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ARTICLE INFO ABSTRACT

Keywords: The abuse of antibiotics has caused serious threat to human health, so it is of great significance to develop a
Fluorescence simple and sensitive method for the detection of trace residues of antibiotics in the environment and food.
ZIF-8 onind L Herein, a novel label-free fluorescent biosensing platform based on the fluorescence change of aptamers-capped
Qgﬁzﬁazin'm uce emission zeolitic imidazolate framework-8 (ZIF-8) @ 2,2',2",2"-((ethene-1,1,2,2-tetrayltetrakis (benzene-4,1-diyl)) tet-
4 rakis (oxy)) tetraacetic acid (TPE) through ATP-assisted competitive coordination reaction was designed for such
Aptasensor Y .g p N 8 A
Antibiotic an end. ZIF-8@TPE/Aptamer (Apt) emits strong fluorescence at 425 nm in HEPES buffer due to the aggregation

induced luminescence properties of TPE molecules in confined state. Once kanamycin was added, the confor-
mation of aptamer capped on the surface of ZIF-8@TPE changes because of the specific recognition of kanamycin
with aptamer, leading to the collapse of ZIF-8 and release of TPE, accompanied with a dramatic decrease of
fluorescence intensity. Under the optimal conditions, a good correlation was obtained between the fluorescence
intensity of ZIF-8@TPE/Apt and the concentration of kanamycin ranging from 10 to 108 ng/mL with a detection
limit of 7.3 ng/mL. The satisfactory analytical performance of the assay for kanamycin detection suggests good

prospect for its application in food safety analysis.

1. Introduction

As a broad-spectrum aminoglycoside antibiotic, kanamycin could
effectively inhibit the biological activity of most gram-negative bacteria
(e.g., E. coli, Salmonella, Bacillus pneumoniae, proteus) by disrupting
protein synthesis through mRNA misread (Ben et al., 2019; Ramezani
et al., 2016; Zhou et al., 2020). Because of its excellent antibacterial
activities, it is widely used in clinic, aquaculture, agriculture and so on
(Qu et al., 2016; Zhang et al., 2020; Jiang et al., 2018). However, the
abuse of kanamycin would lead to the enrichment of kanamycin in
ecosystems, and eventually become a threat pose inevitable threats to
human health through the food chain, causing diseases such as ototox-
icity, nephrotoxicity, hepatotoxicity, and neuromuscular block (Kuehn
etal., 2019; Yao et al., 2019; He et al., 2019). To avoid the occurrence of
such medical problems and the emergence of super-resistant bacteria,
China has established maximum residue limits for kanamycin in
ecological environment and animal-origin food (Jiang et al., 2019). It is
hence of great significance to develop a sensitive method for accurate
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detection of kanamycin.

Up to now, various analytical methods based on colorimetry (Hou
etal., 2018; Son et al., 2019), electrochemistry (Cheng et al., 2020; Tian
et al., 2020; Zhou et al., 2019), photoelectrochemistry (Zeng et al.,
2021) enzyme-linked immunosorbent assay (ELISA) (He et al., 2016),
high performance liquid chromatography (Chen et al., 2009), capillary
electrophoresis (Chen et al., 2018), gas chromatography-mass spec-
trometry (Preu et al., 1998), and surface-enhanced Raman scattering
(Jiang et al., 2019) have been proposed for the detection of kanamycin.
Although these assays have their own superiority, they suffer from
drawbacks. For example, the colorimetric approach is limited in sensi-
tivity, whereas the electrochemical methods are inseparable from
tedious electrode modification and accompanied with inferior stability,
which may affect detection accuracy. ELISA requires the involvement of
expensive antibodies. The other techniques are mostly time consuming
as well as require complicated operation and sophisticated equipment.
Hence, it is urgent to develop strategies that are simple and sensitive for
kanamycin detection. As an alternative, fluorescent methods that are
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Scheme 1. Schematic of (a) ZIF-8@TPE synthesis procedure and (b) Schematic
of label-free fluorescent aptasensor for kanamycin detection based on ZIF-
8@TPE/Apt.

simple, stable, and economic have been widely applied in biosensing.
There are two key factors affecting the performance of a fluorescent
biosensor, viz. robust fluorescent material, and reliable recognition
element.

As a new type of fluorescent molecule, aggregation-induce emission
(AIE) fluorochromes have been widely used in optoelectronic devices
(Zeng et al., 2019; Li et al., 2019), as well as chemical sensing (Peng
et al., 2020; Wang et al., 2014) and biological imaging (Ma et al., 2021).
Different from the traditional fluorochromes with aggregation-caused
quenching, AIE fluorochromes show weak fluorescence in the dis-
solved state or random state, but the fluorescence intensity is dramati-
cally increased in the aggregated or confined state (Cai et al., 2017). The
zeolitic imidazolate framework-8 (ZIF-8) with porous structure is an
attractive material for molecule encapsulation (Shi et al., 2020). When
the AIE fluorochromes were encapsulated in ZIF-8, the composite ma-
terial would show intense fluorescence due to the confined state of AIE
fluorochromes by the rigid framework. What’s more, the rigid
metal-organic frameworks could be decomposed by changing the pH of
the solution or introducing competitive ligands, enabling it a promising
fluorochromes carrier (Liang et al., 2015; Gu et al., 2021). As screened
by systematic evolution of ligands by exponential enrichment (SELEX),
aptamers, which are artificial oligonucleotides, could specifically bind
to certain targets with high affinity through their specific
three-dimensional structure (Yan et al., 2016; Gu et al., 2019; Wang
et al., 2019). As promising recognition entities, aptamers possess many
merits, such as precise repetition, high synthesis yield, wide range of
targets, high chemical stability, robust affinity and specificity, and ease
for modification and labeling (Feng et al., 2018; Lan et al., 2017). Hence,
aptamers have attracted much attention in the field of biosensors for the
detection of various targets (Xi et al., 2021; Liu et al., 2020). In addition,
the negatively charged aptamers could be absorbed on the surface of
metal-organic frameworks with r-electron-rich ligands through =n-n
stacking and electrostatic interactions (Wang et al., 2020). Therefore,
aptamers are suitable to act as the recognition capping units for the
encapsulation of fluorochromes in metal-organic frameworks to facili-
tate the control of fluorescence intensity.

Herein, we report the development of a novel aptamers-capped ZIF-
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8@2,2',2",2"-((ethene-1,1,2,2-tetrayltetrakis (benzene-4,1-diyl)) tetra-
kis (oxy)) tetraacetic acid (TPE)-based fluorescent sensing strategy for
ultrasensitive detection of kanamycin using ATP-assisted competitive
coordination reactions (Scheme 1b). The prepared ZIF-8@TPE synthe-
sized by a one-step reaction (Scheme 1a) exhibits intense fluorescence
due to the confined state of the encapsulated TPE. In the presence of
ATP, there is the competitive coordination reaction between ATP and
Zn", accompanied by the collapse of ZIF-8 framework and the release of
TPE, leading to a significant decrease of ZIF-8@TPE fluorescence. When
the negatively charged aptamer cover on the surface of ZIF-8@TPE, the
resulted ZIF-8@TPE/Apt could exist stably in the ATP-containing solu-
tion. With the addition of kanamycin, the aptamers would combine with
kanamycin to form a hairpin structure and detach from ZIF-8@TPE,
causing fluorescence intensity to decrease. On this basis, a cost-
effective and sensitive assay for kanamycin sensing is developed. The
biosensor exhibits satisfactory analytical performance for the detection
of kanamycin, showing bright prospect in the sensing of antibodies.

2. Materials and methods
2.1. Materials and reagents

Zinc acetate dihydrate, 2-methylimidazole, sodium hydroxide, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), kanamycin,
neomyecin, streptomycin, achromycin, and gentamycin were from J&K
Chemical, China, Ltd. Hydrochloric acid was purchased from local
suppliers.  2,2/,2",2"-((ethene-1,1,2,2-tetrayltetrakis  (benzene-4,1-
diyl)) tetrakis (oxy)) tetraacetic acid (TPE) with 1HNMR characteristic
spectra shown in Fig. S1 was a gift from Prof. Dai of Nanjing Normal
University. All reagents were of analytical grade and directly used
without further purification. Ultrapure water from a water purification
system (18.25 MQ cm, UPT-II-10 T, Ulu pure Corporation, China) was
used in all experiments.

2.2. Apparatus

The fluorescence measurements were performed using an RF-5301
PC fluorescence spectrophotometer (Shimadzu, Japan). Ultra-
violet-visible (UV-vis) absorption spectra were recorded using a UV
2600 spectrophotometer (Shimadzu). The transmission electron micro-
scopy (TEM) images were taken on a Tecnai G2 F20 apparatus (FEI,
USA). X-ray diffraction (XRD) patterns were acquired on a Bruker D8
Advance (Germany) diffractometer. The Fourier transform infrared
(FTIR) spectrum was recorded on Thermo Scientific Nicolet 6700 in the
range of 400-4000 cm ™. The Zeta potential data were obtained by a
Particle Size and Zeta Potential Analyzer (Brookhaven Instruments).

Synthesis of ZIF-8 and ZIF-8@TPE. ZIF-8 and ZIF-8@TPE were syn-
thesized according to a reported method but with minor modification
(Wang et al., 2019). In brief, 82 mg of zinc acetate dihydrate and 2 mg of
TPE were added into 20 mL of N, N-dimethylformamide (DMF), and the
mixture was stirred for 15 min. Then, 20 mL of aqueous 2-methylimida-
zole solution was mixed with above mixture, and the resulted solution
was agitated for 6 h. Subsequently, the precipitate was subject to
centrifugation (6000 rpm) for 10 min in DMF, deionized water and
ethanol, separately respectively. For ZIF-8, the preparation procedure
was alike that of ZIF-8@TPE. Finally, the obtained ZIF-8@TPE crystals
were dispersed in HEPES buffer (10 mM, pH 7.4) and stored at 4 °C for
future use (1 mg/mL).

2.3. Fluorescent measurement procedure for kanamycin detection

First, 2 mg of ZIF-8@TPE powder was incubated with 1 mL of HEPES
buffer solution (10 mM, pH 7.4) containing 10 pM aptamers at 4 °C
overnight. Then, 10 pL of kanamycin solution of a designated concen-
tration was added to 65 pL of HEPES buffer solution, and the resulted
mixture was incubated mixture for 3 h at 37 °C. After that, 10 pL of the
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Fig. 1. (A) TEM image of ZIF-8@TPE, (B) XRD patterns of synthesized ZIF-8, ZIF-8@TPE and ZIF-8@TPE/Apt, (C) Zeta potential of TPE, ZIF-8, ZIF-8@TPE and ZIF-
8@TPE/Apt, and (D) UV-vis absorption spectra of sole TPE, pure ZIF-8 and ZIF-8@TPE.

prepared ATP solution was dissolved into the above mixture. After 20
min, the obtained suspension was immediately transferred to a dispos-
able cuvette for the collection of fluorescence emission spectrum in the
400-650 nm range at an excitation wavelength of 350 nm.

2.4. Analysis of kanamycin in real milk samples

The milk samples were purchased from a local supermarket (Huang
Gang, China). First, the milk sample was subjected to centrifugation at
10,000 rpm for 20 min. Then, the upper oil and lower sediment were
discarded. The supernatant was collected and filtered through 0.22 pm
sterile microporous layer to obtain the milk sample. Finally, spike the
kanamycin into above solution and collected the fluorescence data
following the same procedures mentioned earlier.

2.5. Specificity

To investigate the selectivity of the proposed assay, we employed
other antibodies such as streptomycin, neomycin, achromycin and
gentamycin as interfering agents. To a mixture of ZIF-8@TPE/Apt, 10 pL
of the assigned interfering antibody was added and incubated at 37 °C
for 3 h. Then, 10 pL of ATP solution was added, and after reaction of 20
min, fluorescence emission spectrum was collected in the 400-650 nm
range at an excitation wavelength of 350 nm.

3. Results and discussion
3.1. Characterization of ZIF-8@TPE

The morphology and size of the obtained ZIF-8@TPE was charac-
terized by TEM. As exhibited in Fig. 1A, the diameter of the mono-

dispersed ZIF-8@TPE was about 600 nm, which is consistent with the
work of Wang et al., (2019). Then, X-ray diffraction (XRD) patterns were

acquired to evaluate the crystalline structure of ZIF-8, ZIF-8@TPE and
ZIF-8@TPE/Apt (Fig. 1B). All peaks of ZIF-8 in the range of 10°-40°
match well with that of simulated single crystal of ZIF-8, suggesting
successful synthesis of ZIF-8. For ZIF-8@TPE, the XRD pattern is almost
identical to that of pure ZIF-8, implying that the encapsulated TPE
molecules have little effect on the crystallinity of ZIF-8. With the
capping of aptamers on the surface of ZIF-8@TPE via n-n stacking and
electrostatic interactions, the XRD pattern of ZIF-8@TPE/Apt matches
well with that of ZIF-8@TPE, indicating that the oligonucleotide has
little effect on the formation of ZIF-8. Samples of the as-prepared TPE,
ZIF-8 and ZIF-8@TPE were then characterized by FTIR (Fig. S2). The
peaks at 3450 cm ™! and 1705 cm ™! in the spectrum of the TPE can be
assigned to the stretching vibrations of.

The O-H bond and C—=O0 bond, respectively, indicating the presence
of carboxyl groups (Liu et al., 2018). Compared with pure ZIF-8, the
peaks at 1740, 1602, 1507, 1230 and 836 em™! are observed in the
spectrum of ZIF-8@TPE, suggesting successful encapsulation of TPE in
ZIF-8. Moreover, after the embedment of negatively charged TPE in
positively charged ZIF-8, there is change of ZIF-8@TPE zeta potential
from positive to negative, further confirming the successful synthesis of
ZIF-8@TPE. After the introduction of aptamers on the surface of
ZIF-8@TPE, the zeta potential of ZIF-8@TPE becomes more negative
(Fig. 1C), which suggests the formation of ZIF-8@TPE/Apt. Fig. 1D
shows the UV-vis absorption of TPE, ZIF-8 and ZIF-8@TPE. The spec-
trum of TPE shows obvious absorption peaks at 252 nm (B band of
benzene ring) and 320 nm (n—II* electronic transition of C=O0).
Compared with pristine ZIF-8, the characteristic peak of TPE emerges in
the absorption spectrum of ZIF-8@TPE, which further confirms the
successful fabrication of ZIF-8@TPE. Besides, after being decorated with
aptamers, there is redshift of the absorption peak at 252 nm-260 nm,
suggesting the existence of the aptamers (Fig. S3).
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Fig. 3. (A) Fluorescence response of the proposed aptasensor to kanamycin with concentration varied from 0 to 10° ng/mL, (B) Linear calibration curve between
fluorescence change and kanamycin concentration (The error bars show the standard deviation for three independent experiments), and (C) Specificity of the
constructed platform for different antibiotics (kanamycin: 10° ng/mL, other antibiotics: 10* ng/mL).
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collapse. As show in Fig. 2B, the intense fluorescence of ZIF-8@TPE was
effectively quenched after incubation with ATP for 10 min, suggesting
that ATP has stronger coordination with Zn?* than 2-methylimidazole
and could trigger the collapse of ZIF-8@TPE. As displayed in Fig. 2C,
in the presence of ATP, the morphology of ZIF-8@TPE is in a form of
irregular aggregation rather than neat and orderly, indicating the
damage of ZIF-8 and the release of TPE. The random TPE molecules
show weak fluorescence (Fig. 2B, red line). Moreover, we further
investigated the collapse of ZIF-8@TPE and the release of TPE molecules
by UV-vis spectroscopy. As depicted in Fig. S4, the absorption spectra of
the supernatant of ZIF-8@TPE in the presence and absence of ATP were
collected. respectively. The absorption peak of the supernatant of ZIF-
8@TPE at 252 nm and 320 nm is weak (curve c). Upon the addition of
ATP, the absorption peaks at 252 nm and 320 nm dramatically increase
in intensity, validating the decomposition of ZIF-8@TPE and the release
of TPE (curve d). These phenomena confirm the potential of the fabri-
cated ZIF-8@TPE for kanamycin detection based on the fluorescence
technique.

After that, we investigated the feasibility of the fabricated biosensor
for kanamycin detection (Fig. 2D). The synthesized ZIF-8@TPE/Apt
exhibits intense fluorescence emission due to the limited intra-
molecular rotation of TPE in the confined state (curve a). When ATP was
added to the HEPES containing ZIF-8@TPE/Apt, there is no obvious
change of fluorescence intensity, indicating that ZIF-8 remains intact
(curve b). That is, the aptamers hinder the coordination of ATP to zinc
ion due to electrostatic repulsion. Nonetheless, with aptamers being
specifically identified and captured by kanamycin, there is its removal
from ZIF-8@TPE, leaving ZIF-8@TPE at a naked state for ATP coordi-
nation, and the outcome is significant decrease of fluorescence intensity
(curve c). In the absence of ATP, kanamycin alone has negligible influ-
ence on the fluorescence response of ZIF-8@TPE/Apt (curve d). These
phenomena suggest that it is feasible to establish an assay for the
detection of kanamycin based on fluorescence strategy.

3.3. Optimization of experimental conditions

As a competitive ligand, ATP has a great influence on the fluores-
cence of ZIF-8@TPE. With the aid of ATP, more TPE molecules randomly
escaped from ZIF-8 into the HEPES buffer, and the fluorescence was
weakened. When the concentration of ATP was increased from 0 to 100
pM, the fluorescence intensity decreased markedly and plateaued at 100
uM, suggesting a negative relationship between fluorescence intensity
and ATP concentration (Fig. S5). Consequently, a ATP concentration of
100 uM was adopted for further optimization of the fluorescence assay.

The effects of reaction time between ATP with ZIF-8@TPE were also
investigated. In the presence of ATP, the structure of ZIF-8@TPE would
be destroyed, leading to robust ATP coordination with Zn?". As shown in
Fig. S6, the fluorescence intensity decreased rapidly with the increase of
reaction time and plateaued after a reaction time of 10 min. Thus, 10
min was chosen as the optimal time for the coordination reaction.

Furthermore, the incubation time for specific recognition between
aptamers and kanamycin also played a critical role. Under the optimized
conditions, the fluorescence intensity markedly decreased in the
beginning 3 h and then leveled off, indicative of the reach of reaction
equilibrium. Therefore, 3 h was adopted as the optimal incubation time
for the fluorescence assay. (Fig. S7).

3.4. Analytical performance of the fluorescence biosensor

To evaluate the performance of the developed fluorescence assay, the
fluorescence responses of ZIF-8@TPE/Apt were recorded at different
kanamycin concentrations under the optimized conditions (Fig. 3A).
There is gradual decrease of fluorescence intensity with increasing
kanamycin concentration from 0 to 10° ng/mL. The calibration curve
was established by plotting AFL (AFL = FLy—FL; where FL, is the in-
tensity at zero kanamycin concentration and FL is the response at a
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Table 1
Detection of kanamycin in milk samples.

Sample Spink amount (ng/mL) Detected (ng/mL) Recovery (%)
1 0 2.2 /

2 100 86.1 86.1

3 500 543.3 108.7

4 1000 914 91.4

particular kanamycin concentration) versus kanamycin concentration.
The fitted linear regression equation is AFL4gspm = 132.07 x 1gC+30.62
(ng/mL) with a correlation coefficient of 0.984. The detection limit was
estimated to be 7.3 ng/mL at 3¢ criterion, which is comparable to those
of literatures shown in Table S1. The excellent analytical performance
may be attributed to the efficient specific Apt-target reaction and strong
ATP coordination ability with zinc ion.

3.5. Specificity of proposed platform

To investigate the specificity of the developed biosensor, the fluo-
rescence of ZIF-8@TPE/Apt in the presence of analogous antibiotics
including streptomycin, neomycin, achromycin, and gentamycin were
tested under the optimized conditions. As shown in Fig. 3C, only
kanamycin could significantly affect the fluorescence signal of ZIF-
8@TPE/Apt and the others have relatively less effect, demonstrating
the excellent selectivity of the fabricated assay for kanamycin detection.
In other words, the analogous antibiotics fail to recognize the
kanamycin-related aptamers and the ZIF-8@TPE remains intact.

3.6. Real sample analysis

To evaluate the applicability of the proposed assay with a real
sample, HEPES diluted standard milk samples were spiked with various
concentrations of kanamycin and tested at the optimized conditions. As
shown in Table 1, the recovery of the samples ranges from 86.1% to
108.7%. The results indicate that the designed assay is practically
applicable for kanamycin detection.

4. Conclusion

In conclusion, a novel label-free fluorescent aptasensor has been
developed for the detection of kanamycin (Kana) by utilizing ZIF-
8@TPE as fluorophore and aptamer as recognition unit. The fluores-
cence of ZIF-8@TPE could be quenched by ATP via competitive coor-
dination reactions. Taking advantage of the conformational change of
Kana-aptamer capped on ZIF-8@TPE before and after binding with the
target kanamycin, the monitor of kanamycin can be realized with su-
perior sensitivity. This assay has a wide linear range, as well as low
detection limit and good specificity for kanamycin detection. Moreover,
by altering the aptamer sequence, the reported strategy provides a
feasible way for sensitive detection of other antibiotics for analysis of
food samples.
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