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A B S T R A C T   

Traditional magnetic relaxation switching (MRS) biosensors suffer from poor sensitivity and unsatisfactory 
stability. In this study, a polydopamine (PDA) nanoparticles (NPs)-Cu2+ chelate complex mediated signal con-
version system and a Cu+-catalyzed click chemistry triggered magnetic signal amplification system were eval-
uated and dynamically integrated into an MRS biosensor. Owing to abundant functional groups and a large 
surface area, PDA NPs enabled the absorption of a large amount of Cu2+ ions by chelation. The residual Cu2+ ions 
can be reduced with sodium ascorbate to Cu+, which could initiate the click reaction between azide- 
functionalized magnetic NPs (MNPs) and alkyne-functionalized MNPs that resulted in the production of aggre-
gated nanoclusters. The transverse relaxation time (T2) depends on the degree of aggregation of MNPs; T2 is 
expressed as the magnetic signal readout. In addition, PDA NPs can be easily conjugated with antibodies by 
mixing, thus providing a straightforward bridge that integrates the immunoassay and magnetic signal readout. 
Combined with the high capacity of PDA NPs for chelating Cu2+ and high efficiency of click reaction for changing 
the T2 signals, the PDA-MRS biosensor enables the detection of chlorpyrifos with a limit of detection of 0.084 ng/ 
mL, providing 22-fold enhancement than traditional enzyme-linked immunosorbent assay (1.86 ng/mL). This 
demonstrates its great potential for the detection of hazardous chemical molecules in a complex sample matrix.   

1. Introduction 

Rapid, convenient, and highly accurate biosensors are the focus in 
the public health detection field. Optical and electrochemical biosensing 
systems have been extensively used for biochemical analysis (Kar-
imi-Maleh et al., 2021a; Karimi-Maleh et al., 2021b; Kaur et al., 2022; 
Majdinasab et al., 2019). However, optical biosensors generally require 
high precision and expensive instruments for signal readout. Electro-
chemical biosensors need a specialized workstation and intricate oper-
ations for electrode modification (Karimi-Maleh and Arotiba, 2020). 
These drawbacks have severely limited their applications outside the 
laboratory. To achieve onsite detection, practical signal readout strate-
gies are pursued. Since Ralph Weissleder et al. first reported a magnetic 
relaxation switching (MRS) biosensor in 2002 (Perez et al., 2002), it has 

been widely used in clinical diagnosis, environmental monitoring, and 
food safety evaluation. MRS biosensors are based on magnetic relaxation 
phenomenon; it is a novel biosensing platform based on the change in 
magnetic nanoparticles (MNPs) or paramagnetic ion-mediated trans-
verse relaxation time (T2) or longitudinal relaxation time (T1) of the 
water molecules for target analysis, such as biomarkers, pathogens, and 
noxious chemical molecules (Alcantara et al., 2016; Jia et al., 2017; 
Wang et al., 2016; Zhang et al., 2017). When the state of MNPs changes 
from a dispersed state to an aggregated state in an aqueous solution, a 
nonuniform local magnetic field is produced that accelerates the trans-
verse relaxation rate of the surrounding water protons and reduces the 
intensity of T2 signals (Min et al., 2012; Xiao et al., 2018; Zhou et al., 
2017). Based on this phenomenon, specific recognition molecules such 
as antibodies and aptamers were used as the biometric elements to 
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induce the aggregation of MNPs for developing MRS biosensors (Hu 
et al., 2020; Liao et al., 2021; Liu et al., 2020b; Wang and Lin, 2020). In 
addition to the advantage of time efficiency and simplicity, MRS bio-
sensors have a high signal-to-noise ratio because of negligible magnetic 
signal backgrounds of biological samples (Shen et al., 2020; Xiao et al., 
2018; Zhang et al., 2021; Zhao et al., 2017). Hence, MRS biosensors do 
not need complex sample pretreatments; however, MNP probes are 
susceptible to complex substrates causing a nonspecific aggregation, 
limiting the accuracy of traditional MRS biosensors. Furthermore, 
traditional MRS biosensors are limited by unsatisfactory sensitivity due 
to relatively low signal conversion efficiency based on the change in 
state triggered by antibodies–antigen recognition of MNPs (Chen et al., 
2018; Wu et al., 2019). Therefore, it is essential to develop an effective 
strategy to change the state of MNPs to enhance the sensitivity and 
stability of MRS biosensors. 

In a previous study, an MRS assay was conducted via alkaline 
phosphatase triggered cascade reactions to achieve signal amplification 
(Chen et al., 2018). Alkaline phosphatase dephosphorylated 2-phospho--
L-ascorbic acid to ascorbic acid that reduced Ag+ ions to silver (Ag) NPs, 

thus initiating the assembly of MNPs/Ag NPs that resulted in the change 
of T2 signal. However, it suffered from unsatisfactory stability due to the 
uncontrollability of MNPs/Ag NPs assembled from irregular Ag NPs. To 
overcome this drawback, click chemistry reactions are often pursued as 
signal amplification systems for the development of sensitive and stable 
MRS biosensors, such as Cu+-catalyzed click chemistry between azides 
and alkynes (CuCC) (Chen et al., 2016; Qu et al., 2011). The MNP cluster 
prepared by click reaction is quite stable because of the covalent 
coupling between azides and alkynes. In a previous study (Wu et al., 
2019), enzyme-mediated click chemistry was used to develop an 
amplified MRS biosensor. Alkaline phosphatase was used to generate 
ascorbic acid for the reduction of Cu2+ to Cu+, which will initiate the 
CuCC between azide-functionalized MNPs and alkyne-functionalized 
MNPs, thus leading to the formation of aggregated MNPs. However, 
this strategy also needs a bioenzyme (alkaline phosphatase), which will 
increase the number of steps such as dephosphorylation and the cost of 
the assay. To overcome this disadvantage, a CuCC-mediated MRS 
biosensor based on brush-like nanostructure-triggered magnetic signal 
conversion has been developed (Dong et al., 2019). The brush-like 

Scheme 1. Schematic illustration of PDA-CuCC-MRS biosensor. (A) Synthesis of PDA-Ab2 and its adsorption for Cu2+ ions. (B) Principle of CuCC-mediated T2 signal 
readout based on the state change of magnetic nanoparticle probes (from dispersed to aggregated). (C) Process of PDA-CuCC-MRS biosensor for the detection of 
chlorpyrifos. 
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nanostructure was assembled using polyglutamic acid and polystyrene 
microspheres, and the polystyrene microspheres were used as the solid 
phase to immobilize a large amount of polyglutamic acid, thus enabling 
the binding of abundant Cu2+ ions by coordination chemistry. After 
absorption, the residual Cu2+ ions will be reduced with ascorbic acid and 
trigger a click reaction between the azide-polystyrene beads and 
alkyne-MNPs, leading to a change in the T2 signal. However, the 
brush-like nanostructure in this method requires complex assembly 
steps, which reduces the stability of this assay. Thus, it is important to 
evaluate a more easily prepared carrier for adsorbing Cu2+ ions and 
further develop a sensitive and more stable MRS biosensor for 
biochemical analysis. 

Polydopamine (PDA) is a novel coating material or nanomaterial 
consisting of dopamine monomers, which has been extensively studied 
since it was first reported in 2007 owing to its excellent biocompatibility 
and abundant surface groups (Lee et al., 2007; Lee et al., 2009). PDA 
could be covalently attached to biomacromolecules based on Schiff base 
reaction or Michael addition reaction via a simple thoroughly mixing 
step (Liu et al., 2014). PDA also has high capability for the absorption of 
metal ions, such as Cu2+ ions (Jin et al., 2021; Liu et al., 2020a; Wang 
et al., 2020; Xiao et al., 2021; Xu et al., 2020). This is because PDA 
contains bioactive groups such as catechol, amino, and imine groups 
(Liu et al., 2014). Hence, PDA is not only a good solid phase to enrich 
antibodies, but also an ideal carrier for the adsorption of Cu2+ ions. 

In this study, a PDA-mediated signal conversion system and CuCC- 
triggered signal amplification system were dynamically integrated into 
an MRS biosensor to improve its sensitivity and stability for the detec-
tion of chlorpyrifos in fruit samples (Scheme 1). In detail, PDA NPs were 
synthesized under mild conditions, and they can easily conjugate anti-
bodies only by mixing because of the covalent reaction between the 
bioactive groups of PDA NPs and the amino groups of antibodies. PDA- 
based antibody bioconjugation strategy not only simplifies antibody 
labeling but also helps to maintain the activity of antibodies. Further-
more, PDA–antibody conjugates can modify Cu2+ ions. Thus, PDA-
–antibody conjugates provide a bridge to build a signal conversion 
system between antibody–antigen recognition and the concentration of 
Cu2+ ions (Scheme 1A). After the adsorption by PDA NPs, the residual 
Cu2+ ions could be reduced with sodium ascorbate to Cu+ ions, and the 
CuCC reaction led to the dispersed azide/alkyne-functionalized MNP150 
into an aggregated cluster, which will result in the change of T2 signal. 
Thus, the azide/alkyne-functionalized MNP150 could be used as mag-
netic signal probes (Scheme 1B). The concentration of targets deter-
mined the amounts of PDA-sheep anti-mouse secondary antibody (Ab2) 
conjugate specifically coated on the surface of 96-well plate. The spe-
cifically bound PDA–Ab2 conjugate can adsorb the Cu2+ ions and change 
the concentration of Cu2+ ions. The degree of aggregation of azide/ 
alkyne-MNP150 is related to the concentration of Cu2+ ions. In addition, 
the T2 signal is directly related to the aggregation of azide/alkyne- 
MNP150. Thus, the quantitative relationship between targets and T2 
signal can be established as follows: “target→PDA→Cu2+→CuCC→T2 
signal.” Combined with the competitive immunoassay, PDA-mediated 
signal conversion and CuCC-mediated magnetic signal readout were 
dynamically integrated into the MRS biosensor for the detection of 
chlorpyrifos (Scheme 1C). To the best of our knowledge, this is the first 
report where PDA-mediated signal conversion and CuCC-triggered 
magnetic signal readout were introduced into an MRS biosensor to 
achieve signal amplification and stable signal readout. 

2. Materials and methods 

2.1. Materials and apparatus 

Chlorpyrifos (Sigma Aldrich, MA, USA); Bovine serum albumin 
(BSA) (Sigma Aldrich, MA, USA); Dopamine hydrochloride (Sigma 
Aldrich, MA, USA); Monoclonal antibody for chlorpyrifos (Ab1) (Shan-
dong Lvdu bio-sciences & Technology Co., Ltd., Shandong, China) 

Complete antigen (BSA-chlorpyrifos) (Shandong Lvdu bio-sciences & 
Technology Co., Ltd, Shandong, China); Sheep anti-mouse secondary 
antibody (Ab2) (Beijing Biodragon Immunotechnologies Co., Ltd, Bei-
jing, China); Azide-PEG4-NH2 (Click Chemistry Tools, USA); Alkyne- 
PEG4-NH2 (Click Chemistry Tools, USA); Carboxyl-functionalized 150 
nm magnetic nanoparticles (MNP150, 10 mg/mL) (Ocean NanoTech, 
USA). All solutions used in this work were prepared in deionized water 
produced by the Millipore Milli-Q ion-exchange apparatus. 

The field emission transmission electron microscope (TEM) (JEM- 
2100F, Japanese) was used to characterize the dispersed or aggregated 
MNP150. The field emission scanning electron microscopy (SEM) (Hita-
chi, Japan) was used to characterize the PDA and PDA-Ab2 conjugate. 
The Nano ZS (Malvern Instruments Ltd. England) was used to analyze 
the hydrodynamic size and Zeta potential of nanoparticles in this work. 
0.47T NMR instrument (PQ001) (Shanghai Niu mag Corp.) was used to 
measure the T2 values. 

2.2. Synthesis of PDA NPs and preparation of PDA -Ab2 

According to the previous work (Liu et al., 2013), 2 mL of ammonia 
aqueous solution (25–28%) was added into the reaction mixture that 
contains 40 mL of ethanol (≥99.5%) and 90 mL of ultrapure water fol-
lowed by a process of gently stirring at room temperature for 40 min. 
After that, 10 mL of dopamine solution (50 mg/mL) was transferred into 
the above solution within several seconds, and the procedure was 
initiated when the color of this solution gradually changed from light 
yellow to dark brown. This solution needs to be mildly stirred at 30 ◦C 
for 24 h. After centrifuging and washing with deionized water for three 
times, the PDA nanoparticle was obtained. 

The prepared PDA NPs (1 mg) was mixed with sheep anti-mouse 
secondary antibody (Ab2, 0.2 mg) in phosphate buffer solution (PBS, 
0.01M, pH = 7.40) and gently shaking at 4 ◦C for 12 h followed by 
centrifugation at 8000 rpm/min. And then, the BSA solution (5%, m/V) 
was employed to close the redundant sites on PDA for 30 min. The 
mixture was centrifuged and washed with PBST (PBS with additional 
0.05% Tween 20, 0.01 M, pH = 7.4) for three times. Finally, the PDA- 
Ab2 was re-suspended using 1 mL of PBS to reach a final concentration of 
1 mg/mL and was stored at 4 ◦C for further use. 

2.3. Preparation of azide-MNP150 conjugate and alkyne-MNP150 
conjugate 

50 μL of EDC (10 mg/mL) and 25 μL of NHS (10 mg/mL) were added 
into 100 μL of MNP150 (1 mg/mL) followed by shaking at room tem-
perature for 15 min. After magnetic separation, PBS solution was added 
to resuspend the activated MNP150 followed by the addition of 40 μL of 
azide-PEG4-NH2 or alkyne-PEG4-NH2 (10 mg/mL) solution. The above 
mixture was shaken at room temperature for 2 h. After magnetic sepa-
ration and washed by PBST for three times, the azide-MNP150 and 
alkyne-MNP150 conjugate was resuspended using 1 mL of PBS solution 
and was stored at 4 ◦C for further use. 

2.4. The process of PDA-CuCC-MRS biosensor for detection of 
chlorpyrifos 

100 μL of the BSA-chlorpyrifos (1 μg/mL) diluted in carbonate buffer 
solution (0.01 M, pH = 9.6) was coated on the 96-well plate and incu-
bated at 4 ◦C overnight. After removing the solution, 100 μL of BSA 
solution (3%) was used to block the redundant sites followed by washing 
steps. In the process of detection, 50 μL of Ab1 was mixed with a series of 
chlorpyrifos solution (0, 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 ng/ 
mL), respectively. After incubating at 37 ◦C for 15 min, this mixture was 
transferred into the coated 96-well plate to react with BSA-chlorpyrifos 
at 37 ◦C for 30 min. After washing with PBST for three times, 100 μL of 
PDA-Ab2 was added into the 96-well plate to combine with the immo-
bilized Ab1, and the mixture was incubated at 37 ◦C for 30 min, followed 
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by washing with PBST for three times to remove the non-reacted PDA- 
Ab2. After that, 60 μL of Cu2+ ions solution (50 μM) was further added to 
the 96-well plate for 10 min to carry out the chelation of Cu2+ ions so-
lution with the PDA-Ab2 conjugate. 50 μL of the residual Cu2+ ions in the 
supernatant were removed into the mixture of sodium ascorbate (10 
mM, 50 μL), azide-MNP150 (1 μg/mL, 50 μL) and alkyne-MNP150 con-
jugate (1 μg/mL, 50 μL) at room temperature for 10 min. Finally, the 
mixture solution was collected to obtain the T2 signal using a 0.47 T 
NMR instrument. Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences 
were employed for T2 measurements at 35 ◦C with the parameters as 
follows (NMR frequency: 19.894 MHz; TW (ms): 3000; TE (ms): 1; PRG: 
3; NECH: 8000; SW:100). 

2.5. Detection of chlorpyrifos in fruit samples 

Fresh apples (15 samples) were purchased from local supermarkets. 
10.0 g samples were first homogenized by a homogenizer and then 
mixed with 50 mL acetonitrile solution and 6 g of NaCl, respectively. 
After shaking for 10 min and centrifuge at 10000 r/min for 5 min, 10 mL 
of the acetonitrile layer was taken out and resolved with methanol after 
drying at 80 ◦C in a vacuum. The solution that has been filtered with a 
0.22 μm filter membrane was diluted by PBS solution for further 
detection by PDA-CuCC-MRS biosensors and gas chromatography (the 
parameters were according to the PRC Entry-exit inspection and quar-
antine industry standards, SN/T 2158-2008), respectively. Each sample 
was assayed three times (n = 3). 

3. Results and discussion 

3.1. Characterization of alkyne/azide-MNP150 

Dynamic light scattering (DLS) and Fourier transform infrared (FTIR) 
spectroscopy were first used to characterize the change in MNP150 
before and after coupling to alkyne or azide click ligand molecules. The 
hydrodynamic size of MNP150 increased from 213 nm to 248 or 255 nm 
after the conjugation of amine–azide and amine–alkyne (Fig. 1A). The 
FTIR spectra of azide-MNP150 and alkyne-MNP150 showed the charac-
teristic absorption peak at about 2160 cm− 1 and 2240 cm− 1, respec-
tively, which can be attributed to the N––N––N group of azide and C–––C 
group of alkyne, while MNP150 showed no obvious absorption at the 
vicinity of the above two peaks (Fig. 1B). In addition, the zeta potentials 
of MNP150 and azide/alkyne-MNP150 were also measured. The zeta po-
tential of MNP150 is − 26.5 mV, and the zeta potentials of azide/alkyne- 
MNP150 are − 19.9 mV and − 21.8 mV, respectively (Fig. 1C). These re-
sults indicate that the azide-MNP150 and alkyne-MNP150 conjugates 
were successfully prepared. 

Transmission electron microscopy (TEM) and energy-dispersive X- 
ray spectroscopy were further used to image the MNP150 and analyze the 
elemental compositions before and after CuCC. As shown in Fig. 1D–F, 
the alkyne-MNP150 was monodispersed, and the alkyne-MNP150 conju-
gate contains the elements C, O, and Fe. The weight percentage of C is 
13.85%, originating from the alkyne-PEG4-NH2 and carboxyl groups of 
MNP150. This indicates the successful modification of alkyne (Fig. 1E–F). 
After CuCC, the state of MNP150 changed from dispersed state to 
aggregated state (Fig. 1G), and the elemental analyses showed a 
decreased percentage of Fe and O, but an increased weight percentage of 
C (from 13.85% to 22.49%). More importantly, the elemental N was 

Fig. 1. Characterization of azide-MNP150 and alkyne-MNP150. (A) Hydrodynamic sizes, (B) FTIR spectra, and (C) zeta potential of azide-MNP150 and alkyne-MNP150; 
(D–F) TEM image, energy-dispersive X-ray spectra and elemental compositions of alkyne-MNP150; (G–I) TEM image, energy-dispersive X-ray spectra and elemental 
compositions of the aggregated MNP150 (MNP150-azide-alkyne-MNP150) after CuCC. The scale labels in D and G are 200 nm. 
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detected, and its weight percentage is 2.26% (Fig. 1H–I), indicating that 
the azide-MNP150 and alkyne-MNP150 were assembled by CuCC and 
formed a cluster due to the 1,3-dipolar cycloaddition between azide and 
alkyne. X-ray photoelectron spectroscopy (XPS) was utilized to charac-
terize the surface coverage of magnetic probes before and after CuCC 
(Fig. S1). Consistent with energy-dispersive X-ray spectroscopy, XPS 
shows that N1s element form azide can be denoted after CuCC with an 
atomic percentage of 3.31%. These experimental results indicate that 
the CuCC is a feasible strategy to change the state of azide-MNP150 and 
alkyne-MNP150 (from dispersed state to aggregated state). 

3.2. PDA-mediated signal conversion system for the modulation of Cu2+

ions 

The signal conversion system is a key element for the development of 
MRS biosensors. In this study, PDA NPs contain abundant functional 
groups such as catechol, o-quinone, and imine groups, which have a 
strong ability to absorb Cu2+ ions because of their excellent chelating 
bonding interactions (Liu et al., 2014). Thus, PDA NPs were used as the 
core component to develop a signal conversion system for the modula-
tion of Cu2+ ions (Fig. 2A). PDA NPs was covalently bound with Ab2 by 
Schiff base reaction or Michael addition reaction for combining with 
immunoassay (Cheng et al., 2019; Liu et al., 2016; Liu et al., 2014). It is 
an obvious advantage that the formation for PDA–Ab2 conjugate with 
good dispersity is simple by just mixing and washing, which can replace 
bio-enzymes for increasing the stability and reducing the costs. Herein, 
DLS was first used to characterize the PDA NPs and PDA–Ab2 conjugate. 
The hydrodynamic size of PDA NPs changed from 443 nm to 722 nm, 
and the zeta potential of PDA NPs increased from − 28.2 mV to − 26.9 

mV after coupling with Ab2 (Fig. 2B–C), indicating that the PDA–Ab2 
conjugate was prepared successfully. 

To verify that PDA NPs can be used to absorb Cu2+ ions for achieving 
signal conversion, scanning electron microscopy (SEM) and energy- 
dispersive X-ray spectroscopy were used to image the PDA–Ab2 conju-
gate and analyze the elemental compositions before and after absorbing 
Cu2+ ions. The results showed that PDA–Ab2 conjugate is a regular 
spherical NP and has good dispersibility (Fig. 2D). The conjugate con-
tains the elements C, N, O, P, and S. Among them, N, P, and S originate 
from Ab2 fixed on the surface of PDA, which also indicates the successful 
preparation of PDA–Ab2 conjugate. C, N, and O originate from the PDA 
NPs and Ab2 (Fig. 2E–F). In contrast, after absorbing Cu2+ ions, the 
resulting Cu@PDA–Ab2 conjugates were slightly aggregated (Fig. 2G). 
Elemental Cu was detected, and its weight percentage is 4.23%, indi-
cating that PDA NP has high capacity for Cu2+ ion absorption 
(Fig. 2H–I). Hence, PDA NPs can be used to develop a signal conversion 
system. To further test the binding capacity of PDA NPs for Cu2+ ions, 
atomic absorption spectroscopy was used to determine the amount of 
Cu2+ ions before or after absorbed by PDA NPs. As shown in Figs. S2 and 
1 mg PDA enables the absorption of 12.14 nmol Cu2+ ions (the con-
centration of Cu2+ ions changed from 20.0 nmol to 7.86 nmol), indi-
cating the good binding capacity of PDA NPs and further verifying the 
feasibility of combination of PDA-mediated signal conversion system 
and CuCC-mediated magnetic signal readout system. 

3.3. CuCC-mediated magnetic signal readout system 

Cu2+ ions are reduced with sodium ascorbate to generate Cu + ions. 
This leads to the transformation of dispersed azide/alkyne- 

Fig. 2. Feasibility verification of PDA-mediated signal conversion system. (A) Process of PDA-Ab2 for absorbing Cu2+ ions. (B) Zeta potential and (C) hydrodynamic 
sizes of PDA and PDA-Ab2. (D–F) SEM image, energy-dispersive X-ray spectra, and elemental compositions of PDA-Ab2; (G–I) SEM image, energy-dispersive X-ray 
spectra, and elemental compositions of PDA-Ab2 after the absorption of Cu2+ ions (Cu@PDA-Ab2). The scale labels in D and G are 1 μm. 
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functionalized MNPs to the aggregated MNPs, thus changing the mag-
netic signals and further helping to develop the magnetic signal readout 
system. The results show that the intensity of magnetic signal (ΔT2) 
increased with time, and the intensity of signals increased slowly after 
10 min (Fig. 3A). Thus, 10 min was selected as the reaction time of 
CuCC. The amounts of alkyne/azide used for the modification of MNP150 
were also optimized. Under the same concentration, the optimal volume 
of alkyne/azide is 40 μL, providing the best magnetic signal response 
(Fig. S3). To ensure the desired detectability of the MRS biosensor, the 
concentrations of azide/alkyne-MNP150 conjugates were also optimized. 
As shown in Figs. 3B and 1 μg/mL and 2 μg/mL of azide/alkyne-MNP150 
showed a similar magnetic signal response, while 0.5 μg/mL and 0.2 μg/ 
mL showed weaker performance due to the inadequate magnetic probe 
which is not enough to generate a good magnetic signal. Consequently, 
1 μg/mL of azide/alkyne-MNP150 was selected as the optimized con-
centration for CuCC. 

Under the optimized conditions, the responsibility of CuCC-mediated 
MRS signal readout system for Cu2+ ions was studied. The value of ΔT2 
increased when the concentration of Cu2+ increased from 0.1 to 200 μM 
(Fig. 3C), while the limit of detection (LOD) of CuCC-mediated MRS 
signal readout system for the detection of Cu2+ is 0.19 μM and the linear 
range is 0.5–100 μM (Y = 142.02 X+147.73, X = Log [Cu2+], R2 = 0.99) 
(Fig. 3D). This indicates that CuCC led to the aggregation of MNP150 and 
resulted in a significant change in the T2 signal. According to related 
studies (Wu et al., 2019; Xianyu et al., 2014), this signal readout system 
has a better response to Cu2+ ions, which is a key factor for the high 
sensitivity of PDA–CuCC–MRS biosensor. 

3.4. PDA–CuCC–MRS biosensor for the detection of chlorpyrifos 

Chlorpyrifos is a widely used organophosphorus pesticide, which 
poses a serious threat to human health and causes environmental 
pollution (Chen et al., 2021). In this biosensor, BSA–chlorpyrifos and 

chlorpyrifos competitively bind with Ab1 to control the amount of 
PDA–Ab2 conjugate, which can modulate the concentration of Cu2+

ions. Hence, the analysis of chlorpyrifos can be achieved by the detec-
tion of Cu2+ ions. Different amounts of Cu2+ regulated the aggregation 
extent of magnetic probes through CuCC, thus leading to a change in the 
T2 signal. Consequently, the quantitative relationship between chlor-
pyrifos and T2 signal was established. Herein, the Cu2+ ions were used to 
build the connection between chlorpyrifos and magnetic signal through 
the conversion of PDA nanoparticles, and initiate the click reaction be-
tween MNP150-azide and MNP150-alkyne after reduction to Cu + ions. 
The added concentration of Cu2+ ions is closely related to the analytical 
performance of PDA–CuCC–MRS biosensor. In contrast, 50 μM of Cu2+

ions have a better response, and it was selected as the initial concen-
tration to introduce this MRS immunosensor for the detection of chlor-
pyrifos (Fig. S4). The results show that the value of ΔT2 gradually 
increased when the concentration of chlorpyrifos increased from 0.1 to 
1000 ng/mL (Fig. 4A). The linear range of PDA–CuCC–MRS biosensor 
for the detection of chlorpyrifos is 0.5–1000 ng/mL (Y = 57.14 X +
78.76, X = Log [chlorpyrifos], R2 = 0.99), and the LOD is 0.084 ng/mL 
(LOD = 3S/M, S = 2.3, M = 82.2) (Fig. 4B). In addition, traditional 
enzyme-linked immunoassay (ELISA) was also conducted to detect 
chlorpyrifos for comparison. The linear range of ELISA is 5–1000 ng/mL 
(Y = 0.29 X+0.31, X = Log [chlorpyrifos], R2 = 0.99), and the LOD is 
1.86 ng/mL (LOD = 3S/M, S = 0.04, M = 0.065) (Fig. 4C–D). The 
sensitivity of PDA–CuCC–MRS biosensor improved by about 22-fold 
compared with traditional ELISA. The enhanced sensitivity of this 
MRS biosensor can be attributed to the following factors: (1) 
Cu+-catalyzed click reaction is an efficient strategy to change the state of 
MNPs, thus significantly improving the magnetic signal conversion ef-
ficiency. (2) PDA–Ab2 conjugate has high capacity for binding Cu2+

ions, significantly changing the concentration of Cu2+ ions and resulting 
in a change in magnetic signal, thus attributing to the high sensitivity. 
Compared to antibodies, azides and alkynes are small molecules, and 

Fig. 3. Feasibility of CuCC-mediated magnetic signal readout system. (A) Reaction kinetics of CuCC-mediated magnetic signal readout system. (B) Concentration 
optimization of azide-MNP150 and alkyne-MNP150 conjugates. (C) Plot of ΔT2 versus the concentration of Cu2+ in CuCC-mediated magnetic signal readout system for 
Cu2+ biosensing. (D) Linear response between the concentration of Cu2+ and ΔT2. 
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MNPs have a greater loading capacity to conjugate azide/alkyne mole-
cules than that of antibodies (Chen et al., 2016; Haun et al., 2010; Polito 
et al., 2008). Therefore, CuCC-mediated aggregation of MNPs has a 
higher efficiency than antibody–antigen recognition mediated aggre-
gation of MNPs, thus improving the sensitivity of traditional MRS 
biosensors. 

3.5. Selectivity and reproducibility of PDA–CuCC–MRS biosensor 

The selectivity of PDA–CuCC–MRS biosensor for the detection of 
chlorpyrifos was also studied using several analogs, including dimeth-
oate, parathion, glyphosate, and acephate. As shown in Fig. S5, only 
chlorpyrifos resulted in a significant change in magnetic signals, and the 
other analogs had a negligible effect on the magnetic signal, which 
shows a significant difference (P < 0.05), indicating that this MRS 
biosensor enables the detection of chlorpyrifos with good selectivity. 
Different concentrations of chlorpyrifos (5–500 ng/mL) were spiked in 
blank samples to determine the recovery rate of PDA–CuCC–MRS 
biosensor and further evaluate its accuracy(Table S1). The recovery 
rates are in the range of 79.14–103.68%, and the variation coefficients 
of intra-and inter-assay are 6.32–11.94% and 7.13–13.25%, indicating 
the good accuracy and reproducibility of this assay. PDA-mediated 
signal conversion process and the high signal to noise ratio of MRS 
assay enable low matrix interference, which is beneficial to gain the 
satisfied accuracy and reproducibility. The good selectivity and high 
accuracy of this MRS biosensor encouraged us to detect chlorpyrifos in 
real samples. 

3.6. Real fruit sample analysis 

Fifteen samples of locally harvested apples were used to test the 
practical application of PDA–CuCC–MRS biosensor for the detection of 
chlorpyrifos. The chlorpyrifos levels in the above samples were 

determined by gas chromatography to determine the accuracy of 
PDA–CuCC–MRS biosensor. Samples 2, 7, 11, and 13 were detected as 
positive using our MRS biosensor and gas chromatography, indicating 
that the two assays provided consistent results (Fig. 5A–B). Gas chro-
matography is a standard method for the detection of pesticide residues 
in food samples owing to its high sensitivity and accuracy, but it suffers 
from complex sample pretreatment and bulky equipment. Fortunately, 
PDA–CuCC–MRS biosensor provides a simple and convenient assay that 
only needs few pretreatment steps as well as exhibits satisfying analyt-
ical performance, indicating great potential for the detection of trace 
targets with high accuracy and convenient operation. 

Efficient biosensing signal conversion strategy and effective signal 
amplification system are the main approaches to improve the perfor-
mance of bioassays. In this work, PDA NPs were employed to efficiently 
absorb Cu2+ ions, which can convert the detection of chlorpyrifos into 
the determination of Cu2+ ions, thereby achieving the efficient conver-
sion of biosensing signals. CuCC is a useful tool for initiating the ag-
gregation of MNPs, enabling high T2 signal generation efficiency and 
thus signal amplification. Therefore, PDA-CuCC-MRS biosensor is are 
available with high sensitivity and good accuracy which put down to the 
introduction of PDA-mediated signal conversion system and CuCC- 
mediated signal amplification system. The previous works on the 
detection of chlorpyrifos are summarized and compared with our assay 
(Table S2). Our assay processes a higher sensitivity and a broader linear 
range than traditional or other reported assays. Furthermore, the high 
stability and low cost of the PDA NPs-mediated signal conversion system 
contribute to the analysis of hazardous substances in resource- 
constrained areas. 

4. Conclusions 

In conclusion, we reported an MRS biosensor combining a PDA- 
mediated signal conversion system and click chemistry mediated 

Fig. 4. Sensitivity and linear range of PDA-CuCC-MRS biosensor and ELISA for the detection of chlorpyrifos. (A) Plot of ΔT2 versus the concentration of chlorpyrifos 
and (B) linear range of PDA-CuCC-MRS biosensor for the detection of chlorpyrifos. (C) Plot of ΔOD450 versus the concentration of chlorpyrifos and (D) linear range of 
traditional ELISA for the detection of chlorpyrifos. 
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magnetic signal readout system. PDA NPs improve the stability and 
reduce the analysis costs, and click chemistry reaction triggered aggre-
gation of MNPs increases the sensitivity of analytical method, contrib-
uting to the high sensitivity and stability of MRS biosensor. It is a useful 
tool for the detection of pesticide residues and other harmful molecules 
in food safety, environmental protection, or other biochemical analyses. 
However, this MRS biosensing is incapable of high throughput analysis 
and automated detection. In the future, we will develop completely 
automatic and high throughput MRS biosensors by combining micro-
fluidic and artificial intelligence technologies. 
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