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Abstract 19 

Procalcitonin (PCT) as a disease marker is of great significance in the early 20 

diagnosis of septicemia and pyemia. Biosensor have good prospects for analysis and 21 

detection of disease markers, but developing highly sensitive detection methods for 22 

detecting PCT remains a daunting task. In this paper, we develop a ratiometric 23 

electrochemical immunosensor with Au NPs modified SiO2-Fc-COOH complex as 24 

matrix and UiO-66 loaded with Toluidine blue (TB) as a marker for quantitative 25 

detection of procalcitonin (PCT). The SiO2 modified by APTES not only has a large 26 

specific surface area but also contains abundant amino groups, which can be 27 

connected to the electrochemical probe of ferrocenecarboxylic acid (Fc-COOH). 28 

UiO-66 has the advantages of large specific surface area, high porosity and adjustable 29 

structure, which can adsorb toluidine blue electrochemical probe through electrostatic 30 

attraction. Measurement and analysis of the prepared immunosensor by Differential 31 

Pulse Voltammetry (DPV) show that the oxidation peak currents of Fc-COOH and TB 32 

appear at potentials of 0.30 V and -0.30 V respectively. As the PCT concentration 33 

increases, the oxidation peak current of TB increases and the oxidation peak current 34 

of Fc-COOH decreases. The ratios (ΔI=ΔITB/ΔIFc-COOH) between the double signals 35 

could show a certain linear relationship with the concentration of the PCT within a 36 

certain range. Under optimal conditions, the linear range of detection obtained by the 37 

immunosensor was 1 pg/mL-100 ng/mL and the detection limit was 0.3 pg/mL. In this 38 

work, the developed ratiometric electrochemical immunosensor not only provides a 39 

simple, reliable and sensitive strategy for quantitative detection of PCT but also 40 
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provides a useful method for clinical detection of other disease markers. 41 

Keywords: UiO-66-TB, SiO2-Fc-COOH-Au, PCT, ratiometric electrochemical 42 

immunosensor. 43 

 44 

1. Introduction 45 

Procalcitonin (PCT) is a polypeptide precursor of calcitonin, consisting of 116 46 

amino acids, which are an effective biomarker for early diagnosis of septicemia and 47 

pyemia (Molinero-Fernández et al. 2019; Shen et al. 2015b). The level of PCT in 48 

normal human serum is less than 0.1 ng/mL. When the human body is infected with 49 

bacteria, it will cause a sharp increase in the level of PCT (Assicot et al. 1993; Karzai 50 

et al. 1997; Molinero-Fernández et al. 2019). Therefore, some timely and effective 51 

measures can be taken to prevent bacterial infection by monitoring the concentration 52 

of the PCT. At present, although some methods for detecting PCT levels have been 53 

developed, the analysis of high sensitivity and selectivity for PCT is still a challenge. 54 

Therefore, it is of great significance to explore simple, rapid and sensitive PCT 55 

detection technology in early disease surveillance. 56 

In recent years, the detection of PCT has made some progress and many methods 57 

of detecting PCT have been reported. For instance, electrochemiluminescence (Jia et 58 

al. 2019; Xue et al. 2019), fluorescence immunochromatography (Wang et al. 2015a), 59 

photoelectrochemical immunosensor (Bao et al. 2019), chemiluminescence (Chen et 60 

al. 2018; Yang et al. 2019), electrochemical immunosensor (Fang et al. 2018; Shen et 61 

al. 2015a; Yang et al. 2017), surface plasma resonance immunoassay (Vashist et al. 62 
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2016). It is worth noting that the electrochemical immunosensor based on the 63 

mechanism of specific binding of antigens and antibodies is the product of the 64 

development of the interdisciplinary discipline of analytical chemistry and medical 65 

biology, which has received close attention from researchers(Li et al. 2015a; Miao et 66 

al. 2019; Wang et al. 2015b). It’s simple equipment, rapid analysis and high sensitivity 67 

detection bring broad prospects for PCT detection. 68 

Electrochemical immunosensors have higher requirements for sensitivity in 69 

practical applications, which has prompted researchers to find better electrochemical 70 

materials (Chen et al. 2020; Chen et al. 2019a; Chen et al. 2019c). Ferrocene (Fc) and 71 

its derivatives are often used as electrochemical signal probes in biosensing devices 72 

owing to their good biocompatibility, strong anti-interference ability, and enhanced 73 

electronic transmission capability (Chen et al. 2019b; Ma et al. 2016; Sun et al. 2014). 74 

Therefore, Fc-COOH with good electrochemical response signal are selected as 75 

electrochemical signal probes in immunosensors. A small amount of Fc-COOH is not 76 

enough to achieve the desired electrochemical signal strength. Silica nanoparticles 77 

(SiO2) with huge specific surface area can solve this problem (Li et al. 2015b; Xing et 78 

al. 2018; Yuan et al. 2010). The SiO2 surfaces have abundant –NH2 groups modified 79 

by (3-aminopropyl) triethoxysilane (APTES) that can provide a universal platform for 80 

surface modification via covalent bonds to link the Fc-COOH (SiO2-Fc-COOH) to 81 

further enhance the electrochemical signal (Ning et al. 2019; Trindade et al. 2019). 82 

The specific synthesis reaction mechanism is placed in the supporting formation. 83 

However, the poor conductivity of SiO2 will affect the transfer of electrons, resulting 84 
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in a decrease in the current signal, which directly affects the sensitivity of the 85 

immunosensor. For this reason, the surface of SiO2 was modified with gold 86 

nanoparticles (Au NPs) (SiO2-Fc-COOH-Au) to increase the overall conductivity of 87 

SiO2 and enhance the electrochemical response signal and improve sensitivity of the 88 

immunosensor. The addition of Au NPs not only accelerates electron transfer and 89 

improves the conductivity of the material, but also its a large number of active sites 90 

can immobilize antibodies and improve electrochemical signals (Ma et al. 2019; 91 

Wang et al. 2012). Finally, SiO2-Fc-COOH-Au is successfully prepared as the matrix 92 

of the immunosensor with the electrochemical signal of Fc-COOH and the 93 

conductivity of Au NPs.  94 

At the same time, another electrochemical probe, toluidine blue (TB), was 95 

successfully loaded into UiO-66 to prepare a biosensor label. Toluidine blue, a 96 

member of the water-soluble azine-type redox dye family, has unique chemical and 97 

electrochemical properties that lead to their extensive use as electronic mediator in the 98 

construction of enzymatic electrodes for biosensing applications (Ribeiro et al. 2018; 99 

Wu et al. 2014; Zhang et al. 2018). The following is the mechanism of TB redox 100 

reaction (Palakollu and Karpoormath 2018).  101 

S

N

NH3N S

H
N

NHH3N
-2e-,-2H+

�102 

A small amount of toluidine blue is also difficult to achieve the desired intensity of 103 

the electrochemical signal. Therefore, the MOF material is selected as the carrier to 104 
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carry a large amount of toluidine blue to achieve the purpose of improving the 105 

electrochemical response signal. Metal-organic framework materials are crystalline 106 

porous materials with periodic network structure formed by self-assembly of metal 107 

center and organic ligand (Hu et al. 2015; Zou and Liu 2019). The UiO-66 consists of 108 

a cubic framework for cationic Zr6O4(OH)4 nodes and 1,4-benzenedicarboxylate 109 

(BDC) linkers (Huang et al. 2016; Øien et al. 2014). UiO-66 has the characteristics of 110 

large specific surface area, high porosity and easily adjustable structure, which 111 

provides a platform for the connection of toluidine blue. TB can be adsorbed on the 112 

surface of UiO-66 by electrostatic attraction to solve the problem of weak 113 

electrochemical signal of the immunosensor (Wang et al. 2017a). 114 

In this work, we used SiO2-Fc-COOH-Au as the substrate material and 115 

UiO-66-TB as the marker of PCT to construct the ratiometric electrochemical 116 

immunosensor. Fc-COOH and TB showed considerable electrochemical signals 117 

through Differential Pulse Voltammetry (DPV) detection. Different from classic 118 

electrochemical immunosensors which typically adopt the absolute value of the signal 119 

as the output, ratiometric electrochemical sensors possess dual electrochemical signals 120 

and the quantitative measurement of target was based on the ratio of these two signals. 121 

The ratiometric signal readout mode provided a built-in correction factor to eliminate 122 

the contribution from non-specific interferences (Yang et al. 2018). The ratiometric 123 

electrochemical immunosensor not only had high sensitivity and low detection limit, 124 

but also had the characteristics of high accuracy and strong analytical ability. The 125 

immunosensor provided a reliable guarantee for the analysis of PCT in this 126 
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experiment and provides a new strategy for the analysis of other disease markers.  127 

2. Experimental section  128 

2.1 Materials and reagents 129 

Tetraethoxysilane (TEOS), (3-Aminopropyl) triethoxysilane (APTES) 130 

2-NH2-terephthalic acid (H2ATA) were obtained from Macklin Biochemical Co., Ltd. 131 

(Shanghai, China). Ammonium hydroxide (NH₃·H₂O), HAuCl4·4H2O (2%), and 132 

zircomiun tetrachloride (ZrCl4) were obtained from aladin (Shanghai, China). N, 133 

N-Dimethylformamide (DMF), Fc-COOH, HCl (36%-38%) and aceticacid 134 

(CH3COOH) were purchased from the National Medicines Corporation Ltd. of China. 135 

PCT and its capture antibody (Ab1), detection antibody (Ab2) and bovine serum 136 

albumin (BSA, 96-99%) were purchased from Shanghai Linc-Bio Science Co., Ltd. 137 

(Shanghai, China). Toluidine blue were purchased from Shanghai Wokai Chemical 138 

Reagent Co., Ltd. (Shanghai, China). 1-ethyl-3-(3-dimethylaminopropyl) 139 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were obtained 140 

from Aladdin Reagent Database Inc. (Shanghai, China). Phosphate buffer solution 141 

(PBS) was prepared by adjusting the proportion of 1/15 mol/L of Na2HPO4 and 1/15 142 

mol/L KH2PO4 solution. All other chemicals in the experiment were analytical grade 143 

and were used as received without further purification. 144 

The electrochemistry measurements were performed with CHI760D 145 

electrochemistry workstation (Chenhua Instrument Shanghai Co., Ltd., China). 146 

Fourier Transform Infrared Spectrometer (FT-IR) was recorded by VERTEX70 147 

Spectrometer (Bruker, Germany). X-ray diffraction (XRD) patterns were obtained 148 
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using D8 focus diffractometer (Bruker AXS, Germany). Transmission electron 149 

microscopic (TEM) image was obtained from a JEOL1400 microscope (Japan). 150 

Scanning electron microscope (SEM) images were obtained by a field-emission 151 

scanning electron microscope (SEM, Zeiss, Germany). A conventional three-electrode 152 

system was employed: the glassy carbon electrode (GCE, 4 mm diameter) as working 153 

electrode, the saturated calomel electrode (SCE) as the reference electrode, and the 154 

platinum wire electrode as the auxiliary electrode. 155 

2.2 Synthesis of SiO2-Fc-COOH-Au 156 

The SiO2 nanosphere were synthesized according to the literature (Zhang et al. 157 

2009). In a beaker, added 9 mL of 28% ammonia water, 16.25 mL of ethanol, and 158 

24.75 mL of ultrapure water. After mixing well, rapidly added 44.5 mL of ethanol 159 

containing 4.5 mL of TEOS and reacted at 400 rpm for 2 h at room temperature. Then 160 

centrifuged and washed three times with ethanol. Subsequently, the sample was 161 

placed in a vacuum oven at 60 °C to dry. Next, we carried out surface amination of 162 

silica to prepare SiO2-NH2 (Wang et al. 2018). Then, 100 mg of SiO2 were dispersed 163 

in 10 mL ultrapure water. After ultrasonic treatment for 1.5 h, 0.5 mL of APTES was 164 

added to the mixture and refluxed at 70 °C for 1.5 h. Then, amino-functionalized 165 

silica (NH2-SiO2) was obtained and washed several times with ultrapure water and 166 

dried under vacuum at 60 °C. Adding Fc-COOH solution (2 mg/mL, 2 mL) to the 167 

silica solution (2 mg/mL, 2 mL), then adding EDC (10 mM, 2 mL) and NHS (2 mM, 168 

2 mL) and stirring for 24 h (Feng et al. 2016). The mixture was washed several times 169 

with pure water and dried in a vacuum oven at 60 °C. Take a certain amount of 170 
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SiO2-Fc-COOH in a beaker, and 25 mL of Au NPs was added and mixed uniformly. 171 

After stirring for 24 hours, centrifuged several times and dried in a vacuum oven at 172 

60 °C. The details of the synthesis of Au NPs were displayed in the supporting 173 

formation. 174 

2.3 Synthesis of UiO-66 175 

UiO-66(NH2) was synthesized by a solvothermal method based on the literature 176 

present (Guan et al. 2017). First of place, ZrCl4 (0.056 g), 177 

2-NH2-benzenedicarboxylate (0.130 g), HCl (0.38 mL) glacial acetic acid (4 mL) and 178 

N, N-dimethylformamide (5 mL) are uniformly mixed and transferred to the 179 

Teflon-lined autoclave reacting 3 h at 110 ℃. After the reaction, the final sample was 180 

cooled to room temperature, separated by centrifugation and washed several times 181 

with pure water and ethanol. Finally, the sample is dried in a vacuum oven at 60 ℃. 182 

2.4 Synthesis of UiO-66-TB-Ab2 183 

After sonicating NH2-UiO-66 (3.5 mg/mL 1 mL) for 10 min, EDC (10 mmol/L, 184 

1 mL)/NHS (2 mmol/L,1 mL) and Ab2 of PCT were added to incubate for 12 h at 4 ℃. 185 

After centrifugation, the TB (1 mg/mL, 1 mL) solution and EDC (10 mmol/L, 1 186 

mL)/NHS (2 mmol/L,1 mL) were added and incubated again at 4 ℃ for 12 h. After 187 

centrifugation, store at 4 ℃. 188 

2.5 Measurement procedure 189 

Prepared electrodes were detected by Different pulse voltammetry (DPV). The 190 

DPV scan was performed from -0.6 V to 0.6 V with pulse amplitude of 0.05 V, pulse 191 

width of 0.04 s and pulse period of 0.1 s in 10 mL of PBS (0.1 M, pH=7.4). 192 
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2.6 Fabrication of the immunosensor 193 

Fig. 1. shows the flow chart of the preparation of the electrochemical 194 

immunosensor. First of the place, the surface of GCE was polished by alumina 195 

powder and cleaned with ultrapure water. After that the SiO2-Fc-COOH-Au (6 µL, 2 196 

mg/mL) was modified on the electrode and dried at room temperature. Then, the Ab1 197 

(6 µL, 1 µg/mL) of the PCT was modified on the electrode. After drying and washing, 198 

3 µL of 1 wt% bovine serum albumin (BSA) was modified on the electrode for 199 

eliminating non-specific binding sites. Later washing and drying, PCT (6 µL) was 200 

incubated onto the electrode. Afterwards, washing similarly, UiO-66/Ab-TB (6 µL, 201 

3.5 mg/mL) was gradually added to the electrode surface. Finally, the electrode was 202 

washed and stored at 4 ℃.  203 

 204 

Fig. 1. immunosensor preparation mechanism diagram 205 
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3. Results and discussion 206 

3.1 The morphology of materials 207 

As shown in Fig. 2A and Fig. 2B, the morphology of SiO2 was initially 208 

characterized by TEM and SEM. The SiO2 were uniformly dispersed with a regular 209 

spherical shape, which had an average size of about 300 nm. Subsequently, we 210 

characterized the morphology of the composite SiO2-Fc-COOH-Au. As shown in Fig. 211 

2D and Fig. 2E, Au NPs were successfully attached to the surface of silica 212 

nanospheres. In addition, the synthesis of SiO2-Fc-COOH-Au composites was 213 

analyzed by infrared spectroscopy. As shown in Fig. 2C, the FTIR spectrum of SiO2 214 

(a), the adsorption peaks at 3436 cm−1 and 1633 cm−1 corresponds to the O–H 215 

stretching and H–O–H bending vibration of -OH groups and the adsorbed water (Feng 216 

et al. 2016). The peak at 2350 cm−1 was attributed to the O=C=O asymmetric 217 

stretching (Xing et al. 2018). The adsorption peak at 1402 cm−1 was caused by C-H 218 

bending vibration in the methylene group from APTES (Zou et al. 2014). The strong 219 

and wide absorption band at 1101 cm-1 was the antisymmetric stretching vibration 220 

peak of Si-O-Si (Wang et al. 2015c). The peak at 800 cm-1 and 472 cm-1 is a Si-O 221 

bond symmetric stretching vibration peak (Bodenheimer and Low 1973). The peak at 222 

948 cm-1 belonged to the bending vibration absorption peak of Si-OH (Chen et al. 223 

2010). It could be clearly seen from the FTIR of SiO2-Fc-COOH (b) that the 224 

stretching vibration of C=O bond of amide group had a significant absorption peak at 225 

1653 cm-1. The stretching vibration of the C-N bond at 1410 cm-1 was also a sign of 226 

the amide. The successful combination of SiO2 and Fc-COOH (SiO2-Fc-COOH) was 227 
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confirmed by FTIR indicating that the materials we needed were successfully 228 

prepared. 229 

The morphology of UiO-66 and UiO-66-TB was observed by SEM. As shown in 230 

Fig. S1A and Fig. S1B, UiO-66 and UiO-66-TB had a regular octahedral structure. 231 

The average size of UiO-66 was 820 m and the size of UiO-66-TB was 800 nm. 232 

Compared with UiO-66, the surface of UiO-66-TB becomes rough and easy to adsorb, 233 

which confirms that TB was adsorbed on the surface of UiO-66. In addition, UiO-66 234 

was further characterized by XRD. It could be seen from Fig. 2F, curve a was the 235 

XRD of the standard UiO-66 obtained from the calculation of the Cambridge crystal 236 

database structure diagram (The Cambridge Crystallographic Data Centre, access 237 

structures 1405751). All peaks in curve b were highly matched to standard simulated 238 

XRD peaks indirectly proved the successful preparation of UiO-66 material 239 

(Chakarova et al. 2019; Lemaire et al. 2017; Wang et al. 2017).  240 
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Fig. 2. TEM image of SiO2 (A) and SEM image of SiO2 (B); (C) FTIR spectrum of SiO2 (a), 241 

SiO2-Fc-COOH (b); TEM image of SiO2-Fc-COOH-Au (D) and SEM image of 242 

SiO2-Fc-COOH-Au (E); (F) XRD pattern of simulated UiO-66 (a) and UiO-66 (b).   243 

3.2 Performance testing of materials 244 

The properties of the materials played a decisive role in the construction of 245 

proportional electrochemical immunosensor. In order to verify that the material had a 246 

good electrochemical response signal. The comparative test experiment of different 247 

materials (GCE (a), SiO2-Fc-COOH (b), SiO2-Fc-COOH-Au (c), UiO-66 (d) and 248 

UiO-66-TB (e)) was carried out under the same conditions, and the intensity of 249 

current signal was obtained through DPV. As shown in Fig. 3A, the bare electrode had 250 

no peak current response signal. When modifying a layer of SiO2-Fc-COOH (6 μL, 251 

2.5 mg/mL) on the electrode, the peak current changed significantly at 0.3 V, 252 

revealing that Fc-COOH had good redox properties. When modifying the electrode 253 
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with a layer of SiO2-Fc-COOH-Au (6 μL, 2.5 mg/mL), the peak current value 254 

increased further. The reason for the increase of peak current was that the addition of 255 

Au NPs made the conductivity of SiO2-Fc-COOH-Au material better and accelerated 256 

the electron transfer efficiency. Then, the electrodes modified with UiO-66 (6 μL, 3.5 257 

mg/mL) were examined, and the electrode had almost no peak current. However, 258 

when we measured the electrode modified with UiO-66-TB (6 μL, 3.5 mg/mL), we 259 

found that the peak current signal was significantly changed, indicating that TB had 260 

good redox properties. 261 

3.3 Characterization of the immunosensor 262 

The impedance changed of electrode surface during layer by layer modification 263 

could be observed by electrochemical impedance spectroscopy (EIS) (Li et al. 2017). 264 

The Nyquist plots of EIS were recorded from 0.01 to 105 Hz at 0.151 V in 0.1 M KCl 265 

and 2.5 mM [Fe(CN)6]
4-/[Fe(CN)6]

3- (Li et al. 2018). The impedance spectrum 266 

consisted of a high frequency semi-circular portion and a low-frequency linear portion, 267 

the former being related to electron transfer and the latter being related affected by 268 

diffusion. As show in Fig. 3B, the curve (a) was the EIS response of bare GCE, the 269 

GCE was almost a straight line. The impedance of GCE modified with 270 

SiO2-Fc-COOH-Au (curve b) was not obvious compared to the GCE due to the good 271 

electron transport properties of Au NPs. When the electrode was modified with Ab1, 272 

the impedance was considerably increased, indicating that the protein membrane 273 

might hinder the electron transfer between the solution and the electrode surface. With 274 

the layer by layer modification of BSA, PCT and Ab2, the impedance value increased, 275 
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which proved that each layer of material was successfully modified on the electrode. 276 

 277 

Fig. 3. (A) the peak current response of DPV: GCE (a), SiO2-Fc-COOH (b) SiO2-Fc-COOH-Au (c) 278 

UiO-66 (d) UiO-66-TB (e); (B) Nyquist plots of the EIS for different modified electrodes (a) GCE, 279 

(b) SiO2-Fc-COOH-Au/GCE, (c) Ab1/SiO2-Fc-COOH-Au/GCE, (d) 280 

BSA/Ab1/SiO2-Fc-COOH-Au/GCE, (e) PCT/BSA/Ab1/SiO2-FcCOOH-Au/GCE, (f) 281 

UiO-66-TB-Ab2/PCT/BSA/Ab1/SiO2-Fc-COOH-Au/GCE. 282 

3.4 Optimization of experimental conditions  283 

In order to give full play to the analytical performance of the immunosensor, a 284 

series of optimizations were carried out for the experimental conditions. 285 

The appropriate pH of PBS was related to the survival rate of antigens and 286 

antibodies, which had a crucial influence on the sensitive detection of immunosensor. 287 

The peak current at different pH was shown in Fig. 4A. From the result, too much 288 

acidity or alkalinity would have a certain effect on the electrochemical signal and the 289 

optimum pH=7.38 was chosen in the experiment.  290 

What’s more, the concentration of SiO2-Fc-COOH-Au played an important role 291 
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in the experiment. As shown in Fig. 4B, the peak current increased with the 292 

concentration of SiO2-Fc-COOH-Au from 1.0 to 2.5 mg/mL and decreased when the 293 

concentration was higher than 2.5 mg/mL. When the concentration of 294 

SiO2-Fc-COOH-Au exceeded the electrode's surface withstand capacity, the electrode 295 

surface would gradually become thicker, hindering the transmission of electrons and 296 

reducing the electrochemical signal. It demonstrated that the optimal concentration of 297 

SiO2-Fc-COOH-Au was 2.5 mg/mL. 298 

In addition, the concentration of UiO-66-TB was of great significance for 299 

sensitive detection of immunosensors. As shown in Fig. 5C, the peak current 300 

increased with the concentration of UiO-66-TB from 2.0 to 3.5 mg/mL and decreased 301 

with the concentration from 3.5 to 4.0 mg/mL. The amount of antigen on the electrode 302 

surface was limited. Excessive UiO-66 not only caused waste but also hindered the 303 

propagation of electrons and reduced the electrochemical response signal. Therefore, 304 

the concentration of UiO-66-TB was 3.5 mg/mL for the best experimental 305 

concentration. 306 

Besides, the influence of proportion of Au NPs solution on the performance of 307 

SiO2-Fc-COOH-Au was explored. According to the synthesis method of 308 

SiO2-Fc-COOH-Au, a series of SiO2-Fc-COOH-Au were synthesized by changing the 309 

proportion of Au NPs. The synthesized SiO2-Fc-COOH-Au was detected and studied 310 

by cyclic voltammetry. As shown in Fig.S2, with the increase of Au NPs, the 311 

conductivity of the material gradually increases, reaching the maximum value at 25 312 

mL. The main reason for this phenomenon was that excessive Au NPs was difficult to 313 
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effectively load onto the SiO2-Fc-COOH surface. The corresponding data was placed 314 

in the supporting formation. 315 

 316 

Fig. 4. The optimization of experimental conditions with pH (A) Error bar = SD (n = 5); 317 

concentration of SiO2-Fc-COOH-Au (B) Error bar = SD (n = 3); concentration of UiO-66-TB (C). 318 

Error bar = SD (n = 3) 319 

3.5 Analytical performances 320 

Under the optimal experimental conditions, SiO2-Fc-COOH-Au was used as the 321 

substrate, and UiO-66-TB was used as a marker to prepare a ratiometric 322 

electrochemical immunosensor for detection PCT concentrations in PBS. The 323 

relationship between electrochemical response signals and PCT concentrations was 324 

investigated by DPV. As shown in Fig. 5A, with the increase of PCT concentration, 325 

the oxidation peak current of TB increased, and the oxidation peak current of 326 

Fc-COOH decreased. According to the change of the double signal “ΔI=ΔITB /ΔIFc” as 327 

the response signal for the quantitative determination of PCT concentration. As shown 328 

in Fig. 5B, the peak current ratio from 1 pg/mL to 100 ng/mL gradually increased 329 

with the increase of PCT concentration. The linear equation between the current ratio 330 

and PCT concentration was ΔI =1.85+0.198lg[PCT] (ng/mL) and the correlation 331 

coefficient was 0.997 and the limit of detection (LOD) was 0.3 pg/mL (S/N). It was 332 
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worth noticing the high sensitivity of the proposed immunosensor after comparison 333 

with other previous works, which were listed in Table S1. Favourable sensitivity and 334 

accuracy of the prepared ratio-type electrochemical immunosensor benefit from 335 

ratiometric strategy. The specific reason was that SiO2-Fc-COOH-Au and UiO-66-TB 336 

underwent redox reactions at different potentials and the generated electrochemical 337 

response signals didn’t interfere with each other. In addition, SiO2 and UiO-66 with 338 

excellent adsorption properties were used to connect sufficient Fc-COOH and TB 339 

signal probes, respectively. At the same time, the introduction of Au NPs not only 340 

provides a large number of binding sites for the primary antibody, but also improved 341 

the electron transfer rate. Hence, the developed immunosensor could achieve sensitive 342 

and stable detection of PCT samples.  343 

Fig. 5. The immunosensor response to DPV signals for detecting different concentrations of 344 

PCT: (a) 1 pg/mL; (b) 10 pg/mL; (c) 50 pg/mL; (d) 100 pg/mL; (e) 1 ng/mL; (f) 10 ng/mL; (g) 345 

100 ng/mL. Error bar = SD (n = 5). 346 

3.6 Selectivity, stability and reproducibility 347 

It was important to study the selectivity, stability and reproducibility of 348 
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electrochemical immunosensor for practical application. In this work, uric acid 349 

ascorbic acid BSA and PSA were selected as potential interfering substances to study 350 

the selectivity of ratiometric immunosensors. As shown in Fig. S3, the presence or 351 

absence of the PCT made a significant difference to the electrochemical signal of the 352 

immunosensor. Their response of detecting PCT was less than 5% with interfering 353 

substances, indicating that the selectivity of the developed immunosensor was 354 

acceptable. 355 

To evaluate the reproducibility of the immunosensor, the same five electrodes 356 

were prepared for measuring the electrochemical signals generated by 1 ng/mL PCT. 357 

As shown in Fig. S4, the standard deviation of the electrochemical signals produced 358 

by the electrode was 2.5% and less than 5%, indicating that the sensor had good 359 

reproducibility. 360 

To test the stability of the sensor, a series of electrodes were prepared and stored 361 

at 4 ℃ when not in use. As shown in Fig. S5, after 15 days, electrochemical signals 362 

from SiO2-Fc-COOH-Au and UiO-66-TB of the immunosensor decreased by 13% 363 

and 15%, respectively. The results shown that the stability of the designed 364 

immunosensor was acceptable. 365 

3.7 Real sample analyses 366 

To evaluate the accuracy and feasibility of the ratiometric immunosensor in 367 

actual sample analysis, different concentrations of PCT were added to human serum 368 

samples for analysis in the constructed immunosensors. The results obtained were 369 

shown in the Table.1. The concentration of the solution added to the serum was 0.5 370 
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ng/mL, 1.0 ng/mL 1.5 ng/mL. The RSD range was 1.93%-3.04% and the recovery 371 

ranges from 94.80%-103.20%, showing that the immunosensor had certain potential 372 

in the actual detection of PCT. In addition, a comparison experiment with the 373 

commercialized available enzyme-linked immunosorbent assay (ELISA) method for 374 

the detection of PCT in human serum sample was performed. As Table S7 shown, the 375 

relative error between the two methods is in the range from −2.5% to 4.6%, which 376 

further demonstrates the ratiometric immunosensor was feasible for analysis in serum 377 

samples. 378 

Table. 1 the result of PCT measurement in serum samples 379 

Sample 

concentration 

(ng/mL) 

Added contents 

(ng/mL) 

Detection content 

(ng/mL) 

RSD 

(%, n=5) 

Recovery 

(%) 

 

0.5 

0.5 0.98, 0.94, 0.97, 0.96, 1.02 3.04 94.80 

1.0 1.47, 1.46, 1.52, 1.44, 1.48, 2.01 97.40 

1.5 2.06, 2.05, 1.98, 2.08, 2.07 1.93 103.20 

 380 

4 Conclusions 381 

In this work, a ratiometric electrochemical immunosensor was successfully 382 

constructed. The electrochemical signals generated by SiO2-Fc-COOH-Au and 383 

UiO-66-TB at different potentials were important for ratiometric immunosensors. In a 384 

certain linear range, the ratio immunosensor successfully implements the combination 385 

of SiO2-Fc-COOH-Au and UiO-66-TB electrochemical signal. This immunosensor 386 
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not only provided a highly sensitive detection method for PCT, but also provided an 387 

effective solution for the analysis of other disease markers. 388 
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• A ratiometric electrochemical immunosensor was fabricated. 
• The electrochemical immunosensor utilized DPV. 
• SiO2-Fc-COOH-Au and UiO-66-TB were used as electrochemical signal probes. 
• The designed immunosensor exhibited low detection limit of 0.3 pg mL-1 for PCT. 
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