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ARTICLE INFO ABSTRACT

Keywords: Maduramicin (MD) is a type of monoglycoside polyether ionophore antibiotic that can effectively treat cocci-
Maduramicin diosis and facilitate animal growth. However, its extensive and excessive use brings potential risk to human
Metal-organic frameworks health. Herein, an electrochemical immunosensor based on indirect competitive format was fabricated for
Hemin

analysis of MD residue in eggs by a multiple signal amplification system. Initially, Au nanoparticles were de-
posited onto glassy carbon electrode surface to load the coating antigen MD-BSA and to improve conductivity.
Then the signal amplification platform was constructed by encapsulating hemin into Fe-MIL-88 NH, metal-
organic frameworks (hemin@MOFs), and then the obtained composites were decorated with AuPt nanoparticles.
The synthesized hemin@MOFs/AuPt was not only used as a signal amplification mediator, but also utilized as a
carrier for immobilization of horseradish peroxidase-conjugated affinipure goat anti-mouse antibody (Ab,-HRP)
and horseradish peroxidase (HRP). The constructed hemin@MOFs/AuPt-Ab,-HRP bioconjugates could effec-
tively amplify the current signal since hemin@MOFs, AuPt and HRP all exhibited high catalytic activity towards
the hydrogen peroxide. Moreover, the established immunosensor showed high sensitivity and stability during
the detection procedure. With the synergistic catalytic effect of hemin@MOFs, AuPt and HRP, a wide detection
range of 0.1-50ngmL ™! and a low detection limit of 0.045ng mL~' were achieved (S/N = 3), respectively.
Ultimately, the developed method displayed excellent performance in practical applications, providing a pro-
mising probability to detect other veterinary drug residues to guarantee food safety.

Horseradish peroxidase
Hydrogen peroxide
Electrochemical immunosensor

1. Introduction European Union, MD is forbidden in broiler chickens and turkeys,

12pgkg ™! in eggs and 2ugkg ™! in other animal-derived products.

Maduramicin (MD), a monoglycoside polyether ionophore anti-
biotic, was isolated from the fermentation product of Actinomadura
yumaensis (Liu et al., 1983). Due to its board anticoccidial activity and
low antibiotic resistance, MD has been widely used to treat coccidiosis
in poultry. Since MD can enhance the feed conversion ratio, it has also
been extensively used as a feed additive in ruminants (Elwinger et al.,
1998). However, its abuse may take potential risk of coronary artery
dilatation for human (Huyghebaert et al., 2011). In order to prevent
human illness from exposure to MD residues, maximum residue limits
(MRLs) have been set in many countries. For example, the MRLs for MD
in chicken tissues are typically set as 240-720 ug kg ™! in China based
on The Ministry of Agriculture published Announcement 235, China. In the

Therefore, in order to guarantee food safety, some desirable detection
methods are needed to be designed for monitoring MD residues in an-
imal-derived foods.

Over the past few decades, many well-established analytical
methods have been exploited for MD detection. The main detection
methods are based on chromatographic analysis which include high-
performance liquid chromatography (HPLC) and liquid chromato-
graphy-electrospray ionization tandem mass spectrometry (LC-MS/MS)
(Barreto et al., 2017; Ha et al., 2016). These approaches are extensively
used in the precise chemical analyses for many analytes due to their
high accuracy and sensitivity. However, their limitations such as time-
consuming, expensive and complex operation are not suitable for on-
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site measurement of MD residues. Enzyme-linked immunosorbent assay
(ELISA) is another common analytical method which is applicable in a
large number of samples (Guo et al., 2017; Song et al., 2018). Although
the ELISA method is widely used and achieves acceptable accurate
analytic results, its limited sensitivity impedes its further practical ap-
plication in some extent. Thus, cost-effective, high-efficiency methods
for sensitive detection of MD still remains an urgent need.

Among various analytical methods, the electrochemical im-
munosensor is considered to be a powerful tool and has attracted
growing attention currently (Duran et al., 2019; Trindade et al., 2019),
due to its fast response, high sensitivity, simple operation, low cost and
high specific recognition ability. To meet the demands of practical use,
some nanomaterials which include carbon nanoparticles (Asadian et al.,
2019), Au nanoparticles (Liu et al., 2019), MoS, nanostructures (Sinha
et al., 2018), trimetallic hybrids (Fan et al., 2019) and metal-organic
frameworks (MOFs) (Kempahanumakkagari et al., 2018) are devoted to
constructing the sensing interface to improve the sensitivity.

Hemin is protoporphyrin IX with a similar peroxidase-like activity
as peroxidase enzyme. It is the active center of heme-proteins which
include cytochromes, peroxidase, myoglobin and hemoglobin. It has
attracted great attention due to its catalyst towards a variety of re-
duction reactions for H,O,, O,, sulfides and so on (Yang et al., 2017; Ye
et al., 2016) through the reversible transformation of Fe(II)/Fe(IIl)
(Genfa and Dasgupta, 1992; Guo et al., 2011). However, its catalytic
property is always affected by the oxidative self-degradation in neutral
and alkaline aqueous solution (Bruice, 1991). To overcome this short-
coming, hemin often requires its immobilization on high surface area
materials to retain the catalytic activity and stability. Many materials
have been used as solid supports, including, but not limited to, quantum
dots (Freeman et al., 2011), graphene (Zhang et al., 2018), G-quad-
ruplex wrapped glucose oxidase nanocomposites (Li et al., 2015),
MoS>-Au-PEI layered nanocomposites (Yang et al., 2017), and recently
MOFs (Cui et al., 2018; Kempahanumakkagari et al., 2018; Li et al.,
2018a).

MOFs are a broad class of crystalline porous materials with favor-
able properties of high surface area, tunable pore size and excellent
flexibility (Furukawa et al., 2013), receiving tremendous attention in
many fields such as fuel or gas storage and separation (Li et al., 2018),
biomedicine (Giménez-Marqués et al., 2016), catalysis (Lee et al.,
2009), optoelectronics and sensing (Kreno et al., 2012; Lustig et al.,
2017). Recently, many studies have been reported using MOFs as sen-
sitive layer for construction of electrochemical biosensor (Gu et al.,
2019; Wang et al., 2019; Zhou et al., 2019). Since their well-ordered
porosity structures are available to offer unsaturated coordination
bonds and catalytic active sites, MOFs with biomimetic properties are
also expected to be appropriate candidates for potential bio-applica-
tions (Gkaniatsou et al., 2018). Recently, MOFs with peroxidase cata-
lytic activity have emerged as new versatile biomaterials with similar
properties as enzymes (Cui et al., 2018; Kempahanumakkagari et al.,
2018; Nath et al., 2016).

Among these applications, a porous MOFs with uniform octahedral
shape, Fe-MIL-88NH,, has attracted increasing attention due to its un-
ique intrinsic peroxidase-like activity (Liu et al., 2013). Especially, the
combination of hemin and Fe-MIL-88NH, MOFs has become more
available in the biological assay because of its higher catalytic effi-
ciency and better biocompatibility and stability in aqueous medium
compared with each individual component. While, the low conductivity
of MOFs has limited its usage in the field of electrochemical im-
munosensor, thus it always requires the incorporation of nanomaterials
with outstanding electron transfer ability for new or enhanced prop-
erties, particularly in conductivity and catalysis (Li et al., 2018b). For
instance, gold nanoparticles (AuNPs) and platinum nanoparticles
(PtNPs) were reported to be a subset of noble metals with excellent
electrical conductivity as well as effective mimicking peroxidase
property (He et al., 2013; Zhu et al., 2014; Chen et al., 2018; Xu and
Zhang, 2014). Thus, multifunctional hemin@Fe-MIL-88NH,/metal-
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based bioconjugates have been performed as signal amplification
bioprobes, as evidenced by Au/hemin@MOFs-TBA II-GOD (Xie et al.,
2015), Au/hemin@MOFs-DNAzyme (Shao et al., 2018) and hemin-
MOFs/PtNPs-SP-BSA (Chen et al., 2017).

In this case, an indirect competitive format electrochemical im-
munosensor based on AuNPs as GCE modifier and hemin@MOFs/AuPt
composites as signal amplification platform was designed and regarded
as a high sensitivity and portability device for the detection of MD in
real samples. Herein, the multifunctional MOFs-based composites were
synthesized by encapsulating hemin into the Fe-MIL-88NH, MOFs and
then further decorated with AuPt nanoparticles. Next, the obtained
hemin@MOFs/AuPt composites were used as carriers of horseradish
peroxidase-conjugated affinipure goat anti-mouse antibody (Ab,-HRP)
for the reduction of hydrogen peroxide (H,O,) to enhance the sensi-
tivity of the biosensor by the multiple signal amplification performance
of hemin@MOFs, AuPt and HRP. Meanwhile, for further improving the
catalytic activity and eliminating the nonspecific adsorption, the ob-
tained hemin@MOFs/AuPt-Ab,-HRP was blocked with HRP instead of
traditional bovine serum albumin (BSA). To the best of our knowledge,
hemin@Fe-MIL-88NH,/AuPt-Ab,-HRP/HRP as bioprobes for fabri-
cating indirect competitive format biosensor was not reported before. In
this competitive system, AuNPs were used for immobilizing the coating
antigen MD-BSA, then target MD and analyte were competitively bound
to the mouse anti-MD monoclonal antibody (Ab,), finally the bioprobes
with high specificity and superior affinity were captured by Ab; for
signal amplification to detect MD residue. This new biosensor system is
anticipated to be a potential tool for trace level analysis of small mo-
lecules.

2. Experimental section

The “Reagents and materials” and “Apparatus” are described in
Supplementary material.

2.1. Synthesis of Fe-MIL-88NH, and hemin@Fe-MIL-88NH, (hemin@
MOFs)

Fe-MIL-88NH, were synthesized by a facile one-step method ac-
cording to the protocol reported in the literature with some modifica-
tions (Liu et al., 2013). Briefly, 0.126 g (0.692 mM) of 2-aminoter-
ephalic acid (NH,-BDC) and 0.187 g (0.692 mM) of FeCl3:6H,O were
dispersed in 15mL of N, N-dimethylformamide (DMF), and then
3.45mM of acetic acid was added into the mixture solution. After
stirring for 15 min, the homogeneous mixture was transferred into a 50-
mL Teflon-lined stainless-steel autoclave. The sealed autoclave was
placed into an air oven and then heated to 120°C and kept at this
temperature for 4 h. After cooling to ambient temperature, the obtained
Fe-MIL-88NH, MOFs were collected by centrifugation at 10000 rpm for
10 min. To remove the excess reactant, the sediment was washed with
DMF and ethanol for three times, respectively. Afterwards, the resultant
MOFs were dried in a vacuum oven for overnight at 40 °C. Similarly, the
synthesized procedure of hemin@Fe-MIL-88NH, MOFs (hemin@MOFs)
was the same as above, except that 0.187 g (0.692 mM) of FeCl3-6H,0
was replaced by 0.094g (0.346 mM) FeCl36H,O and 0.226g
(0.346 mM) hemin according to the literature (Xie et al., 2015).

2.2. Synthesis of hemin@MOFs/AuPt, hemin@MOFs/Au, hemin@MOFs/
Pt and MOFs/AuPt

NaBH, reduction method was used to synthesize hemin@MOFs/
AuPt, hemin@MOFs/Au and hemin@MOFs/Pt composites. Typically,
2 mg of hemin@MOFs was dispersed into 1 mL of absolute ethanol and
sonicated for 30 min to form a well-dispersed solution. Then 0.5 mL of
HAuCl, ethanol solution (1%, w/v) and 0.5 mL of H,PtClg ethanol so-
lution (1%, w/v) were consecutively added into the above solution, and
sonicated for 20 min. Subsequently, 2 mL of NaBH, ethanol solution
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Scheme 1. The preparation of hemin@MOFs/AuPt-Ab2-HRP/HRP bioprobes, the schematic illustration of the proposed competitive electrochemical immunosensor

for maduramicin detection and its signal amplification strategy.

(0.6 mM) was added dropwise to the above mixture in an ice-bath. After
ultrasonic treatment for 30min, the mixture was centrifugated at
8000 rpm for 10 min and washed with ultrapure water in successive
washing and centrifugation cycles for three times to obtain hemin@
MOFs/AuPt composites. Prior to use, the obtained composites were
resuspended in 1 mL of phosphate buffer solution (PBS, pH 7.4). The
procedure for the synthesis of hemin@MOFs/Au was similar as above,
except for that 0.5 mL of H,PtClg ethanol solution was used instead of
0.5 mL of HAuCl, ethanol solution, and the same method was applied to
the synthesis of hemin@MOFs/Pt by replacing HAuCl, with HoPtClg. As
for MOFs/AuPt, the preparation process was the same as hemin@
MOFs/AuPt by replacing the hemin@MOFs with MOFs.

2.3. Preparation of the signal bioprobes—hemin@MOFs/AuPt-Ab,-HRP/
HRP

The preparation process of the hemin@MOFs/AuPt-Ab,-HRP/HRP
signal bioprobes is illustrated in Scheme 1. Briefly, 50 uL of Ab,-HRP
(1:5000 dilution in PBS, pH 7.4) was added dropwise into 1 mL of
hemin@MOFs/AuPt composites (2 mg mL ') by gently stirring at 37 °C
for 4 h to obtain the hemin@MOFs/AuPt-Ab,-HRP bioconjugates. Then
the solution was centrifugated to remove the unbound Ab,-HRP.
Afterwards, the obtained bioconjugates were resuspended into 1 mL of
HRP solution (1 mg mL~?' in PBS, 0.1 M, pH 7.4) and shook for 2hat
37 °C to block the unreacted active site on the surface of hemin@MOFs/
AuPt composites. For comparison, the hemin@MOFs/AuPt-Ab,-HRP/
BSA was also prepared by using 1 mL of BSA solution (1 mgmL™"' in
PBS) as block agent. Finally, after centrifugation, the achieved signal
bioprobes were respectively dispersed into 1 mL of PBS and stored at
4°C.

2.4. Construction of the competitive electrochemical immunosensor

Scheme 1 demonstrates the construction procedure of the indirect
competitive electrochemical immunosensor. Prior to the fabrication of

the biosensor, the GCE was polished with 1.0, 0.3 and 0.05 pm alumina
powders. After successive washing by sonification in nitric acid/ultra-
pure water (v/v, 1:1), ethanol and ultrapure water for 2 min respec-
tively, the electrode was dried at room temperature. Then, the AuNPs
were electrochemically deposited on the pretreated GCE surface by
immersing the electrode into 5 mL of 1.0% HAuCl, solution at the po-
tential of —0.2V for 40s. After rinsing with ultrapure water, 10 pL of
MD-BSA (2ugmL~') was dropped onto the AuNPs/GCE surface and
incubated at 37 °C for 30 min. Thereafter, the AuNPs/GCE was in-
cubated with 50 pL of BSA solution (1 mg mL~! in PBS) at 37 °C for
another 30 min to block the nonspecific binding sites. Subsequently,
5 uL of MD solution with a series of concentrations which mixed with
5uL of Ab; (1:10000 dilution in PBS) was added onto the BSA/MD-
BSA/AuNPs/GCE at 37 °C for 1 h. Finally, 10 yL of hemin@MOFs/AuPt-
Ab,-HRP/HRP signal bioprobes were cast onto the modified electrode
surface for another 1 hat 37 °C to form an immunocomplex biosensing
interface. After each step, the modified electrode was washed thor-
oughly with PBST to remove the unbound attachments. Then the con-
structed electrochemical immunosensor was stored at 4 °C for future
use.

2.5. Electrochemical measurement of MD

The electrochemical characteristics of the modified electrode were
tested by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS), each test was conducted in 5.0 mM [Fe(CNg)137+
solution containing 0.1 M KCIL. CV was carried out from —0.2V to 0.6 V
with scan rate at 50mVs~!, and EIS was analyzed within a frequency
range from 0.01 Hz to 100 kHz with amplitude at 5mV. In order to
reduce the background current (Xu et al., 2018), the electrochemical
signal was recorded by i-t measurement during the test process with
potential at —0.4V as the starting voltage. After the background cur-
rent was stable, 4 mM of H,0, was injected into 5mL of PBS solution
(pH 6.0) with constant gentle stirring at room temperature. Egg samples
were used to validate the applicability of the prepared electrochemical



M. Hu, et al.

immunosensor.
3. Results and discussion
3.1. Sensing mechanism of the fabricated electrochemical immunosensor

The sensing mechanism of the fabricated competitive electro-
chemical immunosensor was demonstrated in Scheme 1. AuNPs were
electrochemically deposited onto the GCE surface as the platform to
enhance the conductivity and biocompatibility of the sensing interface.
The conductivity of AuNPs could accelerate the electron transfer, thus
to improve the sensitivity of the biosensor. Meanwhile, the AuNPs
created a larger surface area to offer more active sites for the im-
mobilization of MD-BSA coating antigen via Au-NH, bond to form a
capture layer. Furthermore, due to the high catalytic activity, good
chemical stability and large surface area, the as-synthesized hemin@
MOFs composites could be employed as a loading platform for an-
choring the AuPt nanoparticles and biomolecules, finally used as signal
bioprobe. Among them, AuPt was considered as a desirable nano-
particle not only with good biocompatibility and excellent conductivity
but also with an excellent catalytic activity than each individual pure
PtNPs and pure AuNPs (Manivannan et al.,, 2017; Xu et al., 2018).
Thereafter, Ab,-HRP and HRP were efficiently immobilized onto the
sensing interface of the hemin@MOFs/AuPt composites through the
robust Pt-N and/or Au-N bond. Herein, the enzyme-based hemin@
MOFs/AuPt-Ab,-HRP bioconjugates were combined support materials
and catalysts within a single composite. In the competitive stage, the
immobilized MD and the target MD were competed against each other
to acquire Ab; via antigen-antibody immunoreaction. Subsequently, the
hemin@MOFs/AuPt-Ab,-HRP/HRP signal probes were captured by the
immobilized Ab;. With the presence of H,0,, a dramatically amplified
electrochemical signal was produced by the reduction reaction due to
the synergic catalytic of hemin@MOFs, AuPt and HRP. Thus, the en-
zyme-assisted multiple signal amplification strategies have improved
the sensitivity of the competitive electrochemical immunosensor for the
detection of MD in real samples.

3.2. Characterization of the chemical structures and morphologies

To better understand the properties of the synthesized materials, it
is necessary to characterize their chemical structures and morphologies.
The morphologies of the Fe-MIL-88NH, (denoted as MOFs), hemin@Fe-
MIL-88NH, (denoted as hemin@MOFs) and hemin@Fe-MIL-88NH,/
AuPt (denoted as hemin@MOFs/AuPt) composites were all character-
ized by using a scanning electron microscope (SEM). As shown in
Fig. 1A, the Fe-MIL-88NH, MOFs presented a typical crystal mor-
phology of regular octahedron structure, which was approximately
consisted with the previous report (Li et al., 2018b). When hemin was
introduced, the morphology was slightly changed (Fig. 1B), implying
that the encapsulation of hemin into MOFs had impacted the mor-
phology (Shao et al., 2018). As shown in Fig. 1C, a large amount of
AuPt nanoparticles were anchored onto the surface of hemin@MOFs,
demonstrating that the functionalized hemin@MOFs/AuPt composites
were synthesized successfully (Chen et al., 2017).

The transmission electron microscope (TEM) images were in-
vestigated by a HT-7700 microscope with an acceleration voltage at
80 kV (Hitachi, Japan). Although SEM observation is helpful to un-
derstand the morphology of hemin@MOFs/AuPt composites, it pro-
vided very limited information on the small AuPt nanoparticles. In
order to learn the detail information, TEM was used to observe the size,
distribution and dispersion of the AuPt nanoparticles. From Fig. 1D-F,
it can be clearly observed that a large amount of AuPt nanoparticles on
diameter at 5-15nm were anchored onto the surface of the hemin@
MOFs. The results were further suggested that the successfully synthe-
sized of the hemin@MOFs/AuPt composites.

As one of the most important characterization techniques, X-ray
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diffraction (XRD) was adopted to explore the crystalline structure and
phase purity of the synthesized MOFs and hemin@MOFs composites. As
shown in Fig. 1G, the XRD patterns exhibited diffraction peaks for
(002), (101), (103), (200) and (201) planes at 9.03°, 10.4°, 16.4°, 17.8°
and 18.6°, respectively, which were in accordance with the typical XRD
patterns of Fe-MIL-88NH, MOFs reported in literature (Xie et al., 2015).
As for hemin@MOFs composites, the XRD patterns showed similar
diffractions with Fe-MIL-88NH,, revealing that the encapsulation of
hemin did not affect its crystalline integrity.

To further confirm the successful synthesis of hemin@MOFs/AuPt
composites, X-ray photoelectron spectroscopy (XPS) was applied for
elemental analysis. As shown in Fig. 1H, the characteristic peaks of
Pt4f, Au4f, Cls, N1s, Ols and Fe2p core level regions were obviously
discovered. Among them, the peaks of C1s, N1s, Ol1s and Fe2p indicated
the successful synthesis of hemin@Fe-MIL-88NH, composites (Xie
et al., 2015). For the Au4f spectrum in Fig. 11, the metallic Au° state
was proved by the strong energy spectrum peaks of Au4f,,, and Au4fs,
o at 83.65eV and 87.3 eV, respectively. In addition, two pairs of peaks
were seen in the Pt4f spectrum from Fig. 1J, here, the peaks at 71.1 eV
(Pt4f,,5) and 74.35eV (Pt4fs,,) were corresponded to the Pt° state,
indicating the successful reduction of Pt (IV); and another pair of peaks
at 72.65 eV and 75.85 eV were ascribed to the presence of Pt>* species.
Notably, the peak intensity of Pt° state was dramatically higher than
that of Pt?*, implying Pt° was predominant. The XPS results revealed
that both Au and Pt were in reduced states and anchored onto the
hemin@MOFs/AuPt composites.

3.3. Electrochemical performance of the step-wise modified electrode

In order to verify the stepwise modification of the electrochemical
immunosensor, electrochemical cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were all con-
ducted in 5mM K3[Fe(CN)g¢]/K4[Fe(CN)¢] solution containing 0.1 M
KCl.

The CV was confirmed as an effective approach for observing the
redox peak current change of the step-wise modified electrode. In this
study, the CV measurements were proceeded with a voltage range from
—0.2V to 0.6 Vat a scan rate of 50mV s~ *. As shown in Fig. 2A, bare
GCE presented a pair of well-defined reversible redox peaks due to the
reversible redox reaction of Fe(Il)/Fe(III) (curve a). When the electrode
was modified with AuNPs through electrochemical deposition, the
redox peak currents obviously increased because of the superior elec-
trical conductivity of AuNPs (curve b). However, the measured peak
currents were declined orderly after MD-BSA (curve c), BSA (curve d)
and Ab, (curve e) were incubated onto the modified electrode. This was
ascribed to the electron hinderance properties of the bioactive sub-
stances, suggesting that the non-conductive MD-BSA, BSA and Ab; were
all immobilized on the AuNPs/GCE surface. Finally, when the hemin@
MOFs/AuPt-Ab,-HRP/HRP bioprobes were attached on the modified
electrode, the peak currents were increased (curve f) due to the ex-
cellent conductivity of the AuPt nanoparticles anchored onto the
hemin@MOFs surface. These results approved that the MD electro-
chemical immunosensor was successfully constructed.

EIS was further used to validate the modification processes and
sensing interface properties of the proposed biosensor. It was inferred
by the impedance change in the Nyquist plot, which included a semi-
circle portion at higher frequency corresponded to the electron transfer
resistance process (Ret) and a linear portion at lower frequency sub-
jected to the diffusion process (Li et al., 2018b). As shown in Fig. 2B, it
was observed that the electron transfer resistance displayed a small
semicircle with bare GCE (curve a), which exhibited a R, value at
341.5Q, indicating its good conductivity. When AuNPs with remark-
able electrical transport property were electrodeposited onto the elec-
trode, the resistance was declined to almost a straight line (curve b), the
R, value was decreased dramatically to 48.47 Q. After MD-BAS (curve
c), BSA (curve d) and Ab; (curve e) were sequentially incubated onto
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Fig. 1. Scanning electron microscope images of Fe-MIL-88NH, (A), hemin@Fe-MIL-88NH, (B) and hemin@Fe-MIL-88NH,/AuPt (C). Transmission electron mi-
croscope images of hemin@Fe-MIL-88NH,/AuPt (D-F). (G) X-ray diffraction patterns of Fe-MIL-88NH, MOFs and hemin@MOFs. (H) The X-ray photoelectron
spectroscopy of hemin@MOF/AuPt composites. (I) The spectrum of Au4f in hemin@MOF/AuPt composites. (J) The spectrum of Pt4f, Pt° and Pt>*in hemin@MOF/

AuPt composites.

the modified electrode, the Ret were successively increased to 102 Q,
501 Q and 663 Q because of the blocking effect of the bioactive sub-
stances, denoting that the formed immunocomplex obstructed the
electron transfer ability. Subsequently, with the capturing of the
hemin@MOFs/AuPt-Ab,-HRP/HRP signal bioprobes by Ab; (curve f),
Ret was decreased to 596 Q because the conductivity of AuPt on the
hemin@MOFs composites had enhanced the electron transfer efficiency
between the electrode interface and redox probe solution. The obtained
EIS results in accordance with the CV results further proved the suc-
cessful construction of the electrochemical immunosensor.

3.4. Amplification strategies of different signal bioprobes

To confirm the signal amplification strategies of the competitive
electrochemical immunosensor, different signal bioprobes were used as
control groups for the reduction of H,O, at —0.4 V in PBS (pH 6.0). The
signal probes were comprised of hemin@MOFs/AuPt-Ab,-HRP/HRP,
MOFs/AuPt-Ab,-HRP/HRP, hemin@MOFs/Au-Ab,-HRP/HRP, hemin@
MOFs/Pt-Ab,-HRP/HRP and hemin@MOFs/AuPt-Ab,-HRP/BSA.

As shown in Fig. 3A, compared to the immunosensor incubated with
MOFs/AuPt-Ab,-HRP/HRP (b), the signal bioprobes of hemin@MOFs/

B 450 Fig. 2. Electrochemical cyclic voltammetry (A) and
electrochemical impedance spectroscopy (B) char-
acterization of the stepwise modified electrode in
5mM [Fe(CN)g]®>”* solution containing 0.1 M KCl:
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AuPt-Ab,-HRP/HRP (a) displayed a higher current enhancement owing
to the synergistic catalysis effect of hemin@MOFs, AuPt and HRP to-
wards H,0,. In Fig. 3B, the hemin@MOFs/Au-Ab,-HRP/HRP (a)
showed a lower current than that of hemin@MOFs/AuPt-Ab,-HRP/HRP
(b) as well as hemin@MOFs/Pt-Ab,-HRP/HRP (b) (Fig. 3C). This was
attributed to the superior electrocatalytic performance of AuPt, which
could vigorously catalyze the reduction of H,O, and enhance the cur-
rent response of electrochemical signal, undoubtedly, greater than each
individual AuNPs and PtNPs. As previously mentioned, to eliminate the
possible remaining active sites, BSA was generally used as blocking
agent. However, the signal bioprobes modified by BSA reduced the
sensitivity of the biosensors as BSA possessed non-catalytic activity
towards H»O, decreasing the i-t current signal. In contrast, HRP could
trigger the bioelectrocatalytic reduction of H,O, when used as the
blocking agent. Therefore, the current response of hemin@MOFs/AuPt-
Ab,-HRP/HRP (a) was much higher than that of hemin@MOFs/AuPt-
Ab,-HRP/BSA (b) as shown in Fig. 3D. These results manifested that the
current signal amplification was ascribed to the synergistic effect of the
enzyme and the synthesized composites. The multiple signal amplify
strategy was successfully implemented, which significantly enhanced
the sensitivity of the proposed electrochemical immunosensor.

3.5. Optimization of experimental conditions

To obtain a superior analytical performance with high sensitivity
and selectivity of the proposed competitive-type immunosensor for MD
detection, some certain crucial experimental parameters were opti-
mized under the same conditions, including the electrodeposition time
of AuNPs, the concentration of coating antigen MD-BSA, the pH of PBS
and the concentration of H,0,.

AuNPs electrodeposition time was an important factor for providing
a beneficial surface area to immobilize the coating antigen. As shown in
Fig. SIA (see the Supplementary material), the current change was
increased distinctly with the increase of the deposition time from 10 to
40s. Then the current was slightly decreased as prolonging the de-
position time after 40s. This was because the excessive amount of
AuNPs could hinder the electron transfer, thus decreased the current
response, which was consistent with the previous study (Wu et al.,
2013). Hence, 40 s was selected as the optimal electrodeposition time

for the AuNPs.

Since coating antigen (i.e. MD-BSA) was also a considerable para-
meter affecting the performance of the biosensor, the concentration of
MD-BSA was investigated. The much higher amount of MD-BSA could
attach a larger number of Ab;, which then captured more hemin@
MOFs/AuPt-Ab,-HRP/HRP bioprobes to generate a higher i-t current
response. While, excess MD-BSA could prevent the electron transfer.
Thus, the MD-BSA concentrations ranged from 0.5pgmL~! to
8ugmL~! (0.5, 1, 2, 4, 8 ugmL 1) was carefully examined. As shown
in Fig. S1B, the current was significantly enhanced with the increasing
of MD-BSA concentration and reached maximum value at 2 pgmL ™",
Therefore, the suitable MD-BSA concentration at 2ugmL~' was
adopted to construct the immunosensor.

The pH of the PBS solution had a great influence on the biological
activity and catalytic ability of the immunosensor since the im-
mobilized proteins and composites were probably influenced by alka-
line or acid solutions. Considering the stability and activity of proteins,
the impact of pH was investigated within the range of 5.0-9.0 in PBS
solution by i-t measurement. As shown in Fig. S1C, the amperometric
signal of the immunosensor increased with the pH varying from 4.97 to
5.98, reaching the maximum signal response at pH 5.98 which was
approximately approached pH 6.0, and then decreased with further
increasing the pH from 5.98 to 8.97. Obviously, the bioactivity of the
antigen-antibody attachment was declined under highly acidic or al-
kaline environments (Chen et al., 2019). Thereby, pH 6.0 was chosen as
the optimal condition for the subsequent experiments.

Since H,0, was catalyzed by the synergic effect of hemin@MOFs/
AuPt composites and HRP to amplify the amperometric signal, it was
necessary to explore its optimum concentration as well. The con-
centrations of the injected H>O, varied from 1 mM to 5 mM. As shown
in Fig. S1D, the signal response increased distinctly with the addition of
H50, in the range of 1 mM-4 mM and then decreased, demonstrating
that the best electrocatalysis property was achieved at 4 mM. Thus,
4 mM of H,O, was selected as the optimal concentration throughout the
measurement.

3.6. Analytical performance of the immunosensor for MD detection

The as-prepared competitive electrochemical immunosensor was
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conducted to detect different concentrations of MD within the range
from OngmL ™" to 100 ngmL~* (i.e. 0, 0.1, 0.2, 0.39, 0.78, 1.56, 3.125,
6.25, 12.5, 25, 50, 100ngmL~') under the optimal conditions. The
measurements were conducted in PBS at — 0.4V by i-t curves in Fig. 4A
and the current intensities were recorded (Fig. 4B). Notably, the elec-
trochemical signal exhibited a regular change with the variation of MD
concentrations. During the indirect competitive immunoassay format,
AuNPs/GCE provided the solid support for adsorption of coating an-
tigen MD-BSA, then the modified interface was exposed to a mixed
solution with different concentrations of target MD and a certain
amount of Ab;, thereafter the fixed MD and free MD competed for a
limited number of antibody binding sites. After the electrode was
modified with proteins layer by layer, the i-t current was too tiny to
provide an effective approach for the target analyte determination. In
order to enhance the sensitivity of the biosensor, the hemin@MOFs/
AuPt-Ab,-HRP/HRP bioprobes were captured by the immobilized Ab,;
to catalyze H,O, to amplify the signal response. Thus, quantitative
analysis was performed by determining the current value generated
from the synergetic catalytic amplification performance of the biop-
robes. With a certain amount of MD-BSA, a lower signal was generated
at higher MD concentration. In contrast, larger signal was created at a
lower MD concentration. Namely, the current signal produced by the
bioprobes was inversely proportional to the target MD concentration. In
Fig. 4C, the timing current response values presented a good linear
relationship with the logarithm of MD concentrations from 0.1 to
50 ng mL™'. The regression equation of the calibration plot was fitted
to be I (UA) = 0.43-0.29*log Cyp (ng mL™ 1) (R? = 0.9811) with a
detection limit of 0.045ng mL~! (S/N = 3). The designed biosensor
displayed an extremely low detection limit due to high specificity and
robust affinity between MD and Ab;, and the excellent catalytic ability
towards H»O, of the bioprobes. The analytical performance indicated
the feasibility of the electrochemical immunosensor for quantitative
detection of MD.

Compared with previously reported studies for MD detection (Table
S1), the proposed competitive electrochemical immunosensor based on
the hemin@MOFs/AuPt-Ab,-HRP/HRP bioprobes exhibited an ex-
cellent analytical performance with a superior sensitivity and a low
LOD. These predominant sensing properties of the constructed platform
is mainly ascribed to the following reasons: (i) the prepared hemin@
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MOFs hybrids possessed high catalytic ability towards H,O,; (ii) the
high specific area of the hemin@MOFs hybrids provided a plenty of
active sites which could load a large amount of AuPt nanoparticles
(AuPtNPs) on the surface; (iii) the loaded AuPt NPs not only enhanced
the catalytic performance of the composites, but also provided abun-
dant binding sites for HRP and Ab,-HRP biomolecules immobilization,
thus obtained high sensitive bioprobes; (iv) the co-synergistic catalysis
effect of hemin@MOFs, AuPt and HRP triggered a multiple signal am-
plification system, which greatly increased the sensitivity of the im-
munosensor. The results were indicated that the developed biosensor
displayed better analytical performance.

3.7. Reproducibility, stability and selectivity

To verify the reproducibility of the immunosensor, i-t responses
were recorded under the same condition. Each sample was assessed by
5 different immunosensors which were constructed by using the same
protocol. The measurements recorded at 5 ngmL ™" of MD yielded the
relative standard deviation (RSD) value at 2.5% (Fig. S2), confirming
the reliability of the reproducibility. Additionally, the storage stability
of the biosensor was also evaluated. The immunosensors were prepared
in parallel and then stored at 4 °C and tested within 10 days. The highly
stable response was observed over these 10-day periods with an RSD of
7.3% (Fig. S3), demonstrating that such storage could meet the demand
of stability for MD detection.

Furthermore, the selectivity of the immunosensor was also an es-
sential property for its application. Here, we compared the target MD
vs. nontarget interfering substances including monensin, dinitolmide,
nicarbazin, sulfadiazine, sulfathiazole and olaquindox. The tests were
divided into nine groups and each group was repeated for three times in
parallel. The first group was MD at 5ngmL™ !, the second group was
the mixture of MD at 5ngmL~" and each interfering substance at
50 ng mL~?, the third group was blank control trial, and the other six
groups were interfering substances at 50ngmL™! respectively. The
results were depicted in Fig. 4D. It was definitely observed that there
were no significant changes in the signal response between the target
MD and the mixture. Meanwhile, even at 10-fold higher concentrations
than that of MD, no distinct signal changes of the interfering substances
were found compared to the current from the blank group. These results



M. Hu, et al.

confirmed that the fabricated immunosensor possessed an excellent
selectivity towards MD, based on the specific recognition of antigen and
antibody.

3.8. Practical application

Eggs were purchased from the local market and initially prepared by
mixing the egg white and yolk with a high-speed blender. Then 2.0 g of
homogenized egg sample was extracted with 10 mL ethanol. After
centrifugation, the precipitate was extracted for the second time as
previous procedure. Then the supernatant was collected together and
evaporated to dryness under the nitrogen stream. Next, the residue was
dissolved in 10 mL of ethanol/PBS (0.1 M, pH 7.4) (5:95, v/v) and fil-
trated by a 0.22 um filtering membrane for the following analysis.

In order to verify the feasibility of the established biosensor in real
sample detection, various concentrations of target MD were added into
the pretreated egg samples which were confirmed to be negative of MD
by HPLC-MS/MS. Then the recovery experiments were applied to detect
the egg samples spiked with 0.5ngmL ™', 5ngmL~' and 10 ngmL~* of
MD, respectively. The recoveries were calculated to be 96.4% ~ 106%
and the RSD was 2.9% ~ 3.5%, respectively (Table S2), suggesting that
the developed electrochemical immunosensor provided a reliable al-
ternative for the detection of MD in practical applications.

4. Conclusion

In this study, we presented an indirect competitive electrochemical
immunosensor to detect MD residue. The enzyme-assistant (i.e. HRP)
cooperative catalysis signal amplification strategy based on hemin@Fe-
MIL-88NH,/AuPt composites were first successfully designed and ex-
hibited remarkable electrocatalytic activity towards H,O». The Fe-MIL-
88NH, was served as the carrier platform to encapsulate hemin to en-
hance its catalysis property and stability, then the prepared hemin@
MOFs were further anchored by AuPt nanoparticles, which was used to
capture the Ab,-HRP and HRP to obtain the signal amplification biop-
robes. Due to the synergic catalytic effect, the sensing platform offers
considerable multiple signal amplification. With these performances,
the electrochemical biosensor based on the indirect competitive im-
munoassay format showed a low detection limit of 0.045ng mL ™", sa-
tisfying the application for ultrasensitive detection of MD. Ultimately,
such electrochemical immunosensor opened up new possibilities for the
point-of-care screening of various veterinary drugs residual in food
samples. Nevertheless, a little high RSD of 7.3% in the period of 10-day
revealed that the proposed biosensor may not suitable for a long-term
storage though it possessed ultrahigh sensitivity. To solve this problem
is still a challenge, requiring an in-depth study in the future work.
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