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Abstract

Rapid, accurate, sensitive, and real-time detection of streptomycin (STR) residues in dairy products is very important. In this work,
for the first time, the gold nanoflower/polyethyleneimine-functionalized metal organic framework (AuNF-PEI-MIL-101(Cr))
nanocomposites were synthesized via hydrothermal method and characterized using various techniques (SEM, TEM, XRD, FT-IR,
and XPS). Then, a novel electrochemical aptasensor was constructed for the detection of STR based on AuNF-PEI-MIL-101(Cr)
nanocomposites. The gold electrode (GE) modified with AuNF-PEI-MIL-101(Cr) can immobilize a large number of thiolated STR
aptamer via the Au—S bond. When the target STR was in the presence, the current signal was reduced due to the specific binding
of STR towards the aptamer. The results indicated that the aptasensor had a wide linear range towards STR (0.01-400 nM) with a
low detection limit of 0.003 nM under the optimal conditions. Moreover, the aptasensor exhibited good selectivity, reproducibil-
ity, and stability. In addition, the STR in the cow, sheep, and goat milk samples was detected by the spiked recovery method, and

satisfactory results were obtained. The method provides an efficient pathway for the sensitive detection of STR.
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nanoflower

Introduction

With the improvement of living standards, there is a gradual
increase in consumer demand for milk and other dairy prod-
ucts. In order to reduce the economic losses of the breeder
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and ensure milk production volume, streptomycin (STR),
an aminoglycoside antibiotic, is often added to animal feed
to prevent and treat mastitis, a disease caused by gram-
negative bacteria and Mycobacterium tuberculosis (Zhang
et al. 2018a, b). However, the excessive use and abuse of
streptomycin leads to antibiotic residues in milk that cause
serious side effects on consumers, such as ototoxicity and
nephrotoxicity (Meng et al. 2020). Thus, to effectively moni-
tor streptomycin residues and protect human health, regula-
tory authorities have established maximum residue limits
(MRLs) for streptomycin in food. The European Union has
regulated the maximum residue limit for streptomycin in
milk at 200 pg kg~!, and similar regulations have been pre-
sented in other countries (European Commission. 2010).
Thus, the detection of streptomycin in milk and dairy prod-
ucts has vital significance.

Currently, high-performance liquid chromatography
(HPLC) (Chen et al. 2012), liquid chromatography-mass
spectrometry (LC-MS) (Kaufmann et al. 2012; Vanbrui-
jnsvoort et al. 2004), and enzyme-linked immunosorbent
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assay (ELISA) (Ho et al. 2013) are the most commonly used
methods for the detection of streptomycin. Despite having
low detection limits and high accuracy and precision, these
methods still suffer from many limitations, such as being
complex, time-consuming, labor-intensive, and instrument-
expensive. Therefore, the design of a fast, sensitive, and
economic method for the detection of STR has become a
research hotspot. Electrochemical aptasensors are a type
of small analytical device in which an aptamer serves as
a recognition element and exhibit great promise in detect-
ing STR because of their low cost, rapid response, and high
sensitivity.

To improve the analytical performance of electrochemical
aptasensors, electrodes are usually modified with suitable
nanomaterials. At present, various kinds of nanomaterials
have been applied to construct electrochemical aptasensors,
such as carbon nanotubes (CNTs) (Thakur et al. 2017), gra-
phene oxide (GO) (Gzde and Pekyardmc 2020), carbon dots
(CDs) (Huang et al. 2022), metal nanoparticles (NPs) (Vil-
lalonga et al. 2022), covalent organic frameworks (COFs)
(Zhu et al. 2021), and metal-organic frameworks (MOFs)
(Duan et al. 2019). Among these, MOFs are novel porous
materials composed of metal ions and organic ligands
through coordination bonds (Mehmandoust et al. 2023).
Owing to their high surface area, large porosities, and tun-
able framework, MOFs have been applied in various fields,
including gas storage and separation (Hai and Wang 2022),
catalysis (Cheng et al. 2018), drug delivery (Suresh and
Matzger 2019), adsorption (Yuan et al. 2021), and sensing
(Mehmandoust et al. 2022). However, because of the poor
electrical conductivity and stability, the applications of many
traditional MOFs are greatly limited. To enhance the electri-
cal conductivity without destroying the pristine structure,
they could be modified with functional groups such as -NH,
and —OH, which improved the stability and electron transfer
ability of MOFs while also supplying more binding sites
for the recognition of biomolecules like antibodies, DNA,
and aptamers. Polyethylene (PEI) is a water-soluble polymer
with a high density of amine groups that has been widely
used for biological applications and has strong adsorp-
tion for heavy metal ions via chelation (Zhao et al. 2016).
Inspired by this, PEI-functionalized MOF (PEI-MOF) nano-
composite was designed and prepared. Compared with pure
MOFs, PEI-functionalized MOFs (PEI-MOFs) have good
dispersibility and electroconductivity (Chen et al. 2019; He
and Wang 2021.) Another an effective and feasible strategy
for improving the electrochemical properties of MOFs is to
combine them with conductive and stable materials (such
as carbon-based materials, metal nanoparticles, and noble
metal) to form composites. For example, Lu et al. designed
graphene aerogel/metal-organic framework (GA/UiO-
66-NH,) nanocomposites via a facile hydrothermal method
and applied them for the detection of multiple heavy-metals.
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The large specific surface area and hierarchical porous struc-
ture of the GA/UiO-66-NH, composites were beneficial for
electron transfer (Lu et al. 2018). Biswas et al. successfully
synthesized Zr-trimesic acid MOF/carbon nanotube (MOF-
808/CNT) nanocomposites through an in situ formation of
MOF-808 on the activated CNT and used them as a sensing
platform to fabricate a label-free electrochemical immu-
nosensor for detection of the ovarian cancer biomarker, car-
bohydrate antigen 125 (CA 125) (Biswas et al. 2021). Wang
et al. prepared AuNPs/metal-metalloporphyrin frameworks
(AuNPs/MMPF-6(Fe)) nanocomposites using the princi-
ple of electrostatic adsorption. Due to the strong synergis-
tic catalysis effects, enlarged active surface area, and high
conductivity, the AuNPs/MMPF-6(Fe) composite could
ultra-sensitively detect hydroxylamine (Wang et al. 2016).
Considering the large specific surface area, high surface
free energy, and good conductivity and biocompatibility of
flower-like gold nanoparticles (AuNF), the combination of
PEI-MOFs and AuNF not only improved the electron trans-
fer ability of MOFs, but also provided more catalytic sites.
Besides, AuNF adsorbing on the surface or surface pores of
MOF can prevent the aggregation of AuNF because of the
support effect or restriction effect (Sun et al. 2022). There-
fore, combining AuNF with PEI-MOFs is expected to be an
excellent electrode-modified material.

In this work, the AuNF-PEI-MIL-101(Cr) nanocompos-
ites were synthesized via hydrothermal method, and their
morphology, structure, size, and composition were char-
acterized by SEM, TEM, XRD, FT-IR, and XPS analysis
techniques. Then, a simple and sensitive electrochemical
aptasensor based on AuNF-PEI-MIL-101(Cr) nanocom-
posite was fabricated for the determination of STR. The
bare gold electrode (GE) was modified with AuNF-PEI-
MIL-101(Cr) by weak covalent bonding and electrostatic
interactions. The aptamer of STR was immobilized onto
AuNF-PEI-MIL-101(Cr) via Au-S bond and electrostatic
interactions. The specific binding of STR to its aptamer
results in the conformational change of aptamer strands
and the decrease of current signal in the presence of the
target STR. The larger the STR concentrations, the weaker
the current signal. The designed electrochemical aptasensor
is a promising platform for the detection of STR in dairy
products.

Materials and Methods
Materials

The thiolated STR aptamer was synthesized by Shanghai
Biotechnology Co., Ltd., and the oligonucleotide sequences
are as follows: 5'-HS-(CH,)4,-TAG GGA ATT CGT CGA
CGG ATC CGG GGT CTG GTG TTCTGC TTT GTT CTG
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TCG GGT CGT CTG CAG GTC GAC GCA TGC GCC
G-3'. The dissociation constant (K,) of the STR aptamer is
199.1 nM (Zhou et al. 2013).

Streptomycin was purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). Cr(NO;);-9H,0
(99.0%), N, N-dimethylformamide (DMF, 99.5%), tere-
phthalic acid hydrofluoric acid (HF, 40%), polyethyl-
eneimine (PEI, Branched, and M.W. 70,000, 50% W/V
aqueous solution), potassium hexacyanoferrate (II) tri-
hydrate (K,[Fe(CN)4]-3H,0, 99.0%), potassium hexacy-
anoferrate (III) (K;[Fe(CN)gl, 99.0%), chloride trihydrate
(HAuCl,-3H,0, >99.9%), trisodium citrate, and hydroqui-
none were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). STR ELISA kits were purchased from
Shanghai Enzyme-linked Biotechnology Co., Itd (Shanghai,
China). The water used in all experiments was ultrapure
water, which was purified by a Milli-Q Water System (> 18
MQ).

Apparatus

The nanomaterials were characterized by the scanning elec-
tron microscope (SEM, SU8220, Hitachi, Japan), transmis-
sion electron microscope (TEM, JEOL JEM-2800, Japan),
X-ray powder diffraction (XRD, Smart Lab (9), Rigaku
Corporation, Japan), Fourier transform infrared spectrum
(FT-IR, Tensor27, Bruker, Germany), and X-ray photoelec-
tron spectroscopy (XPS, ESCALAB Xi+, Thermo Fisher
Scientific, USA).

Electrochemical measurements were carried out with a
CHI 660E electrochemical workstation (CH Instruments,
Shanghai, China). A three-electrode system was composed
of a gold electrode (GE) as the working electrode, Ag/AgCl
as the reference electrode, and platinum wire as the counter
electrode. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used to characterize
the aptasensor fabrication process in 5 mM [Fe(CN)63_/4_]
solution containing 0.1 M KCI. CV curves were recorded
from —0.2 V to 0.6 V at a scan rate of 0.05 V s~!. EIS dates
were performed in the frequency range of 10 kHz to 0.1 Hz
with a signal amplitude of 10 mV. Differential pulse voltam-
metry (DPV) was measured in 0.1 M PBS containing 5 mM
[Fe(CN)63_/4_] and 0.1 M KCI with a potential range from
—0.2V 10 0.6 V at 50 mV pulse amplitude, 0.05 pulse width
and 0.5-s pulse period.

Synthesis of AuNF

AuNF was prepared according to the seed-mediated growth
method (Zhou et al. 2017). Firstly, colloidal gold seed solu-
tions were synthesized through classical hydrothermal
reduction with citrate. Briefly, 100 mL of 0.01% HAuCl,
were brought to a boil with vigorous stirring. Subsequently,

3 mL of 1% (w/v) trisodium citrate was added rapidly to the
solution. When the color changed from pale yellow to wine
red, the mixture was heated for another 15 min. The obtained
colloidal gold seed solutions were cooled to room tempera-
ture for subsequent use. Then, 2.7 mL of colloidal gold seed
solutions, 1.2 mL of 1% (w/v) HAuCl,, and 2.7 mL of 1%
(w/v) trisodium citrate were added to 100 mL of ultrapure
water (50°C). After 15 s, 24.0 mL of 30 mM hydroquinone
was rapidly added into this mixture and stirred for 30 min
at room temperature. The resulting AuNF was stored at 4°C
for further use.

Synthesis of AuNF-PEI-MIL-101(Cr)

MIL-101(Cr) was prepared according to the method
described in the literature (Yao et al. 2021). Firstly, 2.4 g 1.0
Cr(NO;);-9H,0, 996 mg TPA, and 1.2 mL HF (6.0 mmol)
were added to 30 mL ultrapure water and stirred for 30 min.
Then, the mixture solution was transferred to a 100-mL
Teflon-lined stainless steel autoclave and heated at 220 C
for 12 h. After cooling down to room temperature, the mix-
ture was centrifuged for 15 min at 10,000 rpm, followed by
washed three times with DMF (N, N-dimethylformamide)
and anhydrous ethanol. Finally, the solid was vacuum dried
at 40 °C. The obtained MIL-101(Cr) was stored in a desic-
cator for future use.

The PEI-MIL-101(Cr) nanomaterials were synthesized
according to the previous report (Yao et al. 2021). In brief,
5 mL of PEI (1 wt %) was mixed with 10 mL of MIL-
101(Cr) solution (1 mg mL™") with mild stirring for over
12 h. After centrifugation, the green product was washed
with deionized water several times, and the resultant product
was re-dispersed in 5 mL of ultrapure water. Next, 2 mL of
PEI-MIL-101(Cr) was added to the 20 mL of AuNF, and the
mixture was stirred at room temperature for 12 h. Finally,
the obtained AuNF-PEI-MIL-101(Cr) was washed with
ultrapure water and then dried at 65 “C for 24 h.

Construction of the Aptasensor

The bare gold electrode (GE) was first pretreated in freshly
prepared piranha solution (the volume ratio of 98% H,SO,
to 30% H,0, equals 7:3) for 5 min, and polished carefully
with 0.05 um Al,O; powder, and then ultrasonically cleaned
with deionized water for 5 min. Subsequently, GE was elec-
trochemically cleaned in a 0.5 M H,SO, solution for 10 min
by CV scanning (—0.2 V-0.6 V) until a stable CV curve was
achieved and rinsed out thoroughly with ultrapure water.
Afterwards, 10 pL of AuNF-PEI-MIL-101(Cr) nanocompos-
ites were dripped on the GE surface. After drying at room
temperature and washing with ultrapure water, 10 pL of thi-
olated aptamer solution (2 uM) was dripped to the surface
of AuNF-PEI-MIL-101(Cr)/GE via Au-S bond. Then the
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Scheme 1 Schematic of the fabrication of the electrochemical aptasensor

aptamer/AuNF-PEI-MIL-101(Cr)/GE was incubated with dif-
ferent concentrations of STR for 2 h at room temperature. The
electrochemical signals of the STR/aptamer/ AuNF-PEI-MIL-
101(Cr)/GE were measured using DPV. For each step, the
modified electrodes were gently rinsed with ultrapure water.
The detailed fabrication procedure is shown in Scheme 1.

Samples Preparation

The cow milk was purchased from Vanguard supermar-
ket (Shaanxi, China). The sheep milk and goat milk were
obtained from Gansu Yuansheng Agriculture and Animal
Husbandry Technology Co., Ltd. (Gansu, China), and
Xi’an Baiyue Goat Milk Group Co., Ltd. (Shaanxi, China),
respectively. They were treated according to the literature
reported by our group previously (Hui et al. 2022). Firstly,
25 mL of milk samples were placed in a water bath (65 °C)
for 30 min, followed by centrifugation at 20,000 rpm for
30 min. Three distinct phases were present in the centrifuge
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tube. The upper fat layer was discarded, and the middle
aqueous phase was carefully recovered. Then, the recov-
ered liquid was filtrated with a sterile Millipore membrane
(0.22 um). Finally, the 0.2 mL of the filtered supernatant
was diluted 10 folds with Tris buffer solution and spiked
with different concentrations of STR for spiked recovery
experiments. Furthermore, the ELISA method was per-
formed to verify the developed aptasensor according to
the Chinese National Standard (GB/T 21,330-2007).

Results and Discussion

Principles of STR Detection by the Aptamer/
AuNF-PEI-MIL-101(Cr)/GE

The working principle of the label-free electrochemi-
cal aptasensor is illustrated in Scheme 1. The bare GE
surface was first modified by AuNF-PEI-MIL-101(Cr)
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nanomaterials. Then, the aptamer was self-assembled on
the AuNF-PEI-MIL-101(Cr)/GE via electrostatic adsorp-
tion and Au-S bond. Upon introducing the STR, specific
binding was performed based on the high recognition abil-
ity between the aptamer and the STR. At the same time, the
combination of STR and aptamer created steric hindrance,
making it difficult for [Fe(CN)63_/4_] anions to reach the
sensing interface, and thereby reducing current signals. As
a result, the concentration of target STR can be determined
based on the change in current signal caused by the specific
recognition and binding via DPV measurements.

Morphology, Structure, Composition, and Size
of Nanomaterials

SEM and TEM are used to investigate the surface mor-
phology, microstructure, and size of these nanomateri-
als. As shown in Fig. 1A and B, the MIL-101(Cr) has a
relatively smooth surface and an octahedral morphology
with a size of about 500—600 nm. After MIL-101(Cr)
functionalization with PEI (Fig. 1C, D), PEI-MIL-
101(Cr) did not undergo any significant size or mor-
phology change. Figure 1E shows the TEM image of
the AuNF, which exhibits a flower-like structure with
a uniform particle size and a diameter of about 50 nm.

Fig.1 A SEM and B TEM
images of MIL-101(Cr); C
SEM and D TEM images of
PEI-MIL-101(Cr); E TEM
images of AuNF; F SEM and

G TEM images of AuNF-PEI-
MIL-101(Cr); H-J HAADF-
STEM element mapping images
of AuNF-PEI-MIL-101(Cr)

SU8220 5.0kV9.5mm x45.0k SE(U)

0.3 pm

Figure 1F and G depict the TEM and SEM of AuNF-
PEI-MIL-101(Cr). It can be observed that AuNF was
successfully loaded on the surface of PEI-MIL-101(Cr).
In addition, the elemental composition of the AuNF-PEI-
MIL-101(Cr) nanocomposites was further investigated
by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). As shown in
Fig. 1H and J, the Au element is located on the outside
of the Cr element, indicating the successful synthesis of
the AuNF-PEI/MIL-101(Cr) nanohybrid.

Powder X-ray diffraction (XRD) is employed to charac-
terize the crystalline structure of nanomaterials. The XRD
patterns of MIL-101(Cr), PEI-MIL-101(Cr), and AuNF-
PEI-MIL-101(Cr) are shown in Fig. 2A. MIL-101(Cr)
showed diffraction peaks at 20° of 5.56°, 8.98°, 16.42°,
and 24.72° (black line), which were consistent with pre-
vious literature (Pourreza et al. 2019). After being func-
tionalized by PEI (red line), PEI-MIL-101(Cr) exhibited
similar diffraction peaks to MIL-101(Cr), indicating the
crystal structure has not changed. While the intensity of
diffraction peaks were reduced. This was attributed to the
filling of MIL-101(Cr) pores by PEI, which decorated the
pore properties, such as pore size and polarity (Xin et al.
2015). In addition, the AuNF-PEI-MIL-101(Cr) not only
showed all the diffraction peaks of the PEI-MIL-101(Cr),
but also four additional diffraction peaks at 38.06, 44.18,

0.3 pm

— 0.3 pm

@ Springer



682 Food Analytical Methods (2023) 16:677-688
Fig.2 A XRD patterns of MIL- (110)
101(Cr), PELI-MIL-101(Cr), and A 200 R | B
AuNF-PEI-MIL-101(Cr); B L 290 @20) @iy S [r10l480|
FT-IR spectra of MIL-101(Cr), = o |11 140537 AuNF-PEI-MIL-101(Cr)
PEI-MIL-101(Cr), and AuNE/ é AuNF-PEI-MIL-101(Cr) g ! ! 3412.90
PEI-MIL-101(Cr); C XPS spec- £ g '
tra of AuNF/PEI-MIL-101(Cr); 2 PEI-MIL-101(Cr)| 'S :74:8.24 " 6'1 5.00 PEI-MIL-101(Cr)
High-resolution XPS spectra of S 2 | | b
Cr2p (D), Audf (E), and Cls = g |l
(F) in AuNF/PEI-MIL-101(Cr) = Y
MIL-101(Cr) s b :\ 1671.49 MIL-101(Cr)
5 20 40 60 80 1000 2000 3000 4000
2-Theta(degree) Wavenumber / cm™
Cr 2p ACr2p;, D
5 r Cr2p,,
< <
~ ~ o
2 & ,
5 PEL-MIL-101(Cr) | 5 u oy
N N ™
= = ~
L] .
/’
MIL-101(Cr)
0 300 600 900 1200 570 575 580 585 590
Binding Energy / eV Binding Energy / eV
N 1s Audf Ay, F
= = Au 4f ),
« ]
~ ~
Z -NH, z
z =
= =
%3 W
N N
= =
Ll L]
392 396 400 404 408 80 85 90 95
Binding Energy / eV Binding Energy / eV

64.64, and 77.42, corresponding to (111), (200), (220),
and (311) faces of Au (Lu et al. 2014).

FT-IR is used to identify the functional groups in MIL-
101(Cr), PEI-MIL-101(Cr), and AuNF-PEI-MIL-101(Cr).
As shown in Fig. 2B, the FTIR spectrum of MIL-101(Cr)
displayed obvious vibration peaks at 589.62, 748.24,
1014.89, 1405.37, 1615.09, and 3340.10 cm™'. The peak
at 589.62 cm™! belonged to the vibration of Cr—O bond
(Bayazit et al. 2017), and the vibration peak at 748.24 cm™!
assigned to the deviational vibration of carboxylate
groups. At 1014.89 cm™!, in-plane bending vibration of
C—H on the benzene ring was observed. The two peaks at
1405.37 cm™" and 1615.09 cm™! may be due to both the
symmetric stretching and asymmetric tensile vibration of
the carboxyl (— COQ") group, respectively (Wan et al. 2021;
Zhang et al. 2021). After modification of MIL-101(Cr) with
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PEI, the spectrum of the PEI-MIL-101(Cr) exhibited some
changes. The peak at 1671.98 cm™! disappeared. The peak
at 3412.90 cm™' can be attributed to N —H bond in the sec-
ondary amine group, indicating that the PEI had been suc-
cessfully grafted onto the MIL-101(Cr) (Wan et al. 2021).
However, compared with PEI-MIL-101(Cr), the absorption
peak shape and peak intensity of AuNF-PEI-MIL-101(Cr)
are changed (decreased or increased), indicating the compo-
sition of hybrid AuNF-PEI-MIL-101(Cr).

X-ray photoelectron spectroscopy (XPS) is employed
to analyze the chemical states and elemental composition
of AuNF-PEI-MIL-101(Cr). Figure 2C shows the XPS
survey spectrum of the AuNF-PEI-MIL-101(Cr) nano-
composites, in which the characteristic peaks of N 1 s,
Cr 2p, and Au 4f could be all clearly observed. For the
high-resolution Cr 2p spectrum (Fig. 2D), the two peaks at
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577.25 eV and 586.75 eV can be assigned to Cr 2p3/2 and
Cr 2pl/2, revealing the existence of Cr—O bond (Cheng
et al. 2020). The high-resolution N 1 s spectrum (Fig. 2E)
can be divided into three peaks. The main peak at 399.8 eV
is attributed to secondary amine (— NH —), and the peaks
at 398.89 eV and 400.64 eV belong to tertiary (—N—) and
primary (—NH,) amine groups, respectively (Shen et al.
2021) These nitrogen species are typical chemical com-
positions of PEI, indicating that PEI has been success-
fully modified to the surface of MIL-101(Cr). The high-
resolution Au 4f spectrum (Fig. 2F) exhibits two peaks at
84.05 eV and 87.65 eV which were assigned to the Au 4f
7/2 and the Au 4f 5/2, respectively, proving the Au (0) is
present in AuNF-PEI-MIL-101(Cr). These experimental
results well demonstrated that AuNF-PEI-MIL-101(Cr)
nanocomposites were successfully synthesized.
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Electrochemical Behavior of AuNF-PEI-MIL-101(Cr)/GE

The CV curves of bare GE and AuNF-PEI-MIL-101(Cr)-
modified GE at different scan rates (20—100 mV s™!)
are shown in Fig. 3A and B. Both bare GE and AuNF-
PEI-MIL-101(Cr)/GE showed a pair of well-defined
redox peaks. Figure 3C and D show the relationship
between the redox peak current (Ipa/Ipc) versus the
square root of the scan rate (v!"?). Tt is observed that Ipa
and Ipc are linearly proportional to v'? in the range of
20—100 mV s~!, suggesting that a diffusion controlled
process occurred on the bare GE and AuNF-PEI-MIL-
101(Cr)/GE. Thus, the electrochemically active surface
area (EASA) was calculated according to the modified-
quasi-reversible Randles—Sevéik (RS) equation (De
Carvalho et al. 2020).
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Fig.3 CV curves of A GE and B AuNF-PEI-MIL-101(Cr)/GE at various scan rates (20, 30, 40, 50, 60, 70, 80, 90, 100 mV s‘l). The linear rela-
tionship between the redox peak current Ip and square root of the scan rate (v'?) of C GE and D AuNF-PEI-MIL-101(Cr)/GE
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Ip = 2.99 x 10°AD/2a!/2n3/2y1/2C 1)

In the formula, Ip is the peak current (uA), A is the elec-
troactive surface area (cm?), D is the diffusion coefficient
of [Fe(CN)6]3'/4' (D=6.3x107%cm? s™"), « is the transfer
coefficient (usually taken to be close to 0.5), n is the num-
ber of transfer electrons (n=1 for [Fe(CN)6]3_/4_), v is the
scan rate (V s™'), and C is the redox medium concentration
(C=5.0 mol cm_3). The EASA of the bare GE and AuNF-
PEI-MIL-101(Cr)/GE were 0.0402 ¢cm? and 0.0522 cm?,
respectively. The AuNF-PEI-MIL-101(Cr)/GE was 1.30
times that of the bare GE, demonstrating AuNF-PEI-MIL-
101(Cr)/GE has a faster electron transfer rate.

Electrochemical Characterization of the Stepwise
Modification Process

The EIS measurements were carried out during the con-
struction process of the electrochemical aptasensor using
[Fe(CN)6]3_/4_ as a redox probe. In the EIS spectrum, the
semicircle diameter equals the electron transfer resistance
(R,). As shown in Fig. 4A, the bare GE possessed a low
electron transfer resistance (curve a), indicating superior
conductive property. When the AuNF-PEI-MIL-101(Cr)
was modified on the surface of GE, the R,, decreased
because the nanocomposites accelerated the electron
transfer of [Fe(CN)6]3_/4_ on the GE surface (curve b).
However, with the immobilization of thiolated Apts on
the AuNF-PEI-MIL-101(Cr)/GE via Au-S bond, the R,,
increased (curve c). This is because negatively charged
phosphate backbone of the aptamer made [Fe(CN)63_/4_]
anions inaccessible to the electrode surface. In the presence
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of STR, a decrease in R, is observed, which is caused by
the target being specifically bound with the aptamer on the
surface of the aptamer/AuNF-PEI-MIL-101(Cr)/GE.

CV is another effective approach used to moni-
tor the aptasensor assembly. As shown in Fig. 4B, the
bare GE exhibited clearly separated redox peaks of
[Fe(CN)6]3_/4_ in the range of —0.2 V-0.6 V (curve a’).
When AuNF-PEI-MIL-101(Cr) were modified onto the
GE, the peak current was obviously increased relative to
the bare GE. This change is attributed to the good con-
ductivity of AuNF-PEI-MIL-101(Cr) (curve b’). After the
STR aptamer immobilization onto the AuNF-PEI-MIL-
101(Cr)/GE, the current signal significantly diminished
(curve c¢’). When the STR appeared, the current signal
further decreased (curve d’), suggesting that the forma-
tion of the aptamer-STR complex hindered the interfacial
electron transfer to the modified electrode surface. The CV
results were in accordance with EIS. These results greatly
demonstrate that the electrochemical aptasensor was suc-
cessfully constructed.

Optimization of the Electrochemical Sensing
Conditions

In order to achieve the best analytical performance of the
aptasensor, the experimental conditions were optimized,
namely the concentration of aptamer, the incubation time
of aptamer, and the incubation time of STR.

To investigate the effect of the aptamer concentration on
the changes in the current response (A/=1—1,, where I is
the current signal of the aptasensor toward STR, and /;, is the
background signal), aptamer with different concentrations
(0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 pM) were fixed to the
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Fig.4 A EIS and B CV characterization of the construction process of electrochemical aptasensor. (a,a’) GE, (b,b’) AuNF-PEI-MIL-101(Cr)/
GE, (c,c’) aptamer/AuNF-PEI-MIL-101(Cr)/GE, (d,d") STR/aptamer/AuNF-PEI-MIL-101(Cr)/GE). The concentration of STR was 50 nM
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surface of the modified electrode during the construction
of the aptasensor and the current signals were recorded.
As shown in Fig. S1A, the A7 (the difference between the

DPV peak current in the presence of the STR and that of
the blank) increased gradually with the increase of aptamer

concentration from 0.5 to 2.0 pM, and then remained
almost constant, indicating that the aptamer was saturated
at the electrode surface. Therefore, 2.0 pM was selected
as the optimum concentration of aptamer in subsequent
experimental assays.

The aptamer incubation time is an essential factor

affecting the performance of the aptasensor. If the incu-
bation time of the aptamer is too short, the aptamer will
not be completely immobilized on the AuNF-PEI-MIL-
101(Cr)/GE. Vice versa, this process may take too much
time. The working electrodes were separately placed in
2.0 pM of aptamer solution for different times (40, 50,
60, 70, 80, and 90 min). As shown in Fig. S1B, with

increasing incubation times from 40 to 60 min, the AJ

increases. When the incubation time was greater than
60 min, there was no obvious change in the Al. Thus,
60 min was selected as the best aptamer incubation time
for the aptamer/AuNF-PEI-MIL-101(Cr)/GE.

The incubation time of STR with the aptamer was also
investigated. The aptamer/AuNF-PEI-MIL-101(Cr)/GE
was separately incubated with the STR (200 nM) for dif-
ferent times (40, 50, 60, 70, 80, and 90 min). As shown

in Fig. S1C, the maximum AJ was obtained at 60 min of

incubation time, but it subsequently exhibited a downward
trend. Hence, 60 min was selected as the optimal incuba-
tion time for STR.

Current / pA

0.2
Potential / V

Fig.5 A DPV curves of the electrochemical aptasensor for the detec-
tion of different concentrations of STR (from a to m: 0, 0.01, 0.1, 1,
10, 50, 100, 150, 200, 250, 300, 350, and 400 nM). B The linear rela-

0.6

Analytical Performance of the Electrochemical
Sensing Method

Under the optimal experimental conditions, the aptamer/
AuNF-PEI-MIL-101(Cr)/GEs were placed in different con-
centrations of STR (0.01 nM, 0.1 nM, 1 nM, 10 nM, 50 nM,
100 nM, 150 nM, 200 nM, 250 nM, 300 nM, 350 nM,
400 nM), and their DPV peaks current were recorded. As
shown in Fig. 5SA, the signals decreased with increasing the
STR concentration within the range of 0.1—400 nM. Fig-
ure 5B exhibited the linear relationship between the current
response difference (AI) and STR concentrations (AI=1-1,
where I is the current signal of the aptasensor toward STR,
and [, is the background signal). The linear equation was
ATI=0.5705C¢rg +0.9955 (R*>=0.9988), and the limit of
detection (LOD) was calculated to be 0.003 nM based on
3S/N (where S is the standard deviation of blank samples
and N is the slope of the calibration plot). Compared with
previously reported methods for detection of STR (Table S1)
(Chen et al. 2012; Luo et al. 2020; Taghdisi et al. 2016; Xu
etal. 2017; Yin et al. 2017), the developed electrochemical
aptasensor had a wider detection range and a lower detec-
tion limit. Moreover, the maximum residue limits (MRLSs) of
STR for milk were 200 pg kg~! stipulated by the European
Union (EU). It is obvious that the detection limits of the
developed aptasensor are much lower than those of these
regulation level. Importantly, whole detection could be com-
pleted within 60 min. These excellent performances could be
attributed to the following two aspects: (i) AuNF-PEI-MIL-
101(Cr) nanocomposites that act as the substrate material
significantly increase the aptamer loading efficiency, further

B

Al =0.124 Cgpp +3.936
R*=0.995

200 300 400

Cgrr /MM

100

tionship between Al and the concentration of STR (A/=1- 1, where
I, represents the blank DPV peak current)
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enhancing the sensitivity of the aptasensor. (ii) The STR
aptamer, as recognition molecules, is not only easy to syn-
thesize, preserve, and modify, but also has good specificity
and high affinity for the target STR.

Reproducibility, Stability, and Selectivity
of the Electrochemical Sensing Method

In order to investigate the reproducibility of the aptasensor, six
independently prepared aptamer/AuNF-PEI-MIL-101(Cr)/GEs
were used to detect STR of 50 nM at room temperature. As
shown in Fig. S1A, there was little difference in the DPV peaks
current, and the relative standard deviation (RSD) was less than
2%, suggesting that the aptasensor has good reproducibility.

In addition, the storage stability of the proposed aptasen-
sor was also studied. The STR/aptamer/AuNF-PEI-MIL-
101(Cr)/GEs were stored in a refrigerator (4°C) for 21 days
(The concentration of STR is 50 nM), followed by periodical
measurement of the current signals of electrodes. As shown
in Fig. S1B, the current signals slowly declined with increas-
ing storage time. After 21 days, the current signals of STR/
aptamer/AuNF-PEI-MIL-101(Cr)/GEs were 94.29% of their
original current signals. It indicated that the electrochemical
aptasensor possessed desirable stability.

The specificity of an aptasensor is an essential indicator to
achieve accurate detection. Eight other antibiotics, including
neomycin, oxytetracycline, tetracycline, penicillin, chloram-
phenicol, kanamycin, erythromycin, and cephalexin hydrate,
were selected as interfering antibiotics for detection. The con-
centration of STR and interfering substances was 100 nM.
As shown in Fig. S1C, compared with the blank, only STR
caused a distinct change in current signals, whereas other anti-
biotics showed no clear change. The selectivity factor (a) was
calculated from the following formula (Amouzadeh Tabrizi
and Acedo 2022; Zhang et al. 2018a, b).

a = Algre /Al (2)

where Algrg and Alg are the changes in the response of
the aptasensor in the absence and presence of 100 nM STR
and 100 nM interfering substances, respectively. The value
of a for neomycin, oxytetracycline, tetracycline, penicillin,
chloramphenicol, kanamycin, erythromycin, and cephalexin
hydrate were 8.58, 10.76, 11.26, 5.25, 8.25, 11.63 and 20.47,
respectively. The values of @ were higher than 1, proving that
the selectivity of the developed aptasensor to STR was high.

The STR Detection in Real Samples
In order to demonstrate the applicability of this method in

actual analysis, a standard addition method was used for STR
detection in cow, sheep, and goat milk samples. The cow, sheep,

@ Springer

and goat milk samples containing 1 nM, 10 nM, and 50 nM
spiked STR were prepared according to the procedure described
in the “Samples preparation” section. The recovery was calcu-
lated as the ratio of the found STR concentration to the actu-
ally added concentration of STR, which was presented as the
recovery percentage (%). As shown in Table S2, the recovery
data obtained were in the range of 96.0—109.4% and the relative
standard deviations were between 0.55 and 1.41%. To verify the
reliability of the aptasensor, the commercially available ELISA
kit as a standard method was employed to verify above results.
Paired #-test was used to determine the difference between the
two methods, and statistical analysis showed no significant dif-
ference between the methods (P> 0.05). The results suggested
that this aptasensor showed great application potential for rapid
detection of STR in real food samples.

Conclusions

A label-free electrochemical aptasensor based on AuNF-PEI-
MIL-101(Cr) nanocomposites was successfully fabricated for
the detection of STR. The AuNF-PEI-MIL-101(Cr) nanocom-
posites effectively enhanced the active electrode surface area
and conductivity, resulting in an outstanding performance
of the designed aptasensor. Under optimum conditions, the
aptasensor showed a wide linear range (0.01—300 nM), a low
detection limit (0.003 nM), and good reproducibility, stability,
and specificity. In addition, the aptasensor could be success-
fully utilized for STR determination in the milk samples with
satisfactory results. Given the properties mentioned above,
this method can serve as a novel detection platform for other
antibiotics by choosing appropriate aptamer sequences and
possesses great potential in food safety.
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