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ABSTRACT 23 

Nanozymes with peroxidase-like activity have been widely used as signal labels in 24 

electrochemical immunosensors. However, these sensors always suffer from some 25 

shortcomings during the processes underlying nanozyme labeling, including complex 26 

reactions, nanozyme inactivation after being decorated on the antibodies. To solve 27 

these problems, a novel electrochemical immunosensor was designed for 28 

ultrasensitive detection of sulfonamides (SAs), in which the synthesized 2D 29 

Cu-TCPP(Fe) with peroxidase-like property was used as a nanozyme that was directly 30 

modified on the electrode surface. Meanwhile, the structure of 2D Cu-TCPP(Fe) 31 

could be destroyed by the polyethyleneimine (PEI) from PEI-GO@Ab2 due to the 32 

stronger affinity between PEI and Cu2+, leading to an activity change of the prepared 33 

nanozyme. When H2O2 was introduced to the system, the electrochemical current was 34 

significantly declined owing to the peroxidase activity of 2D Cu-TCPP(Fe) decreased, 35 

which led to signal amplifications. Under the optimized conditions, this strategy had a 36 

wide detection range (1.186-28.051 ng/mL), satisfactory accuracy and precision 37 

(recoveries, 64-118%; CV, 2.16- 7.27%) with a low detection limit of 0.395 ng/mL. 38 

The findings of this study indicate that the electrochemical immunosensor we 39 

developed has great potential and can be used for enzyme-free detection of SAs in 40 

environmental samples. 41 
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1. Introduction 46 

Sulfonamides (SAs), a generic class of broad-spectrum antibiotics with the 47 

structure of p-aminobenzene sulfonamide(Ma et al. 2016; Managaki et al. 2007), have 48 

been widely used as prophylactic agents/medicines for treating diseases in humans 49 

and as growth additives in domestic animals depending on their good stability and 50 

low cost(Dinh et al. 2017). Extensive use of SAs brings about their ubiquitous 51 

occurrence in aquatic environments via excreted feces and urine, contributing to the 52 

evolution of antibiotic resistant genes and damaging public health(Lu et al. 2015). 53 

Accordingly, there are increasing concerns about the direct or indirect impact of SA 54 

residues on aquatic ecosystems and the resulting antibiotic resistant genes(Kim et al. 55 

2013; Lu et al. 2015). Hence, it is necessary to establish an effective method to 56 

investigate SAs in environmental waters for risk assessments. 57 

At present, various analytical methods have been reported for SAs analysis, 58 

including gas chromatography-mass spectrometry (GC-MS)(Loos et al. 2017), high 59 

performance liquid chromatography(Du et al. 2017; Jia et al. 2018), high-performance 60 

liquid chromatography coupled with triple quadrupole mass spectrometry (HPLC–61 

MS/MS)(Nebot et al. 2013; Won et al. 2011) and capillary 62 

electrophoresis(Hernández-Mesa et al. 2019; Shuo et al. 2018). Although these 63 

approaches have shown some advantages, including good sensitivity and accurate 64 

quantification, their drawbacks (e.g., tedious sample pretreatment procedures, the 65 

requirement of large amounts of organic solvents for enrichment and cleanup, and 66 

expensive instruments) have hindered their further application(Liu et al. 2016; Luo et 67 

al. 2010; Shoeib et al. 2004). By comparison, electrochemical immunoassays 68 

displayed some obvious advantages for SA determination because of their low cost, 69 

high accuracy, portability and simplicity(Conzuelo et al. 2013; Conzuelo et al. 2012). 70 

However, the performance of immunoassays using natural enzymes would be 71 

potentially influenced by the extremely complex environmental conditions, resulting 72 

in irreversible deformation. To address the issue, nanozyme-based electrochemical 73 

immunoassays were introduced into the detection system.  74 



Nanozymes have been defined as a kind of nanomaterial with intrinsic enzymatic 75 

activities(Gao et al. 2007; Shan et al. 2007), including metal oxides, metal sulfide and 76 

metal-organic frameworks (MOFs), which have attracted considerable attention in 77 

many fields because of their low cost, high stability and good tolerance against 78 

different matrixes(Dong et al. 2019; Zhou et al. 2017; Zhu et al. 2019). However, 79 

despite their indispensable advantages, the potential drawbacks of some conventional 80 

nanozymes have limited their further application, such as the fact that only a small 81 

number of active sites were exposed on the surface of materials and the 82 

bio-recognition sites of nanozymes were hindered by their small surface-to-volume 83 

ratio(Zhang et al. 2019; Zhou et al. 2017). To overcome the aforementioned 84 

limitations, nanozymes based on a two-dimensional (2D) structure were designed and 85 

exhibited excellent catalytic properties(Walper et al. 2018; Zhu et al. 2018). The 2D 86 

metal-organic frameworks (MOFs) showed distinct merits owing to their large surface 87 

area and lower diffusion barriers, which were conducive to simpler substrate 88 

molecules being exposed on the surface of active sites(Chen et al. 2018). Cheng et al. 89 

established an attractive bioassay to monitor the Hep elimination process in live rats 90 

with 2D Zn-TCPP(Fe), which displayed high activity for mimicking 91 

peroxidase(Cheng et al. 2017). By means of AuNPs grown on 2D MOFs, Huang et al. 92 

designed an interesting strategy to mimic natural enzymes and catalyze cascade 93 

reactions(Huang et al. 2017). In addition, Liu et.al developed a strategy to decrease 94 

the pH of wounds and achieved a significant antibacterial effect via 2D Cu-TCPP(Fe) 95 

in vivo(Liu et al. 2019b). 96 

Inspired by the above-mentioned literatures, at the present study, a novel 97 

electrochemical immunosensor strategy was designed for ultrasensitive determination 98 

of SAs in aquatic environments, in which 2D MOFs with peroxidase properties were 99 

directly decorated on the surface of electrodes (shown as Scheme 1). This strategy 100 

showed obvious merits on preventing the loss of catalytic activity during nanozyme 101 

labeling. After evaluating its performance (accuracy, precision and stability), the 102 

proposed immunosensor was applied for real environmental sample analysis.  103 



2. Experimental section 104 

Materials, reagents, apparatus, electrochemical parameter and sample preparation 105 

were displayed in S1-4. 106 

2.1. Synthesis of 2D Cu-TCPP(Fe) nanosheets 107 

2D Cu-TCPP(Fe) nanosheets were synthesized according to a previous report with 108 

minor modifications(Qin et al. 2018b). Cu(NO3)2·3H2O (7.2 mg, 0.015 mM), 109 

trifluoroacetic acid (20 µL, 1.0 M), and PVP (20.0 mg) were dissolved in 110 

DMF-ethanol (Volume ratio=3:1, 24 mL), and then, TCPP (Fe) (8.0 mg, 0.005 mM) 111 

dissolved in a DMF-ethanol mixture (volume ratio = 3:1, 8 mL) was added dropwise 112 

into 24 mL of the prepared solution under vigorous stirring. After 10 min of 113 

ultrasound, the resulting mixture was heated for 18 h at 80 °C. The final solution was 114 

cooled and centrifuged, and the resulting sediment was washed several times with 115 

ethanol. The obtained 2D nanosheets were re-dispersed in ultrapure water. 116 

2.2. Synthesis of PEI-GO@Ab2 117 

To increase water solubility, carboxyl-functionalized GO (GO-COOH) was 118 

synthesized according to previous reports(Jing et al. 2017). Under stirring, 200 mg 119 

GO in HNO3-H2SO4 (Volume ratio = 1:3, 40 mL) was refluxed for 8 h at 60 ℃. After 120 

filtration through 0.22 µm filters, GO-COOH was dried under vacuum. Finally, the 121 

product was stored at 4 °C until use. 122 

Ten milligrams GO-COOH and 100 mg PEI were dissolved in 20 mL ultrapure 123 

water under 30 min of ultrasound. Then, 200 mg EDC was added to the mixture. After 124 

8 h of stirring, the PEI-GO suspension was centrifuged and then dried under vacuum. 125 

For the preparation of PEI-GO@Ab2, 1 mL Ab2 (10 µg/mL) was mixed with the 3 mL 126 

PEI-GO (6 mg/mL) suspension at 4 °C. After 12 h of stirring, 100 µL of 1% BSA was 127 

used to block non-specific sites. The collected PEI-GO@Ab2 was redissolved in PBS 128 

(0.01 mol/L, pH= 7.4) and stored at 4 °C. 129 

2.3. Electrode modification. 130 

The bare GCEs were repeatedly polished both 0.3 µm alumina slurries. Then, the 131 

GCEs were ultrasonically washed in ultrapure water and dried under nitrogen. 132 



Subsequently, 6 µL MWCNTs (3 mg/mL) were modified on the surface of GCEs. 133 

After drying at 25℃, 6 µL Cu-MOFs (6 mg/mL) were coated onto the modified 134 

electrode surface. 135 

2.4. Fabrication of the electrochemical immunosensors 136 

Six microliters of the antigen was modified on the electrode surface overnight at 137 

4 ℃. To prevent nonspecific binding, after washing, the surface of the electrode was 138 

blocked with BSA and incubated at 37 ℃ for 45 min. After washing once, 3 µL of Ab1 139 

and the same volume of sample (or standard Sulfamonomethoxine, abbreviated to 140 

SMM)) were sequentially decorated on the electrode surface. After incubation and 141 

washing, 6 µL PEI-GO@Ab2 was dropped onto the surface of the modified GCEs. 142 

After reacting at 37 °C for 40 min and washing again, the electrode was submerged in 143 

PBS containing 10 mM H2O2. 144 

3. Results and discussion 145 

3.1. Characterization of MWCNTs, Cu-TCPP(Fe) and PEI-GO  146 

The morphology of MWCNTs was characterized by TEM. As displayed in Fig. S2, 147 

the MWCNTs indicated remarkable tubular structure and without any impurities on 148 

their surface. 149 

TEM and SEM images of Cu-TCPP(Fe) showed obvious crumpled and curled 150 

planes (Fig. 1A and 1B), which were caused by the dimensional characteristics of the 151 

2D structure, indicating that the material was successfully synthesized. Additionally, 152 

SEM element mapping indicated that the C, N, O, Fe, and Cu in the nanosheet were 153 

homogeneously distributed (Fig. 1C).  154 

The morphology of GO and PEI-GO were characterized via TEM and SEM images, 155 

respectively. As shown in Fig. 2A and 2B, GO indicated clear wrinkling with a sheet 156 

morphology. By contrast, the wrinkling of PEI-GO was blurred and unable to be 157 

clearly observed (Fig. 2C and 2D) because PEI was modified on the surface of GO. 158 

The result was further confirmed by FT-IR and zeta potential measurement. As 159 

displayed in Fig. 3, GO presented peaks at 3428, 1731, and 1624 cm−1 associated with 160 

−OH, C=O, and the C=C stretching vibration (curve a), respectively, consistent with 161 



the previous literature(Huang and Bo 2018). By comparison, a peak (2918 cm-1, as 162 

observed in curve b) appeared at the FT-IR of PEI-GO, corresponding to the 163 

stretching vibration of –CH2 at the PEI chain. Moreover, PEI-GO showed a new 164 

vibration band at approximately 1630 cm-1, matching N-C=O and suggesting that PEI 165 

had been modified on the surface of GO. Meanwhile, zeta potential measurement (Fig. 166 

S3) indicated that the zeta potential value of GO was – 15.1 mV. After modification 167 

with PEI, the value of zeta potential was dramatically changed to + 41.0 mV, which 168 

could be caused by the high density amino-groups with positive charges was 169 

attributed on the surface of PEI-GO, confirming that the successful surface 170 

modification of GO with the PEI. 171 

3.2. Mechanism of the Electrochemical Immunosensor 172 

Scheme 1 depicts the protocol for this competitive electrochemical immunosensor, 173 

which applied 2D Cu-TCPP(Fe) as a novel nanozyme for signal amplifications. 174 

In addition, Cu-TCPP(Fe) was demonstrated with the peroxidase-mimicking 175 

activities(Cheng et al. 2017; Qin et al. 2018a), and the current response of 176 

Cu-TCPP(Fe) was mainly caused by TCPP(Fe) as dominant active sites that could be 177 

reacted with H2O2. Moreover, Cu2+ acted as the junction sites could enhance the 178 

structural stability of 2D MOFs. After Cu-TCPP(Fe) bonded with the PEI-GO, the 179 

signal of 2D MOFs was remarkably decreased, which was probably due to that the 180 

Cu-TCPP(Fe) could be collapsed by PEI and released the TCPP(Fe) inside. At the 181 

same time, PEI was a good chelating agent that could bond with Cu (II), resulting in 182 

TCPP(Fe) being released (Zhang et al. 2016). Actually, GO possess the ability to 183 

adsorb Cu2+, however, the adsorption capacity of the GO showed relatively faint if 184 

without any modification, ascribed to that the material lacks strong binding sites 185 

towards heavy metal ions(Liu et al. 2019a). Thus, GO as a platform play a crucial role 186 

in signal amplification, which allows more PEI and Ab2 to be labeled. 187 

3.3. Characterization of the Electrochemical Immunosensor  188 

It has been confirmed that electrochemical impedance spectroscopy (EIS) is a 189 



convenient method for estimating the electrochemical property of electrodes at the 190 

process of electrode modification(Ye et al. 2019). Impedance spectroscopy involves a 191 

linear part (representing a diffusion-limited process) and a semi-circular part 192 

(representing an electron transfer-limited process) in which the electron transfer 193 

resistance (Ret) is expressed according to the diameter of the semicircle. The EIS 194 

value of the electrode surface modification measurement was performed in PBS that 195 

contained 5 mM Fe(CN)6
3−/4−, and the changes in the Ret value at different electrode 196 

modification steps are shown in Fig. 4. 197 

The bare electrodes had a small Ret value (curve a), and after exposed to MWCNTs, 198 

the semicircle domain significantly shrank, suggesting that the modified electrodes 199 

had remarkable electroconductivity (curve b). When the modified-electrodes were 200 

decorated with Cu-TCPP(Fe), the semicircle diameter evidently increased (curve c), 201 

probably due to the fact that the electrode surface was covered by MOFs, thereby 202 

blocking electron transport. After respectively incubated with antigens (curve d), BSA 203 

(curve e) and antibodies (curve f) on the electrodes, the value of Ret continued to 204 

increase because of presences of the no-electroactive biomaterials, which hindered the 205 

electron transfer of Fe(CN)6
3−/4−, increasing the distance between the electrode surface 206 

and Fe(CN)6
3−/4−. When PEI-GO@Ab2 was modified on the electrode surface, the Ret 207 

value dramatically decreased (curve g), meaning that the exposed area of the 208 

electrodes and charge transfer capability in the Fe(CN)6
3−/4− solution had obviously 209 

improved. The above investigation provided evidence that the immunosensor was 210 

successfully fabricated and could be used for target analysis. 211 

3.4. Feasibility of the Detection Methods  212 

Considering that the peroxidase property of Cu-TCPP(Fe) and destroying it using 213 

PEI are the two key factors for this immunoassay, they were estimated through a 214 

series of investigations. To characterize the electrocatalytic performance of the MOF 215 

nanosheets, cyclic voltammetry (CV) was used under different modified electrodes. 216 

Fig. 5 illustrates CVs at a scan rate 100 mV/s and scanning potential from -0.7 V to 217 

0.7 V of bare GCE, bare GCE-modified MWCNTs and bare GCE-modified 218 

Cu-TCPP(Fe)/MWCNTs in PBS buffer with/without 10 mM H2O2. When H2O2 was 219 



present in the reaction system, it was observed that there was a markedly reduced 220 

peak current of -0.55 V using Cu-TCPP(Fe)/MWCNTs/GCE (f) in comparison with 221 

the bare electrode (e) and MWCNTs/GCE (d), suggesting that Cu-MOFs have 222 

excellent peroxidase properties. Compared with the above results, when the reaction 223 

solution was only PBS buffer, almost no reduction peak was observed in 224 

Cu-TCPP(Fe)/MWCNTs/ GCE(c) due to the absence of H2O2 in the detection system. 225 

Besides, there are no remarkable change for bare electrode (a) and MWCNTs/GCE (b) 226 

when H2O2 was introduced into the working buffer, confirming that Cu-TCPP(Fe) 227 

was stable enough as nanozyme when being used at the process of sample 228 

measurement. 229 

Meanwhile, the dynamic-light-scattering (DLS) measurements indicated that the 230 

size of the 2D MOFs decreased after the addition of PEI (illustrated in Fig. 6A) 231 

probably due to the fact that PEI absorbed the connecting Cu2+ metal node of the 232 

Cu-MOF nanosheets. 233 

In addition, Fig. S3 shows that the solution containing Cu-TCPP(Fe) changed from 234 

dark brown opaque to brownish yellow transparent after the addition of PEI, 235 

indicating that the structure of the MOFs nanosheet has been collapsed. Moreover, 236 

amperometric measurements of the immunosensor with different coating layers were 237 

employed to estimate the effect of the structure on the electrocatalytic performance of 238 

MOFs. As illustrated in Fig. 6B, the electrochemical signal response was absent due 239 

to the bare GCE (a) does not have the ability to catalyze H2O2. Besides, Cu-MOFs 240 

/GCE (b) exhibited a marked electrochemical signal in the presence of 10 mM H2O2, 241 

indicating that Cu-TCPP(Fe) showed excellent electrocatalytic performance for H2O2. 242 

However, the signal of Cu-MOFs / MWCNTs /GCE (c) was dramatically increase, 243 

illustrating that the capacity of electron transfer has been significantly improved by 244 

MWCNTs modification. As displayed in Fig. 6C, almost no signal was observed 245 

when the electrode was decorated with 246 

PEI-GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE. Although the signal 247 

response of GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE was decreased, 248 

probably due to the fact that GO has a certain functional group to adsorb copper ions 249 



of Cu-TCPP(Fe) and the degree of signal decrease was hardly affect the sensitivity of 250 

this work. Thus, these investigations revealed that the structure of Cu-TCPP(Fe) 251 

played a decisive role in its electrocatalytic properties. 252 

3.5. Optimization of the Immunosensor 253 

Since some parameters potentially influence the performance of the sensor, they 254 

were tested in detail, including reaction time, concentration of antigen/ antibody, 255 

Cu-TCPP(Fe) and PEI-GO@Ab2, which were recorded using amperometric 256 

measurements.  257 

As shown in Fig. 7A and 7B, the maximum signal was obtained when the antigen 258 

and antibody were diluted 8000 and 16,000 times (dilution factor), respectively. In 259 

addition, the current response increased when the concentration of 2D MOFs 260 

increased from 2 mg/mL to 6 mg/mL, at which point it reached at its peak value. 261 

Consequently, 6 mg/mL was considered to be the optimal concentration of 262 

Cu-TCPP(Fe) for the detection system (Fig. 7D). As shown in Fig. 7E, a gradual 263 

decrease in the signal was observed at a dilution factor of 1-4 for PEI-GO@Ab2, and 264 

then, the current response increased when the dilution factor exceeded 4; hence, the 265 

optimal dilution factor was selected to be 4. At the same time, the most suitable 266 

absorption time of Cu2+ was 40 min (Fig. 7F), and the recognition time between 267 

antigen and antibody was 40 min (Fig. 7C). 268 

Under the above optimized conditions, the standard curve (Fig. 8B) was established 269 

after measurement of a serial concentration of SMM (Fig. 8A). Good performance 270 

was obtained, with a low limit of detection (LOD= 3SB/m = 0.395 ng/mL, where m is 271 

the slope of the corresponding calibration curve and SB is the standard deviation of the 272 

blank )(Wang et al. 2014), wide range (1.186- 28.051 ng/mL, IC20-IC80)(Fraga et al. 273 

2012), and obvious advantages over other methods (Table S2).  274 

3.6. Verification of Accuracy, Stability and Sample Analysis  275 

The accuracy and precision of the established sensor were estimated using a 276 

spike-recovery measurement based on water samples from various sources (pure 277 

water, pond water, tap water, river water) fortified with a variety of concentrations of 278 

SMM. Table 1 shows that the recoveries of the SAs were in the range of 64-118% 279 



with the intra-assay coefficient of variation (CV) ranging from 2.16% to 7.27%, 280 

meaning that the method had good accuracy and could be used for real environmental 281 

sample analysis. Besides, the stability of immunosensors was investigated (Fig. S5). 282 

There are five immunosensors were stored at 4 °C, and assessed every 3 days. The 283 

current response retained 83.67% of its initial current after 15 days, indicating that the 284 

immunosensors had acceptable stability. The proposed method was applied to 285 

investigate the concentration of SAs in real water samples from the Zhenjiang area, 286 

Jiangsu Province, China, which was verified by ELISA. As shown in Table 2, the 287 

results were highly consistent with those from the traditional ELISA method. 288 

Meanwhile, compared with ELISA, the proposed immunosensor showed an obvious 289 

advantage in sensitivity. 290 

4. Conclusions 291 

In summary, an electrochemical immunosensor was fabricated for ultrasensitive 292 

detection of SAs from environmental waters based on the 2D Cu-TCPP(Fe) with 293 

peroxidase properties with catalytic H2O2 as the signal source. The established 294 

method showed good accuracy and reproducibility (recoveries, 64-118%; CV, 2.16- 295 

7.27%) with a low LOD of 0.395 ng/mL, which was approximately 4 times lower 296 

than that using traditional ELISA with the same antibody (Fig. S1). These results 297 

suggest that the method has great potential for target analysis. Meanwhile, the present 298 

study also provided a novel strategy for designing immunosensors for the 299 

determination of other substances with different antibodies. 300 
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435 
Scheme 1. Schematic illustration of the electrochemical immunosensor for the 436 

detection of Sulfonamides. 437 

  438 



Figure captions 439 

Fig. 1. TEM image of Cu-TCPP(Fe) (A); SEM image of Cu-TCPP(Fe) (B); EDS of 440 

Cu-TCPP(Fe) (C). 441 

Fig. 2. TEM image of GO (A), PEI-GO (B); SEM image of GO (C), PEI-GO (D). 442 

Fig. 3. The FT-IR spectra of GO (a), PEI-GO (b). 443 

Fig. 4. EIS characterization of electrodes at various steps of modification in 5 mM [Fe 444 

(CN)6]
3-/4-] solution: bare GCE(a), MWCNTs/GCE(b), 445 

Cu-TCPP(Fe)/MWCNTs/GCE(c), Ag/Cu-TCPP(Fe)/MWCNTs/GCE(d), 446 

BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(e), 447 

Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(f), 448 

PEI-GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(g). 449 

Fig. 5. The CV of the immunosensor with different modified electrodes in blank (a: 450 

bare GCE, b: MWCNTs/GCE, c: Cu-TCPP(Fe)/MWCNTs/GCE) and containing 10 451 

mM H2O2(d: bare GCE, e: MWCNTs/GCE, f: Cu-TCPP(Fe)/MWCNTs/GCE). 452 

Fig. 6. DLS characterization of Cu-TCPP(Fe) before (black) and after (red) with PEI 453 

(A); The i-t curve of the immunosensor with different modified electrodes in PBS 454 

containing 10 mM H2O2: (B) bare GCE(a), Cu-TCPP(Fe)/GCE(b) and 455 

Cu-TCPP(Fe)/MWCNTs/GCE(c); (C) Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(a), 456 

GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(b) and 457 

PEI-GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(c). 458 

Fig. 7. Effect of the dilution of antibody (A) and antigen (B), the recognition time of 459 

antibody and antigen (C) the concentration of Cu-TCPP(Fe) (D), the dilution of 460 

PEI-GO@Ab2 (E) and the time of Cu2+ absorption (F). Error bars = RSD (n=3). 461 

Fig. 8. The amperometric method measurements of the fabricated immunosensor after 462 

incubating with 0-81 ng/mL SMM. (a) 0, (b) 0.1, (c) 0.3, (d) 0.9, (e) 3, (f)9, (g)27, (h) 463 

81 ng/mL SMM in PBS (pH 7) containing 10 mM H2O2 (A); The standard curves of 464 

the indirect competitive electrochemical immunosensor for SMM under the optimized 465 

conditions (B). Error bars = RSD (n=3). 466 
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 468 

Fig. 1. TEM image of Cu-TCPP(Fe) (A); SEM image of Cu-TCPP(Fe) (B); EDS of 469 

Cu-TCPP(Fe) (C). 470 
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 472 
Fig. 2. TEM image of GO (A), PEI-GO (B); SEM image of GO (C), PEI-GO (D). 473 
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 475 
Fig. 3. The FT-IR spectra of GO (a), PEI-GO (b). 476 
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Fig. 4. EIS characterization of electrodes at various steps of modification in 5 mM [Fe 479 

(CN)6]
3-/4-] solution: bare GCE(a), MWCNTs/GCE(b), 480 

Cu-TCPP(Fe)/MWCNTs/GCE(c), Ag/Cu-TCPP(Fe)/MWCNTs/GCE(d), 481 

BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(e), 482 

Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(f), 483 

PEI-GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(g). 484 
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 486 
Fig. 5. The CV of the immunosensor with different modified electrodes in blank (a: 487 

bare GCE, b: MWCNTs/GCE, c: Cu-TCPP(Fe)/MWCNTs/GCE) and containing 10 488 

mM H2O2(d: bare GCE, e: MWCNTs/GCE, f: Cu-TCPP(Fe)/MWCNTs/GCE). 489 
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 491 

Fig. 6. DLS characterization of Cu-TCPP(Fe) before (black) and after (red) with PEI 492 

(A); The i-t curve of the immunosensor with different modified electrodes in PBS 493 

containing 10 mM H2O2: (B) bare GCE(a), Cu-TCPP(Fe)/GCE(b) and 494 

Cu-TCPP(Fe)/MWCNTs/GCE(c); (C) Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(a), 495 

GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(b) and 496 

PEI-GO@Ab2/Ab1/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE(c). 497 

 498 
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500 

Fig. 7. Effect of the dilution of antibody (A) and antigen (B), the recognition time of 501 

antibody and antigen (C) the concentration of Cu-TCPP(Fe) (D), the dilution of 502 

PEI-GO@Ab2 (E) and the time of Cu2+ absorption (F). Error bars = RSD (n=3). 503 
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 505 
Fig. 8. The amperometric method measurements of the fabricated immunosensor after 506 

incubating with 0-81 ng/mL SMM. (a) 0, (b) 0.1, (c) 0.3, (d) 0.9, (e) 3, (f)9, (g)27, (h) 507 

81 ng/mL SMM in PBS (pH 7) containing 10 mM H2O2 (A); The standard curves 508 

(y=1.09072-0.9091/(1+ (x/5.76723) ^0.87639), correlation coefficient 0.993) of the 509 

indirect competitive electrochemical immunosensor for SMM under the optimized 510 

conditions (B). Error bars = RSD (n=3). 511 
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Table captions 513 

Table 1. Analysis of SA-spiked using our established method (n=3). 514 

Table 2. The comparison for SAs detection using our established method and the 515 

conventional ELISA (n=3). 516 

  517 



Table 1. Analysis of SA-spiked using our established method (n=3). 518 

Samples 
Background 

(ng/mL) 

Added 

(ng/mL) 

Found 

(ng/mL) 

Recovery 

(%) 

CVa 

(%) 

Pure water NDb 

1.5 1.77 118 2.38 

5 3.20 82 3.21 

25 27.25 109 2.16 

Pond water 5.41 

1.5 7.67 111 2.64 

5 9.11 74 5.58 

25 27.16 87 2.94 

Tap water ND 

1.5 1.61 107 3.54 

5 4.55 91 7.27 

25 22.00 88 2.93 

River water 3.20 

1.5 5.2 110 2.87 

5 5.25 64 3.02 

25 21.75 77 3.42 
a CV, intra-assay coefficient of variation obtained from 3 determinations performed in the same 519 
polystyrene microtiter plate. 520 
b ND, not detected. 521 
  522 



Table 2. The comparison for SAs detection using our established method and the 523 

conventional ELISA (n=3). 524 

Samples 
ELISA 

(ng/mL) 

Our method 

(ng/mL) 

CV 

(%) 

S1 8.29 6.13 2.57 

S2 ND 2.92 4.65 

S3 27.83 25.83 3.76 

S4 ND 2.31 3.21 

S5 ND ND / 

S6 4.92 3.24 4.15 

S7 13.52 10.87 3.68 

S8 ND 2.76 4.26 

S9 16.95 14.53 4.62 

S10 3.92 2.01 3.85 

S11 7.31 5.27 4.93 

S12 9.52 6.93 2.86 

S13 ND 2.42 3.61 

S14 5.87 3.15 4.82 

S15 ND ND / 
a CV, intra-assay coefficient of variation obtained from 3 determinations performed in the same 525 
polystyrene microtiter plate. 526 
b ND, not detected. 527 



Highlights 

1. A novel competitive electrochemical immunosensor strategy was fabricated for 

determination of SAs with a low LOD of 0.395 ng/mL; 

2. The good performance was benefited from a nanozyme (2D Cu-TCPP(Fe)) used, 

which was directly modified on the electrodes, preventing the decrease in catalytic 

efficiency during nanozyme labeling; 

3. The signal amplification was ascribed to the collapsed structure of 2D 

Cu-TCPP(Fe) by PEI-GO, resulting in remarkably decreased catalytic ability; 

4. The immunosensor showed satisfactory accuracy (recoveries, 64-118%; CV, 2.16% 

- 7.27%) and a good detection range (1.186-28.051 ng/mL). 
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