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Abstract

Tetracycline (TET) is a broad-spectrum antibiotic commonly used in the treatment of animals. TET residues in food
inevitably threaten human health. High-performance analytical techniques for TET detection are required in food
quality assessment. The objective of this study was to establish a label-free fluorescent biosensor for TET detection
using specific aptamer-templated silver nanoclusters (AgNCs). An aptamer with a high specific binding ability to TET
was used to synthesize a novel DNA-templated AgNCs (DNA-AgNCs). When TET is present, the aptamer’s conforma-
tion switched from an antiparallel G-quadruplex to a hairpin structure, altering the connection between AgNCs and
the aptamer. Following the transformation of AgNCs into large sized silver nanoparticles (AgNPs), a fluorescence
decrease was detected. When used to detect TET in milk, the proposed biosensor displayed high sensitivity and selec-
tivity, with a limit of detection of 11.46 ng/mlL, a linear range of 20 ng/mL—10 g/mL, and good recoveries of 97.7—
114.6% under optimized conditions. These results demonstrate that the proposed biosensor was successfully used to
determine TET quantitatively in food samples, suggesting that our method provides an efficient and novel reference
for detecting antibiotics in food while expanding the application of DNA-AgNCs in related fields.
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Introduction

Tetracycline (TET) is a popular antibiotic in the animal
breeding industry due to its wide antimicrobial activity,
low cost and relatively low toxicity [1]. The abuse of TET
has led to antibiotic residues in various animal-derived
foods, including meat [2], eggs [3], milk [4], and honey
[5]. Accumulating with the food chain, TET inevitably
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threaten human health, resulting in negative health, such
as allergic and toxic reactions, as well as kidney and liver
damage [6]. TET residue limits of 100 pug/kg in milk have
been established by the European Union (EU) and the
Chinese Ministry of Agriculture [7]. Therefore, numer-
ous efforts have been made to control TET in food to
ensure food safety and safeguard consumer health.
High-performance liquid chromatography (HPLC)
[8], capillary electrophoresis (CE) [9] and liquid chro-
matography—tandem mass spectrometry (LC-MS/
MS) [10] have the benefits of high precision and sen-
sitivity. However, these instrumental analysis meth-
ods are time consuming, laborious, and require skilled
operators. Immunoassays provide a simple and eco-
nomical alternative to instrumental methods, includ-
ing gold immunochromatographic assay (GICA) [11],
enzyme-linked immunosorbent assay (ELISA) [12], and
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fluorescent immunoassay (FIA) [13]. However, these
immunoassay methods based on antigen—antibody inter-
actions strongly depend on the quality of antibodies,
which is laborious and batch-to-batch variation. Moreo-
ver, the application of these techniques in detection has
been hampered by the strict detection conditions of anti-
bodies, such as temperature, pH, and ionic strength.

Aptamers are single-stranded oligonucleotides that
are selected from a pool of DNAs or RNAs sequences
through systematic evolution of ligands by exponential
enrichment (SELEX). Taking advantage of high binding
affinity and specificity to target molecules with no restric-
tions on target size, chemical stability and high reproduc-
ibility, as well as wide chemical modification capability,
aptamers could be capable of precise molecular recogni-
tion and can be conjugated with a variety of transduction
technologies to create a wide range of diverse biosensors.
The signal transduction strategies in these biosensors
for the detection of TET mainly include electrochemical
[14], colorimetric [15], and fluorescence [16] methods.
Among these strategies, it is cumbersome and tedious
to prepare electrodes for electrochemical methods, and
sample color may affect colorimetric results. Due to the
merits of easy modification of fluorophores by aptamers
and the advantages of high sensitivity, fast analysis speed,
simple instrumentation, and little damage to samples
for fluorescence methods, aptamer-based fluorescent
biosensors have attracted great attention [17, 18]. Cor-
respondingly, fluorescent materials including organic
dyes [19], quantum dots (QDs) [18], and upconversion
nanoparticles (UCNPs) [15] have risen in popularity as
biosensor materials. However, organic dyes have high
toxicity and poor photostability, UCNPs have low lumi-
nous efficiency, and QDs, which area type of prelabeled
signal source, are time-consuming, laborious, and costly.
Therefore, there is a pressing need to develop non-toxic,
low-cost and effective label-free fluorescent probes to
compensate for these deficiencies.

As novel fluorescent nanomaterials, silver nanoclus-
ters (AgNCs) have attracted tremendous attention,
owing to high stability, biocompatibility, ultrasmall
size, excellent dispersibility, facile synthesis, high quan-
tum yield, excellent photostability and low toxicity [20].
However, AgNCs easily aggregate irreversibly in aque-
ous solution, resulting in an increase in size and loss of
optical properties. Therefore, a variety of ligands have
been utilized to stabilize AgNCs, such as polymers,
proteins, short thiol compounds and DNA. The high
affinity of Ag® toward cytosine (C) and the abundant
tertiary structures of DNA, such as G-quadruplexes
[21] and i-motifs [22] have made DNA a superb tem-
plate for AgNCs synthesis. In addition, the photoemis-
sive wavelength of DNA-templated silver nanoclusters
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(DNA-AgNCs) can be tuned from visible to near-IR
by varying the base sequence and length of the DNA
template. Moreover, overcoming the shortcomings of
fluorescent probes that need modification makes DNA-
AgNCs excellent signal-reporter elements for biosensor
construction.

There have been a few reports of label-free fluores-
cent biosensors based on DNA-AgNCs. For example,
Yan et al. designed a hairpin structure fluorescent probe
tagged at two terminals with DNA-AgNCs and guanine-
rich sequences (GRS) based on the principle that guanine
(G)—rich sequences could significantly boost the fluo-
rescence of AgNCs for the determination of bleomycin
(BLM) [23]. Miao’s group utilized two hairpin structures
of signal probe and capture probe for the ratiometric
detection of miRNA by switching the emission wave-
length of DNA-AgNCs through the regulation of com-
plementary DNA [24]. Jiang et al. designed two DNA
sequences against carcinoembryonic antigen (CEA) and
alpha-fetoprotein (AFP) containing aptamer sequences
joined with two different AgNCs synthesis sequences and
combined a novel fluorescence quenching material, poly-
dopamine nanospheres (PDANSs), to establish a sensing
platform for multiple tumor marker detection [25].

Most biosensors constructed by DNA-AgNCs require
auxiliary DNA to assist signal transduction, and fluores-
cent quenching materials to turn on fluorescence signals,
making sensor assembly relatively complex. Moreover, in
DNA-AgNCs probe, the recognition unit (the aptamer of
analyte) and signal unit (DNA template for AgNCs) are
integrated, which makes part of the DNA template affect
the specific recognition ability of the aptamer, and the
optical properties of AgNCs not be precisely controlled.

The objective of this paper was to utilize a label-free
fluorescent biosensor with specific aptamer-templated
AgNCs to detect TET. We established a unique approach
for the synthesis of AgNCs based on the aptamer
sequence of TET, which is rich in cytosine and capable
of forming a G-quadruplex structure. The fluorescence
emission wavelength of AgNCs (Apt76 - AgNCs) emit-
ted at approximately 625 nm. The basic principle of the
determination of TET is based on a detected reduction
in the fluorescence of AgNCs caused by conformational
change after binding of aptamer to TET accompanied by
the size change of AgNCs. By integrating aptamers with
AgNCs, a label-free fluorescence biosensor is created by
combining the unique recognition properties of aptamers
with the optical properties of AgNCs is assembled, which
greatly simplifies the fabrication process of the sensing
platform and shortens the detection time. In addition,
the label-free sensing platform may also be adapted to
detect additional targets that have aptamers with similar
properties.
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Materials and methods

Chemicals

Sangon Biotech. Co., Ltd. (Shanghai, China) developed
the 76-mer ssDNA aptamers (Apt76) used in this study,
which were purified using high-performance liquid
chromatography (HPLC). Apt76 [26] had the sequence
5-CGT ACG GAA TTC GCT AGC CCC CCG GCA
GGC CAC GGC TTG GGT TGG TCC CAC TGC GCG
TGG ATC CGA GCT CCA CGT G-3'. Tetracycline
(TET), penicillin, ciprofloxacin, chloramphenicol, strep-
tomycin, ofloxacin, kanamycin, silver nitrate (AgNO,)
and sodium borohydride (NaBH,) were purchased from
Sigma—Aldrich (St. Louis, USA). All of the compounds
employed were analytical reagent grade and did not
require additional purification.

Apparatus

The excitation fluorescence spectra were measured with
Spectra Max i3X (Molecular devices, USA) equipped
with a fluorescent module at 25 °C. All fluorescence
emission spectra were collected by scanning from 600 to
750 nm with a resolution of 1 nm at an excitation wave-
length of 570 nm. UV-VIS spectrum was carried out with
a spectrophotometer (UV-2550, Shimadzu, Japan). Cir-
cular dichroism spectra were obtained at 25 °C on a cir-
cular dichroism spectrometer (MOS-500, BioTools, USA)
using a 1 mm optical path-length quartz cell, within the
range of 210-350 nm at 1 nm intervals. Transmission
electron microscopy (JEM-2100 E, JEOL, Japan) operated
at 200 kV was used to measure the particle sizes of the
produced DNA-AgNCs.

Molecular docking study of Apt76 and TET

The molecular docking was simulated with Auto-
Dock Tools to investigate the binding between TET
and aptamer. The M-fold online web service predicted
Apt76’s secondary structure, and TET and Apt76’s 3D
structure data were downloaded from Pubchem and the
3dRNA/DNA Web Server, respectively. The conforma-
tions of TET were scored and ranked based on the the
free energies of binding with Apt76. The docking result
analysis and display were completed by PyMOL software.

Preparation of Apt76-AgNCs

To begin, deionized water and buffer were added to 10 puL
of 100 uM aptamer template of AgNCs, which was then
heated at 95 °C for 10 min before being slowly cooled to
25 °C. Secondly, 2 mM AgNO; solution was included in
the aforementioned solution, followed by 1 min of vig-
orous shaking and 30 min of incubation in the dark at
4 °C. After that, freshly made 3 mM NaBH, solution was
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added to the aforesaid solution, which was then shaken
for 1 min. The combination was left in the dark for 4 h to
generate AgNCs for future research.

Optimization conditions for Apt76-AgNCs preparation
Buffer and the molar concentration of Apt76, Ag™ and
NaBH, significantly impact the fluorescence properties
of Apt76-AgNCs. NH,Ac, PB and sodium citrate with
pH 6.8, 7.2, 7.4, 7.6, or 8.0, were used to prepare DNA-
AgNCs for comparison. Moreover, AgNCs synthesized at
a molar ratio of Apt76:Ag™:NaBH, of 1:8:3, 1:8:9, 1:12:3,
1:12:6, 1:12:12, 1:24:3, 1:24:12, or 1:24:24 were selected to
obtain the optimal ratio by comparing the fluorescence
intensity and fluorescence quenching efficiency.

Fluorescence assay of TET and reaction condition
optimization of the developed biosensor

For TET detection, the Apt76-AgNCs was directly mixed
with buffer of different TET concentrations and allowed
to shake for 1 min. The mixes were incubated for 100 min
at 37 °C and then measured the fluorescence intensity.
Using the Apt76-AgNCs in the absence of TET as a con-
trol, TET concentration was proportional to the reduced
fluorescence emission intensity at 625 nm (F,—F)/F,
where F; and F represent the ensembled solution’s fluo-
rescence emission with and without TET, respectively.
PBS, Tris-HCI, Tris-hydrochloride, and Tris-citric acid
Tris-citrate with a pH of 7.6 were used as reaction buffers
to compare the fluorescence intensity and fluorescence
quenching efficiency. The link between the luminescent
intensity and the incubation time was then determined.
Apt76-AgNCs and TET were mixed and tested every
10 min for 180 min.

Fluorescence detection of TET in raw milk

The pure milk samples were obtained from a nearby
supermarket. To eliminate interfering components from
the milk, the process for pretreatment of milk was car-
ried out in accordance with previous work [27], as fol-
lows. First, 3 mL of ultrapure water was used to dilute
a milk sample (2 mL) spiked with TET. The aforemen-
tioned solution was then vortexed for 1-2 min with 1 mL
of 10% trichloroacetic acid and 1 mL of trichloroacetic
acid. Afterwards, the solution was ultrasonically treated
for 15 min before being centrifuged at 12,000 rpm for
10 min to precipitate proteins and dissolve other organic
debris in the matrix. Following that, the acquired super-
natant was filtered into another centrifuge tube, spun
again at 12,000 rpm for 10 min, pH 7.6 was corrected
with 1 M NaOH, and the final resultant supernatant was
utilized for fluorescence examination.
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The synthesis process of AgNCs
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Scheme 1 The principle of the label-free biosensor based on AgNCs for the detection of TET

Results and discussion

Principle of the label-free biosensor based on AgNCs

The capacity of Apt76 to produce AgNCs underpins
the proven label-free aptamer biosensor. As shown in
Scheme 1, the established aptamer biosensor is using the
ability of Apt76 to manufacture AgNCs, target-induced
Apt76 conformation transition, and optical properties
of AgNCs varied with the Apt76 conformation. The rea-
son why DNA could be used as a template for AgNCs is

that silver ions can combine with the N3 position of the
cytosine bases and the N7 and O6 positions of the gua-
nine bases are also preferred binding sites for silver ions
[28]. Moreover, the DNA conformation is strongly influ-
enced by sequence composition and affects the growth
of AgNCs [29]. The content of G and C bases in Apt76
is as high as 68.4%, which provides a foundation for the
synthesis of AgNCs. In addition, it has been reported that
Apt76 in buffer can form a G-quadruplex structure [30],
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which is a suitable matrix for preventing AgNCs aggre-
gation [21]. In this study, AgNCs synthesized with Apt76
as a template exhibited high fluorescence emission at
625 nm under stimulation at 570 nm. When target mol-
ecules (TET) were present, the shape of the aptamer spe-
cific for TET changed from an antiparallel G-quadruplex
to a hairpin structure. TET is quantified based on the
observed decrease in fluorescence emission at 625 nm
produced by a change in Apt76 conformation upon spe-
cific binding to TET, which is followed by an increase in
the size of the encapsulated AgNCs.

Molecular docking results of Apt76 and TET

Exploring the Apt76 recognition process requires reveal-
ing the exact binding sites of Apt76 with TET. AutoDock
Tools was used to perform a molecular docking investi-
gation of Apt76 and TET. As seen in Fig. 1E, the 50 Apt76
conformations with varying binding energies were simu-
lated and distributed as 33 clusters, and the conformation
signed with red column had the lowest binding energy
and the best potential of functioning as the real confor-
mation. The TET conformation corresponding to the red
column is shown in Fig. 1C. Hydrogen bonding, shape
matching, aromatic ring stacking, electrostatic adsorp-
tion and van der Waals contacts are all used in the iden-
tification of nucleic acid aptamers and target molecules,
with hydrogen bonding being the most essential [31].
The global perspectives depicted in Fig. 1D illustrate that
Apt76 folds to form ‘pocket’ sites to encapsulate TET. As
shown in Fig. 1F, Apt76 resembles a complex s-shaped
structure with the ligand-binding site in the depression
of neck-loop stacking. Main contact occurs at thymine
T11, which forms two hydrogen bonds with the 6f-OH
group of tetracycline. The B-hydroxyketone moiety of
TET is deeply buried in Apt76 and forms three hydrogen
bonds with T10, C51 and A50. In addition, T38 and G3
also formed two hydrogen bonds with TET. The posi-
tions of hydrogen bonding on Apt76 and TET are marked
in Fig. 1A, B, respectively. According to the results of
the foregoing investigation, the quantity of binding free
energy and the number of hydrogen bonds demonstrated
Apt76’s significant binding capacity to TET.

Optimization of Apt76-AgNCs synthesis conditions

The fluorescent property of DNA-AgNC:s is the source of
the biosensor signal, and the highest fluorescence inten-
sity corresponds to the best detection sensitivity, as a
result, various critical variables for the creation of Apt76-
AgNCs must be optimized, including the synthesis buft-
ers with different pH values and Apt76/Ag’/NaBH,
molar ratios. Fluorescence intensity and fluorescence
quenching efficiency were achieved as quality indicators
for AgNCs. First, the synthesis buffer for the synthesis
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of AgNCs was optimized. NH,Ac, PB and sodium cit-
rate, which are commonly used to prepare AgNCs, were
selected as synthesis buffers for comparison. Figure 2A
shows the fluorescence intensity at 625 nm of AgNCs
produced with various buffers under 570 nm excitation
and fluorescence quenching efficiency in the presence
of 10 pg/mL TET. It can be seen from Fig. 2A that under
strong acidic and alkaline environments, it is not con-
ducive to the synthesis of AgNCs. This is because N3 on
cytosine more easily binds to Ag" near neutral pH [32].
Apt76-AgNCs prepared in all three buffers have the high-
est fluorescence emission intensity at pH=6.8, but only
in NH,Ac buffer have the highest fluorescence quenching
efficiency when reacting with TET. This outcome might
be attributable to the fact that Na* in PB and sodium cit-
rate stabilize the G-quadruplex of Apt76 more strongly
than NH4" in NH4Ac, and when reacting with TET,
the stable structure is harder to change. As a result, the
decrease in fluorescence intensity is reduced [33]. Fig-
ure 2B depicts the influence of varied DNA to Agt and
NaBH, ratios on the fluorescence intensity of AgNCs.
With a molar ratio of Apt76:Ag*:NaBH, of 1:12:3, Apt76-
AgNCs showed the maximum fluorescence intensity as
well as the greatest decrease in fluorescence signal when
TET is present. The results indicate that under the same
molar ratio of Apt76 and Ag™, the reducing agent con-
centration is not proportional to the fluorescence signal,
because an excess concentration of reducing agent causes
too much Ag? to be reduced to Ag atoms, which trans-
forms AgNCs into AgPCs without strong emission at
625 nm. Furthermore, a larger molar ratio of Ag™ to DNA
is not preferable [34].

Characterization of Apt76-AgNCs

To investigate the optical characteristics of Apt76-
AgNCs without and with TET of 10 pug/mL, the UV-vis
absorption and fluorescence spectra were studied. There
are two peaks at 450 and 570 nm in both UV-vis absorp-
tion spectra of Apt76-AgNCs alone (Fig. 3A, curve a)
and with 10 pg/mL TET (Fig. 3B, curve a) possess, as
illustrated in Fig. 3. The peaks at 450 and 570 nm corre-
spond to a typical absorption band of Ag nanoparticles
[34] and AgNCs [35], respectively. With 10 pg/mL TET
present, the fluorescence intensity at 625 nm of Apt76-
AgNCs is weaker than Apt76-AgNCs alone, when excited
at 570 nm (Fig. 3A, B, curve b and c), this is due to the
fact that Apt76 folds into a hairpin form in the presence
of TET, changing the size of AgNCs and causing fluores-
cence quenching. The Apt76-AgNCs were characterized
with Transmission electron microscopy (TEM). Apt76-
AgNCs without TET have a rather homogeneous dis-
tribution, as illustrated in Fig. 4, and the particle size is
mostly 3 nm. However, we can see intuitively and plainly
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Fig. 1 A Secondary structure of Apt76. B Chemical structure of TET. C The highest possible conformation of TET. D Molecular docking of TET with

the parent aptamer. E Cluster analysis of the docking results of TET and the parent aptamer. F Hydrogen bonds between Apt76 and TET
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that the presence of TET causes AgNCs aggregation and
size expansion, which explains why fluorescence char-
acteristics of Apt76-AgNCs fluctuate with and without
TET.

Verification of the Apt76 conformation transition

According to our study, the aptamer biosensor responded
sensitively with the transition of AgNCs to AgNPs, and
the conformation transition of Apt76 played a role when
TET was present. To confirm the principle of the biosen-
sor, further verification experiments were carried out.
From the circular dichroism (Fig. 3C), the original Apt76
showed a negative peak at around 260 nm and a positive
peak at approximately 290 nm, validating the proper-
ties of the aptamer’s G-quadruplex structure [36]. After
the synthesis of AgNCs based on Apt76, the peak value
did not shift, but the CD signal reduced, which might
be attributable to the existence of Ag™ and Ag atoms
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affecting Apt76 stability to a certain extent [37]. After
reacting with TET, the negative peak of the CD spectrum
of DNA-AgNC:s shifted to approximately 245 nm, and the
positive peak moved to approximately 280 nm, that is a
typical CD spectrum feature of B- type DNA [38], mark-
ing the transition from the G-quadruplex to the hairpin
structure transition [19].

Optimization of the experimental conditions

of the developed biosensor

The ability of Apt76-AgNCs to capture TET is also a key
factor in determining the sensitivity of the designed bio-
sensor. The decaying fluorescence signals can be detected
more sensitively by assuring background fluorescence
and boosting the reaction efficiency of Apt76 and TET as
much as feasible. Therefore, it is necessary to optimize the
reaction buffer. Figure 5A shows the fluorescence values

(F,-F)/F,

0 20 40 60 80 100 120 140 160 180 200
Reaction time(min)

0841 D
0.7
0.6
0.54
0.4+

F,-F)/F,

~ 0.3
0.2
0.1

0.0-

3" N B\

(i?’ \c,\\\ .gbo
?@‘\C\Q@&\O ,Ag(\Q\\

Antibiotic

Fig. 5 A Impact of buffer on the fluorescence intensity of Apt76-AgNCs and fluorescence quenching efficiency with TET. B Impact of the reaction
time on the fluorescence quenching efficiency without TET. C Detection of TET using the developed biosensor. Fluorescence spectra with varied
TET doses, as well as the biosensor’s response and analytical curves. D Selectivity of the sensor toward TET against other antibiotics (10 ug/mL).
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of Apt76-AgNCs with and without TET and the fluores-
cence quenching efficiency of TET for different reaction
buffers. It was reported that the optimal pH for the reac-
tion between Apt76 and tetracycline was 7.6, so the pH
of the buffers to be used was controlled at 7.6 [26]. The
Tris-citrate buffer was prepared in strict accordance with
the ion concentration of Apt76 screening buffer reported
(5 mM K*,1 mM Ca®",100 mM Na*,0.2 mM Mg>*+,20
mM Tris), which not only guaranteed the fluorescence
intensity of AgNCs but also ensured the binding ability
of Apt76 to TET [26]. The buffer containing CI" (PBS,
Tris-HCl and Tris-hydrochloride) was found to have very
low fluorescence emission because CI could form AgCl
with Ag*, which indirectly quenched the fluorescence of
AgNCs. In the buffer solution without metal ions (Tris-
citric acid), although it still possessed a high fluorescence
emission, it did not have a good fluorescence quenching
efficiency, which indicated that Apt76 needed metal ions
to maintain the pocket shape for capturing TET [39].
In PB buffer, the fluorescence quenching efficiency was
lower than that of Tris-citrate, possibly due to the lack of
divalent metal cations. The link between the signal and
reaction time was studied by adding just Apt76-AgNCs
and TET to the optimal buffer to identify the right time
to develop this biosensor. To eliminate interference pro-
duced by taking constant measurements in a brief inter-
val, the solution was examined every 10 min. During the
first hundred minutes, the fluorescence intensity rapidly
rose, as seen in Fig. 5B, and then leveled off. As a result,
the reaction duration in this study was set at 100 min.
Under the optimal conditions, the Apt76-AgNCs were
prepared, and the fluorescence spectra with different
concentrations of TET in buffer were measured. As seen
in Fig. 5C, the absorption peaks at 625 nm diminished
as the TET concentration rose. As a result, in the con-
centration range of 20 ng/mL—10 pg/mL was shown to
have a strong linear connection with the signal intensity
(R*=0.9977). The value of LOD was 11.46 ng/mL and

Table 1 Comparison of aptasensors for TET detection
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equated to a concentration three standard deviations
above the blank. Furthermore, the suggested approach
is equivalent to those of the published biosensors for
TET in Table 1, due to its low LOD, easy operation, and
quick detection time, as well as the absence of chemical
labeling.

Sensitivity and selectivity of TET detection

Specificity is an essential assessment parameter for bio-
sensor sensing performance. Several antibiotics, includ-
ing penicillin, ciprofloxacin, chloramphenicol (CAP),
streptomycin, ofloxacin and aminoglycosides (KANA),
were tested under optimal conditions with 10 pg/mL.
Only TET may produce considerable variation in the
biosensor signal, as seen in Fig. 5D, and the related fluo-
rescence quenching efficiency is near to 75%. Other anti-
biotics, on the other hand, cannot induce a considerable
decline in biosensor signal. These findings show that the
suggested fluorescent approach has acceptable specificity
for TET. The remarkable selectivity is due to the Apt76’s
unusual three-dimensional structure, which generates
high affinity interactions with TET and can distinguish
the TET and other antibiotics based on minor structural
differences.

Analysis of TET in raw milk with the developed biosensor

The proposed sensor was used to test TET in milk to
evaluate the dependability and applicability of the AgNCs
biosensor in real samples. The milk was pretreated in
accordance with the technique outlined in previous
description. TET (20, 50, 100, 200, and 500 ng/mL) was
added to the final supernatant and then the biosensor was
used to evaluate the spiked samples. As shown in Table 2,
the result indicates that the recoveries of the spiked sam-
ples varied from 97.7 to 114.6%, and the relative standard
deviations (RSDs) are in the range of 2.8—8.5%. To further
validate the accuracy of the proposed method, the TET
content of the same samples was measured by HPLC

Methods Linear range (ng/mL) LOD (ng/mL) Transducer type Time needed References
Fluorescent aptasensor based on SYBR Green | 5000-25,000 100 Fluorescence 20 min [5]
Colorimetric aptasensor based on AuNPs 0.675-22.5 0.5985 Colorimetry 3h55min [40]
Aptasensor based on liquid crystal 0.0011-1.125 0.0011 Imaging >11h [41]
Fluorescent aptasensor based on thiazole orange ~ 50-100000 29 Fluorescence 20 min [42]
Instrument-free visual aptasensor based on caged ~ 0.0023-225 0.00045 Colorimetry - [43]
G-quadruplex and DNAzyme

Fluorescent aptasensor based on graphene quan- ~ 50-100 45 Fluorescent 8h [16]

tum dots and palladium nanoparticles

SPR aptasensor based on oriented aptamer 0.01-1000 0.0978 SPR signal 1h [44]
Fluorescent aptasensor based on Apt76-AgNCs 20-10,000 11.46 Fluorescence 100 min This work
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Table 2 Recoveries of TET from milk samples (n=15)
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The proposed method HPLC method

Sample Added (ng/mL) Found (ng/mL) RSD (%) Recovery (%) Found (ng/mL) Recovery (%)
1 0 1.15 0.9 - - -

2 20 19.5 85 97.7 211 105.3

3 50 52.7 6.5 1053 49.2 984

4 100 114.6 45 114.6 108.0 108.0

5 200 2233 29 111.6 208.8 104.4

6 500 493.7 2.8 98.8 490.8 98.2

method. The results obtained by the two methods are
consistent in Table 2. As a result, the suggested biosensor
offers a wide range of applications in milk detection, with
excellent precision and accuracy.

Conclusion

We have created a simple, rapid and label-free fluores-
cent biosensor for TET detection. A novel AgNCs syn-
thesize by Apt76 as both molecular recognition elements
and signal transduction elements exhibits highly specific
binding ability with TET and shows high fluorescence
emission near 625 nm. The established biosensor is based
on the fluorescence reduction caused by conformation
changes in Apt76-AgNCs due to their effective interac-
tion with TET. The fluorescence signal response is in a
strong linear connection with the concentration of TET
from 20 ng/mL to 10 pg/mL. Moreover, the biosensor
exhibits excellent applicability in assessing TET in prac-
tical analysis, with recoveries of 97.7-114.6% and high
specificity for TET detection. The perfect combination of
aptamers and AgNCs effectively integrates the molecular
recognition part and signal response part of the sensor
without the need for chemical modification, which sim-
plifies the fabrication process of the sensor, reduces the
cost and enables high-throughput detection. It can be
extended to other aptamers with specific binding abil-
ity to small molecules as templates for AgNCs synthesis
to build faster label-free sensors. In addition, the emis-
sive wavelength of DNA-AgNCs can be changed across a
large range by using different aptamer sequences, which
makes it possible to detect multiple substances simulta-
neously. It is expected that this novel strategy will provide
new ideas for other small molecules to screen new spe-
cific binding aptamers in the future. This novel strategy is
likely to inspire additional small molecules to screen for
new specialized binding aptamers in the future.
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