetracycline (CTC), oxytetracycline 
(OTC), chloramphenicol (CPL), levofloxacin (LVFX), 
and sodium sulfadiazine (SD-Na) were purchased from 
Shanghai Aladdin Reagents Co., Ltd. (Shanghai, China). 
All pure water used in the experiment was purified by a 
Milli-Q ultrapure water instrument (Milli-Q™; Millipore, 
Burlington, MA, USA). A microplate reader with hybrid 
technology (BioTek, Winooski, VT, USA) was used to 
measure the chemiluminescence signal through the trans-
parent 96-microwell plate purchased from Hunan Bkmam 
Biotechnology Co., Ltd. (Changsha, China).

Preparation of  Co3O4 NPs

The required nanozymes were synthesized by hydrother-
mal method. Firstly, 1.0 g cobaltous acetate was added to 
40.0 mL ultrapure water. After that, 2.5 mL of 25% ammo-
nia was added to the beaker, and the solution was stirred 
until a uniform mixture was formed. The mixed solution 
was then transferred to a 50.0 mL reactor, sealed, and 
reacted at 180 °C for 12 h. After the reactor was cooled 
naturally, the black powder was collected and washed 
repeatedly with ultra-pure water to remove impurities. 
Finally, the black aqueous solution was dried at 60 °C for 
4 h, and the obtained products were collected and used as 
nanozymes in subsequent experiments [34].

Feasibility experiments

It is necessary to determine whether an aptamer that binds 
specifically to KAN can modulate the catalytic activity of 
 Co3O4 NPs.  Co3O4 NPs was mixed with 5.0 μM KAN-
apt solution in 2:1 volume to form a  Co3O4 NPs/KAN-apt 
solution. In a transparent 96-microwell plate, wells A, B, 
and C were set up to represent three test systems with a 
total volume of 100.0 μL. Well A was the luminol-H2O2 
system, well B represented the system with the addition 
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of the  Co3O4 NPs/KAN-apt nanozymes based on well A, 
and well C represented the system with the addition of the 
substance to be detected to well B.

Wells A, B, and C contained 10.0 μL 2.0 mM  H2O2, 10.0 
μL 500.0 μM luminol, and 30.0 μL buffer. An additional 
30.0 μL of  Co3O4 NPs/ Kan-apt solution was added to well 
B. Based on well B, an extra 20.0 μL KAN solution was 
added to well C. If the total volume of wells A, B, and C was 
less than 100.0 μL, ultra-pure water was supplemented. The 
chemiluminescence intensity at 300–600 nm was detected by 
microplate reader immediately after each sample addition. 
In addition, multiple parallel groups were set up for different 
systems to avoid test errors.

KAN detection by chemiluminescence

Firstly,  Co3O4 NPs/KAN-apt was prepared in advance 
according to the preparation method described in Sect. “Fea-
sibility experiments”. Subsequently, 20 μL of KAN at differ-
ent concentrations were reacted with  Co3O4 NPs/KAN-apt 
for optimal reaction time at room temperature, and 10 μL of 
the optimal concentration of  H2O2 was added afterwards. 
Finally, 10 μL of the optimal concentration of luminol was 
added quickly, and the transparent 96-microwell plate was 
quickly placed into the microplate reader to record chemi-
luminescence spectroscopy. The results of the experiments 
were obtained from at least three repeated measurements. 
The linear range and lowest detection limit (LOD) of this 
chemiluminescence method for the detection of KAN were 
obtained from the spectrogram, and analyzed in comparison 
with other methods.

Recovery experiment of spiked sample

To validate the possibility of this sensor to detect KAN in 
real samples quantitatively, liquid milk was chosen as the 
spiked sample in the experiment. A simple pretreatment was 
performed on the milk samples: 20% acetic acid was added 
to 10.0 mL of milk samples until the pH of the solution 
reached 4.5, and the solution was centrifuged at 13,200 r/min 
for 15 min to remove the precipitate and obtain the super-
natant, which was stored in a refrigerator at 4 °C [35]. KAN 
was added to the milk samples at concentrations of 1.0 μM, 
2.0 μM, and 5.0 μM respectively. Test the spiked samples 
and calculate the recovery.

Results and discussion

Principle of the sensing assay

The whole process of the sensing scheme was exhibited in 
Scheme 1. In an alkaline environment, luminol was oxidized 
into an excited-state anion by the strong oxidizer  H2O2. 
When it returned to the ground state, energy was released 
in the form of photons, which microplate reader captured. 
Since the original state of KAN-apt was a one-dimensional 
linear ssDNA structure,  Co3O4 NPs could immobilize KAN-
apt on the surface by adsorption to form  Co3O4 NPs/KAN-
apt nanozymes, which catalyzed the generation of strong 
chemiluminescent signals from luminol-H2O2. However, the 
presence of KAN would lead to a reduction in the signal. 
The reason for this phenomenon is that KAN-apt adsorbed 

Scheme.1  Schematic diagram of the chemiluminescence for KAN detection based on  Co3O4 NPs/KAN-apt
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on the surface of  Co3O4 NPs specifically bound with KAN 
in solution and desorbs from the surface of  Co3O4 NPs, 
and the one-dimensional linear structure folds into a three-
dimensional conformation, creating steric hindrance. Then, 
the steric effect led to a decrease in the number of luminol 
molecules and  H2O2 molecules reaching the surface of the 
 Co3O4 NPs/KAN-apt nanozymes, which in turn reduced the 
chemiluminescence signal. The specific binding of KAN to 
the aptamer modulated the peroxidase activity of  Co3O4 
NPs, and the chemiluminescence platform achieved quan-
titative detection through the change in signal, which lays 
a solid foundation for applying  Co3O4 NPs in photometric 
detection.

Characterization of the prepared materials

Transmission electron microscopy (TEM) was used to 
investigate the ultrastructure of the synthesized materials. 

Figure 1A and B indicated that these  Co3O4 NPs were spher-
ical and uniformly distributed, and the average diameter of 
 Co3O4 NPs was estimated to be approximately 0.2 nm. The 
chemical state of elements in  Co3O4 NPs was further verified 
by Energy dispersive spectrometer (EDS) and X-ray photo-
electron spectroscopy (XPS). Figure 1C and D showed that 
only the coexistence of Co and O elements in the samples 
indicating that  Co3O4 NPs with a spinel structure with high 
purity has been successfully prepared.

Feasibility analysis

As shown in Fig. 2A, the luminescence signal of luminol-
H2O2 was very weak or absent in the absence of any catalyst 
(curve a). A strong chemiluminescent signal was present 
in the system of  Co3O4 NPs/KAN-apt nanozymes (curve 
b), indicating that the synthesized  Co3O4 NPs/KAN-apt 
nanozymes could act as signal enhancer by regulating the 

Fig. 1  A TEM of  Co3O4 NPs (scale bar = 200 nm). B TEM of  Co3O4 NPs (scale bar = 10 nm). C EDS of  Co3O4 NPs. D XPS of  Co3O4 NPs
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chemiluminescence signal of the luminol-H2O2 reaction and 
efficiently catalyzing the reaction of luminol-H2O2. The sig-
nal was attenuated because the KAN would specifically bind 
with KAN-apt (curve c). Moreover, the only change in the 
reaction system was the addition of the target KAN, indicat-
ing that the signal change was only related to it. The results 
showed that the chemiluminescence sensor can indirectly 
measure the concentration of KAN through changes in the 
chemiluminescence signal.

Optimization of the experiment conditions

The detection process of KAN by the chemiluminescence 
method was affected by several factors. To optimize the 
detection performance of the sensor, experimental condi-
tions were optimized, including the pH of the buffer, the 
concentration of luminol, and the concentration of  H2O2.

In Fig. 3A, we investigated the effect of the pH of the 
buffer on the response of the KAN aptasensor and uti-
lized buffers of different pH values (11.0, 11.5, 12.0, 12.5, 
and 13.0). The results exhibited that the △CL signal first 
increased and then decreased with the increase in pH, and 

Fig. 2  Feasibility analysis diagram of chemiluminescence sensor. 
a luminol and  H2O2. b  Co3O4 NPs, KAN-apt, luminol and  H2O2. c 
 Co3O4 NPs, KAN-apt, KAN, luminol and  H2O2

Fig. 3  Effect of different conditions on the chemiluminescent aptamer 
sensor. A pH (from left to right, 11.0, 11.5, 12.0, 12.5, 13.0, respec-
tively); B concentration of luminol (from left to right, 1, 10, 20, 30, 

50, 75, 100 μM, respectively); C concentration of  H2O2 (from left to 
right, 1, 10, 50, 100, 200, 300 μM, respectively)
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the signal reached a maximum when the pH of buffer was 
12.0. When the pH of buffer exceeded 12.0, the upward 
trend turned downward. Therefore, the pH of 12.0 was 
chosen for this work.

The concentration of luminol also exerted a significant 
effect on the constructed system, and the effect of the 
concentration of luminol on the determination of KAN 
was investigated. A series of luminol concentrations from 
1.0 µM to 100.0 μM was used as the research object. The 
results are shown in Fig. 3B, the ΔCL increased rapidly 
with increasing concentration from 1.0 µM to 50.0 μM, 
and the upward trend stabilized after 50.0 μM. Conse-
quently, 50.0 μM was used as the optimal concentration 
for the experiment.

To determine the optimal condition, different con-
centrations of  H2O2 were used in the experiments. As 
shown in Fig. 3C, the △CL signal increased significantly 
with increasing concentrations of  H2O2 from 1.0 µM to 
200.0 µM. The signal almost stabilized after 200.0 µM. 
Therefore, 200.0 µM was determined to be the optimal 
concentration of  H2O2 for the next determination.

Performance of the system of KAN determination

In order to evaluate the performance of the constructed 
aptasensor, various concentrations of KAN were measured 
with this method. In ideal circumstances, these changes in 
the chemiluminescence intensity of the aptasensor were 
correlated with the concentration of KAN. A strong linear 
association was seen in Fig. 4 between the changes in CL 
and the logarithm values of KAN concentration in the range 
of 0.5–8.0 μΜ. The regression equation was △CL = 0.8960 
x + 299.9604 with  R2 was 0.9960. The LOD of KAN was 
0.26 μM. According to the results, the aptasensor has high 
sensitivity and low detection limit.

From Table 1, the manufactured aptasensor for the deter-
mination of KAN was compared with the previous studies. 
Compared to some methods for KAN detection, such as fluo-
rescence assay and electrochemical assay, even though they 
have lower LOD and vast detection range, the sensor in this 
work is easy to operate, inexpensive, and has a shorter detec-
tion time. At the same time, the constructed sensor has lower 
LOD and higher stability compared with other rapid detec-
tion methods such as colorimetric assay and SPR. Therefore, 

Fig. 4  A Chemiluminescence signal curves of KAN at different concentrations (0, 0.5, 1.0, 2.0, 3.0, 5.5, 8.0 μΜ) under optimal experimental 
conditions. B Linearity graph for the detection of KAN

Table 1  Comparison of the 
analytical performance of 
different methods for the 
detection of KAN

Technique Limit of detec-
tion (nM)

Linear range (nM) Recovery Reference

Fluorescent assay 54 54.0–9.0 ×  102 96.89%–106.75% [36]
Electrochemical assay 37 1.0 ×  104–1.0 ×  106 98.75%–108.28% [37]
Colorimetric assay 628 1.0 ×  102–1.0 ×  105 99.97%–102.96% [38]
Photothermal assay 410 5.0 ×  102–5.0 ×  104 92.2%–107.0% [39]
Surface plasmon reso-

nance method
280 1.0 ×  103–1.0 ×  105 94.53%–97.85% [40]

Chemiluminescence 260 5 ×  102–8.0 ×  103 97.8%–99.1% This work
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the manufactured aptasensor has the potential to be applied 
in the practical detection of KAN.

Specificity of the aptasensor

In order to evaluate the specificity of chemiluminescent sen-
sors, several common antibiotics, such as TET, CTC, OTC, 
CPL, LVFX, and SD-Na, were selected as interfering fac-
tors to assess the effects on the sensor. Every antibiotic was 
incubated at a concentration of 8.0 ×  10–6 mol/L. As can be 
shown in Fig. 5, the ΔCL increased more after being incu-
bated with KAN solution than the other antibiotics, indi-
cating that the constructed aptasensor that was exhibited 
exceptional selectivity.

Recovery in practical samples

Because the KAN has a tendency to remain in foods of 
animal origin, fresh milk was utilized as the test material 
to assess the practicality and viability of the aptasensor by 
detecting the recovery rate of different concentrations of 
KAN applied to the sample. As shown in Table 2, the addi-
tion of KAN exhibited a standard recovery rate ranging from 
97.8% to 99.1%, with the relative standard deviation (RSD) 
below 5.3%. The results showed that the chemiluminescence 

sensor is an accurate and reliable method for detecting KAN 
in real samples, providing data support for the application 
development of future products.

Conclusions

In this work, we constructed a chemiluminescent aptasensor 
for the detection of KAN by utilizing the activity of  Co3O4 
NPs/KAN-apt nanozyme to regulate the chemiluminescent 
signal of luminol-H2O2, which owns the advantages of good 
sensitivity, high specificity, simplicity, and rapidity. The 
principle was based on the steric hindrance formed by KAN 
and KAN-apt, which decreased the chemiluminescence 
intensity and provided a basis for the determination of KAN. 
Under optimal conditions, the quantitative determination of 
KAN achieved a wide linear range from 0.5 μΜ to 8.0 μΜ 
and an excellent detection limit down to 0.26 μΜ. Meantime, 
the sensor platform is highly specific for the detection of 
KAN and is not interfered with by competitive antibiotics. 
Hence, the proposed aptasensor can potentially be applied 
for KAN determination owing to the above-mentioned mer-
its in food detection. Furthermore, the sensor has the ability 
to detect the corresponding aptamers according to the dif-
ferent targets, hence expanding the range of applications.
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