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ABSTRACT 

Simple and accurate detection of trace heavy metals in blood is very important. A novel 

dual-responsive electrochemical/fluorescent biosensor based on magnetic hyperbranched 

polyamide with heparin modification (MHPAM-H) for blood lead detection has been successfully 

developed. Upon conjugated with blood lead ions, dual-biosensor could not only display 

electrochemical signal but also fluorescence signal owing to the enriched amino groups, cavity 

structure, and good fluorescence properties of HPAM. Blood biocompatibility, construction of the 

dual-responsive biosensor, electrochemical/ fluorescent detection of lead ions in water phase and 

blood condition, selectivity and stability of the dual-responsive biosensor were investigated in 

detail. The proposed dual-responsive biosensor displays good linear relationship (1.5 pM- 4.8×103 

pM for electrochemical detection and 0.5 pM-4.8×103 pM for fluorescent detection) with low 

detection limit (4.4 pM for electrochemical detection and 1.0 pM for fluorescent detection) for 

blood lead, providing potential application for blood lead detection in the future. 

Keywords: Dual-responsive biosensor, Electrochemical/ fluorescent detection, Blood lead ions, 

Blood compatibility 
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1. Introduction  

Lead (Pb2+) is one of the most toxic metal contaminants that can enter the bloodstream 

through critical organs and systems such as skin, digestive system and respiratory organs [1-5]. 

There are several widely used analytical methods for detecting lead levels, such as atomic 

absorption spectroscopy (AAS), inductively coupled plasma atomic emission spectroscopy 

(ICP-AES), and so on, which often require complex instruments and tedious sample pretreatment 

procedures [6-11]. Current researchers are making unremitting efforts to develop rapid, reliable 

and economical techniques for the determination of blood lead. As blood is a system with complex 

physiological environment, the detection of blood lead usually requires complex pretreatment of 

samples (such as digestion of blood samples with strong acid and high temperature) [12, 13]. The 

operation process is cumbersome and the use of a large amount of acid causes environmental 

pollution. Hence, it is of great significance to develop a new, convenience and accurate technique 

for detecting blood lead rapidly and directly. 

Plenty of lead biosensors (water phase) have been developed in recent decades, which are 

focused on electrochemical and fluorescent biosensors [14-18]. However, these biosensors cannot 

directly detect lead in blood. Generally, when traditional biosensors contact with a complex blood 

environment directly, the adhesion of proteins and red blood cells may cause contamination of the 

biosensors, thereby affecting the detection accuracy [19]. Meantime, owing to the fact that each 

method has its own advantages and limitations, a synergistic combination of two or more 

detection methods may result in much more convincing results and the detection results can be 

normalized and obtained with dual-responsive biosensors [20].  

Herein, a dual-responsive biosensor denoted as magnetic hyperbranched polyamide with 
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heparin modification (MHPAM-H) which can be used for electrochemical/fluorescence detection 

of blood lead was proposed in this work (Scheme 1). In this system, the presence of magnetic 

Fe3O4 can realize the rapid immobilization of the biosensor on the magnetic electrodes. While 

hyperbranched polyamides (HPAM) with enriched amino groups, cavity structure, and good 

fluorescence properties have the ability to rapidly accumulate blood lead by forming coordinate 

bond with lead ions (within 5 min), providing the possibility to quickly and stably detect blood 

lead [21]. The electrochemical detection principle is based on the fact that the enriched lead ions 

will be precipitated on the electrode surface to produce current. As a fluorescent substance, HPAM 

has the advantages of continuous/wide absorption band, good water solubility and good 

biocompatibility compared with traditional organic dyes, and is potential to be used for the 

detection of biomedical fields [22, 23]. Lead ions captured by HPAM can form coordination bonds 

with amino groups in HPAM, which restricts the geometric movement of fluorescence centers to a 

certain extent, thus increasing the fluorescence intensity [24]. The modification of heparin 

provides biofouling resistance of the biosensor in the blood environment [25]. Compared with the 

traditional lead biosensor in aqueous phase, the dual-responsive biosensor for blood provided by 

this work can provide better repeatability, high sensitivity and good stability. More importantly, 

this method can be used to detect the concentration of blood lead directly without using tedious 

and complicated blood digestion steps and large instruments and the dual-responsive methods can 

be cross-validated to improve the reliability of the test data. 
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Scheme 1. (A) Schematic illustration of the synthesis of MHPAM-H NPs, and their applications in 

(B) the electrochemical detection and (C) the fluorescence detection for blood lead. 

2. Experimental  

2.1 Materials  

Ferrous sulfate (FeSO4•7H2O) was obtained from Xilong chemical plant in Shantou of 

Guangdong (China). Polyethylene glycol (PEG)-20000 was bought from Aladdin chemical 

reagent Co. Ltd. in Shanghai (China). Hyperbranched polyamide (HPAM) was bought from 

Wuhan Hyperbranched polymers science and technology Co. Ltd. (China). Ammonium hydroxide, 

trimethylolamine (Tris) were purchased from Sinopharm chemical reagent Co. Ltd. in Shanghai 
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(China). Dopamine was bought from Alfa Aesar. lead ion concentration standard liquid was 

bought from General Research Institute for Nonferrous Metals (China). Dopamine hydrochloride 

(DA) and porcine heparin (MWCO 8000-12000) were purchased from Sigma-Aldrich Co. Ltd. 

(USA). Glutaraldehyde 25% (GA), monopotassium-phosphate (KH2PO4), disodium-hydrogen 

phosphate (Na2HPO4), potassium chloride (KCl) and sodium chloride (NaCl) were purchased 

from Sinopharm Chemical Reagent Co. Ltd (China) and used as received.  

2.2 Synthesis of the MHPAM-H nanoparticles 

2.2.1 Synthesis of Fe3O4 NPs 

2.5 g of FeSO4·7H2O was dissolved in 30 mL of deionized water (DW) by ultrasonic and 

transferred to a round-bottom flask. After adding 10 mL of DW containing 0.5 g polyethylene 

glycol (PEG)-2000 to the preceding solution of FeSO4, the reaction was kept at 30℃ with 

vigorous stirring and inert atmosphere. Next, 30 mL of ammonium hydroxide was added to the 

reaction and continued stirring for 10 min. 0.27 mL of hydrogen peroxide (30%) was added to the 

reaction subsequently for another 20 min of fierce stirring, and the solution was transferred to a 

reaction kettle at 160℃ for 5 h. The result precipitate was washed with DW and ethanol for 

several times, and dried under vacuum at 60℃. 

2.2.2 Synthesis of MHPAM NPs  

50 mg of Fe3O4 NPs were dispersed into 10 mL of Tris-HCl buffered saline (50 nM, pH=8.5) by 

ultrasonic, while 50 mg of dopamine was dissolved into 10 mL of Tris-HCl buffered saline (50 nM, 

pH=8.5) under dark condition. The two kinds of prepared solution were kept stirring to mix 

completely under dark condition for 2 h. Then the product was collected with magnets and washed 

with DW. After the material was re-dispersed into 10 mL of DW, 50 mL of glutaraldehyde solution 
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(6%) was added to the suspension while stirring for 12 h. The result precipitate was collected, 

washed with DW and added into 100 mL of hyperbranched polyamide solution (0.4 mg mL-1) 

while stirring for 12 h. The final product was also collect with magnets, washed with DW and 

dried under reduced pressure. 

2.2.3 Preparation of MHPAM-H with anticoagulation property  

The MHPAM-H which possessed the property of anticoagulation was acquired by dispersing 10 

mg of HPAM into heparin solution (4 mg mL-1) equably for 12 h. Finally, the products were 

washed three times with DW, collected by centrifugation and dried for use.  

2.3 Characterization of the MHPAM NPs  

The morphology of Fe3O4 and MHPAM nanoparticles was observed by transmission electron 

microscopy (TEM) with an H-7650 interface high-resolution transmission electron micro 

(HITACHI, Japan). The structures were determined by Fourier transform infrared (FT-IR) spectra 

using a Cary 5000 Fourier transform infrared spectrophotometer (VARIAN, USA). The particle 

size and ζ-potential of the samples were also measured by Zetasizer Nano Z (Malvern, USA). 

2.4 Biocompatibility evaluation 

2.4.1 In vivo coagulation time analysis  

The assays of coagulation of the MHPAM NPs and MHPAM-H NPs were inspected via 

activated partial thromboplastin time (APTT), prothrombin time (PT) and thrombin time (TT) [26]. 

The fresh blood was centrifuged at 4℃ to obtain the plasma containing few blood platelet. The 

Fe3O4 NPs, MHPAM NPs and MHPAM-H NPs were prepared into suspension with 

phosphate-buffered saline (PBS, pH= 7), and incubated with the treated plasma for 30 min. All the 

tests were conducted according to the manual of the kit. PBS was determined as the control and all 
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the tests were performed thrice. 

2.4.2 Hemolysis assay  

The Fe3O4 NPs, MHPAM NPs, and MHPAM-H NPs were dispersed into PBS and incubated for 

24 h, after which the materials were collected and the liquid was discarded. Subsequent steps are 

as follows:  

(1) The preparation of RBCs suspension: Fresh blood was centrifuged (1.5×103 rpm, 10 min) to 

achieve RBCs, which were washed 2 to 3 times subsequently with PBS until the supernatant was 

clear. Then the RBCs were diluted into suspension (2%). 

(2) The treated materials were incubated with the suspension of RBCs for 1 h, and the supernatant 

was separated by centrifugation (1.5×103 rpm, 10 min), the UV absorption  of which was 

detected at 545 nm by the UV-visible spectrophotometer. PBS acted as the negative control and 

DW was the positive control. All the tests were performed thrice. The formula of percent 

hemolysis is: Hemolysis (%) = (ODt-ODnc)/(ODpc-ODnc)×100%. ODt referred to the absorption 

value of the samples, ODnc represented the absorption value of the negative control and ODpc was 

the absorption value of the positive control. 

2.4.3 Whole blood adhesion test 

The ITO (Indium Tin Oxides) glass electrode was used to replace magnetic glassy carbon 

electrode (MGCE) in whole blood adhesion test [27]. Polypyrrole (PPy)@electrode, 

MHPAM@PPy@electrode and MHPAM-H@PPy@electrode were laid out at the bottom of a 

24-well culture plate. Then 1 mL of PBS was added into each well and balanced for 24 h. After 

removing the liquid, each well was added with 1 mL of whole blood and the samples were 

incubated with the blood at 37℃ for 30 min. PBS was used to wash the samples for 3 times after 
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the whole blood was separated, and glutaraldehyde (2.5%) was added into the wells to fix the 

samples for 30 min. Then ethanol with different concentrations (50, 60, 70, 80, 90, 95, 100%) 

were utilized to exsiccate the samples for 30 min. SEM was used to observe the morphologies of 

the samples. 

2.5 Characterization of electrochemical and fluorescent properties of MHPAM-H 

MHPAM-H aqueous solution was dispersed by ultrasound for 15 minutes. Then, a certain 

amount of homogeneous dispersion material was dripped onto the surface of the magnetic 

electrode which plated with polypyrrole (MHPAM-H@PPy@MGCE) and dried naturally at room 

temperature. By comparison, bare magnetic electrode (MGCE), MHPAM-H modified MGCE 

(MHPAM-H @MGCE), polypyrrole electroplated magnetic electrode (PPy@MGCE) were 

prepared with a similar process [28]. Cyclic voltammograms (CVs) were performed in 

K3[Fe(CN)6] (5.0 mM) and KCl (0.1 M) from -0.2 V to 0.7 V, with a scan rate of 100 mV s-1. The 

electrochemical impedance spectroscopy (EIS) tests were carried out to monitor changes of the 

electrode surface with the frequency ranging from 1 Hz to 100 kHz, and performed in PBS (0.1 M) 

comprising [Fe(CN)6/Fe(CN)6]
3-/4- (10 mM) and KCl (0.1 M). All electrochemical measurements 

were performed by electrochemical workstation (CHI 760D, Chenhua, Shanghai, China). The 

fluorescence spectra of samples were collected by fluorescence spectrophotometer (F-4600, 

Hitachi Corporation of Japan) with excitation wavelength at 320 nm. 

2.6 Optimization of the biosensor 

2.6.1 Optimization of the electrochemical detection conditions of dual-responsive biosensor 

The electrochemical property of the biosensor under a series of different conditions such as 

buffer solution (PBS, NH4Cl-NH3·H2O, NaAc-HAc, Tris-HCl), amounts of material (4.0 µL, 8.0 
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µL, 16.0 µL, 20.0 µL), and pH values (4, 5, 6, 7, 8, 9) for lead ions detection were investigated by 

differential pulse voltammetry (DPV) method. 

2.6.2 Optimization of the fluorescence detection conditions of dual-responsive biosensor 

The fluorescent property of the biosensor were measured under a series different conditions 

such as concentrations of material (20, 30, 40, 50 µg mL-1), excitation wavelengths (320, 340, 360, 

380, 400 nm), and different pH values (4, 5, 6, 7, 8, 9) when detection of lead ions (4800 pM). 

2.7 Measurements by dual-responsive biosensors  

2.7.1 Electrochemical detection of lead in water phase  

The connections between current signals and different concentrations of which were obtained 

by DPV, with pulse amplitude of 0.05 V and pulse frequency of 0.05 V and the voltage ranges 

from -1.0 V to 0.2 V, scanning for 50 seconds. It were recorded under the best experimental 

condition (PBS, pH=7, 8.0 µL of the material). All the tests related to electrochemistry were 

conducted in a three-electrode system: The modified magnetic glassy carbon electrode was used as 

the working electrode, the saturated calomel electrode (SCE) and the Pt wire was acted as the 

reference electrode and the counter electrode. 

2.7.2 Electrochemical detection of lead in whole blood 

Rabbit blood containing different concentration of lead ion was prepared with PBS buffer 

solution (pH=7). Then the functionalized working electrode was immersed into the solutions of 

Pb2+of disparate concentrations and tested after 5 min. The detection method is the same as that in 

aqueous phase.    

2.7.3 Fluorescent detection of in water phase 

MHPAM (20.0 µL, 1 mg mL-1) was added to the aqueous solution containing different 
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concentration of lead ions, and mixed in a silent mixer for 5 minutes. And then, the fluorescence 

spectra of samples were detected by fluorescence spectrophotometer (F-4600, Hitachi Corporation 

of Japan), excitation wavelength at 320 nm, Scan speed is 1200 nm/min. 

2.7.4 Fluorescent detection of lead in whole blood 

The standard solution of lead was added to the rabbit blood and diluted 10000 times with PBS 

(0.1 M) and KCl (0.1 M, pH=7) to prepare rabbit blood solution with different concentrations of 

lead ion. The solution for detection in whole blood was prepared by adding 20.0 µL of MHPAM-H 

(1 mg mL-1) into the solution containing different concentrations of lead ions respectively. The 

solution was mixed by mixer and stabilized for 5 min before the fluorescent detection. And then, 

the fluorescence spectra of samples were detected by fluorescence spectrophotometer (F-4600, 

Hitachi Corporation of Japan), excitation wavelength at 320 nm, Scan speed is 1200 nm/min. 

2.8 Interference and stability study  

Individual ions (Pb2+, Mn2+, Zn2+, Cu2+, Fe3+) and mixed ions (Pb2++Mn2+，Pb2++ Zn2+, Pb2++ 

Cu2+, Pb2++ Fe3+) in water and in whole blood were detected by fluorescence biosensor. The 

mixed heavy metal ions (Pb2++Mn2+，Pb2++ Zn2+, Pb2++ Cu2+, Pb2++ Fe3+) in aqueous solution and 

whole blood were detected by electrochemical biosensor. Stability was a significant parameter to 

evaluate biosensors and the changes of current signals were inspected by scanning the CV curve 

for 200 times.  

3. Results and discussion 

3.1 Characterizations of MHPAM NPs 

The morphologies of MHPAM and Fe3O4 were characterized by TEM technique and the 

statistical analyses for TEM images with 25 particles were summarized, which displays that the 
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size of Fe3O4 is around 32.3±5.6 nm, and after the modification of HPAM, the size of MHPAM is 

36.6±6.7 nm with similar morphology (Fig. 1A, 1B and Fig. S1).  SEM images and energy 

dispersive spectroscopy (EDS) also verified the existence of C, N, Fe elements, indicating 

successful modification of HPAM (Fig. 1C and 1D). 

 

Fig. 1. TEM images of (A) Fe3O4 and (B) MHPAM NPs (Scale bar: 100 nm); (C) SEM image and 

(D) SEM-EDS spectrum of MHPAM NPs (Scale bar: 1 µm); (E) Zeta potentials of the samples; (F) 

FT-IR spectra of (a) Fe3O4 and (b) MHPAM, respectively. 

Zeta potential changes from around -11.7 mV (Fe3O4 NPs) to around +32.2 mV for MHPAM 
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(Fig. 1E), which is likely resulted from the charge screening effect caused by the exposure of large 

amounts of amino groups on the surface of HPAM, indicating the successful modification of 

HPAM on the surface of Fe3O4 NPs coating process. With the negatively charged heparin grafted 

onto MHPAM (MHPAM-H), MHPAM-H shows negative charge (-9.8 mV), confirming the 

successful loading of heparin. In addition, when MHPAM-H NPs adsorbs lead ions, its zeta 

potential changes to +33 mV, indicating that the MHPAM-H can effectively capture lead ions. 

The functionalization of magnetic Fe3O4 NPs with HPAM was further characterized by the 

FTIR spectra (Fig 1F). The characteristic absorption peak of Fe-O appears at 560 cm-1 [29]. The 

successful modification of HPAM was confirmed by the existence of C=O stretching vibration 

peak at 1630 cm-1 and amino functional group peak at 1400-1600 cm-1 [30].  

In addition, the morphologies of the electrode with the addition of MHPAM-H were also 

characterized by SEM images. As shown in Fig. S2, the surface of bare electrode is smooth, and 

distinct striations can be observed after polypyrrole was plated on the surface of the electrode. 

Obvious granular substances can be observed on the electrode after MHPAM NPs was added, 

implying the successful construction of the electrode. 

3.2 Biocompatibility analysis 

3.2.1 In vivo coagulation time analysis  

Blood compatibility is the basic requirement of blood contacting materials. APTT, PT and TT 

are widely used to detect the abnormality of blood plasma [31]. As shown in Fig. 2A, compared 

with the negative control (12.0 s), the coagulation time of MHPAM is slightly shorter (10.2 s). The 

values of APTT, PT and TT are 24.8, 7.3 and 20.2 s after injection of MHPAM-H NPs, indicating 

good anticoagulant property of MHPAM-H. This could be due to heparin with good anticoagulant 
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effect was successfully loaded from HPAM with enriched amino groups and cavity structure [32, 

33].  

 

Fig. 2. (A) In vitro coagulation time of negative control, Fe3O4, MHPAM and MHPAM-H; (B) 

Hemolysis test results of Fe3O4, MHPAM, and MHPAM-H; (C) SEM images of whole blood 

adhesion for (a) bare electrode, (b) PPy@bare electrode, (c) MHPAM@PPy@bare electrode and 

(d) MHPAM-H@PPy@bare electrode (Scale bar: 20 µm); (D) CVs and (E) EIS spectra of (a) 

MGCE, (b) MHPAM-H@MGCE, (c) PPy@MGCE, (d) MHPAM-H@PPy@MGCE in pH= 7 PBS 

containing 0.1 M KCl and 5 mM Fe(CN)6
3-/Fe(CN)6

4- (F) Fluorescence spectra of Fe3O4, HPAM, 

MHPAM, and MHPAM-H. 

3.2.2 Hemolysis assay 

The hemolysis rate test was further used to verify the blood compatibility of the materials [34]. 

In our research, the hemolysis rates of samples are all less than 5% and it can be reduced more 

effectively by anticoagulant treatment with heparin (1.3%), implying good blood compatibility of 
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MHPAM-H (Fig. 2B). This may due to the loading of heparin the positive charge on the surface of 

the polymer was partially shielded and the interaction between polyamide and erythrocyte surface 

was reduced [35].  

3.2.3 Whole blood adhesion test 

Anti-biofouling property of the modified electrode surface was evaluated by whole blood 

adhesion tests [36]. The SEM results indicate that a large number of RBCs and platelets are 

adhered to the surface of the bare electrode, PPy@electrode, MHPAM@PPy@electrode. On the 

contrary, the surface of the electrode modified with MHPAM-H NPs is much cleaner (Fig. 2C), 

indicating good anti-fouling property of MHPAM-H NPs and providing an opportunity for 

MHPAM-H NPs to detect analytes in whole blood environments directly.  

3.3 Electrochemical and fluorescence properties characterization of the MHPAM-H NPs 

3.3.1 Electrochemical behavior of MHPAM-H NPs 

 In order to investigate the assembly process of biosensors, the cyclic voltammograms (CV) 

was presented in Fig. 2D for different samples during the construction process of the electrode 

[37]. Compared with bare electrode (curve a), the peak current of MHPAM-H@MGCE (curve b) 

decreases obviously. While the peak current of PPy@MGCE (curve c) increases significantly, 

which proves that the introduction of conductive polymer PPy can enhance the conductivity of the 

biosensor. The peak current value of MHPAM-H@PPy@MGCE (curve d) decreases a little, 

which is due to the barrier formed by the introduction of MHPAM-H, thus decreases the access of 

K3[Fe(CN)6]/K4[Fe(CN)6] from the bulk solution to the electrode interface. 

Successful construction of the electrode can also be verified by EIS results, which display the 

changes of the interface between working electrodes and electrolytes during the stepwise 
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construction of the biosensors [38]. A semicircle which from Nyquist plot meaning that the charge 

transfer resistance cause by redox reaction on the surface of the electrode. The larger diameter of 

the semicircle, the greater the resistance of the electrode [39]. Fig. 2E displays the Nyquist plots 

for different modification stages. The impedance spectrum of the bare electrode was shown in 

curve a. Compared with bare electrodes, the diameter of the semicircle increases when the surface 

of the electrode was modified by MHPAM-H with poor electrical properties (curve b). Owing to 

the great conductivity of PPy, the resistance of modified PPy electrode reduced a lot, and the 

diameter of the semicircle in the high frequency region decreases a lot (curve c). Similarly, when 

the electrode surface is modified by MHPAM-H and PPy, its resistance decreases (curve d). 

Because the electrochemical reaction is heterogeneous [40], the size and state of the interface have 

a great influence on its electrochemical reaction. Here, the active surface area of the electrode was 

calculated according to Randles-Sevcik formula by measuring the current value at scan rates from 

10 mV s-1 to 200 mV s-1 and the linear relationship between peak current and the square root of 

scan rate. The formula is as follows: Ip=(2.69*105)n3/2ACD1/2ν1/2 where Ip represents the peak 

current (A), n stands for the number of electrons transferred in the redox process (n = 1 in this 

work), A is the effective surface area (cm2), C is K+ concentration in the electrode (mol cm-3), D is 

the diffusion coefficient of K+ (cm2 s−1), and ν is the scan rate (V·s−1) [41]. As shown in Fig. S3, 

the electrochemical active surface areas of the bare electrode, PPy@MGCE, MHPAM-H@MGCE 

and MHPAM-H@PPy@MGCE were calculated for 0.1 cm-2, 1.5×10-1 cm-2, 4.9×10-2cm-2 and 

1.2×10-1 cm-2, respectively. The results show that the design of conductive polymer polypyrrole 

can increase the active surface area of the GCE, enhancing the conductivity of the electrode and 

providing conditions for improving the sensitivity of the biosensor [42]. 
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3.3.2 The fluorescence properties of the MHPAM-H NPs 

   As shown in Fig. 2F pure Fe3O4 displays no fluorescence property under the excitation 

wavelength of 320 nm. There are two main peaks located at around 360 and 450 nm for the 

fluorescence spectrum of HPAM. The fluorescence spectrum of MHPAM is similar to that of 

HPAM with the weakened peak intensity, verifying fluorescence property of MHPAM-H. After 

being immobilized on magnetic particles, the peak intensity decreased a lot, which may be 

attributed to the fact that the relative extinction coefficient of metal oxide particles was improved 

greatly by combining with polymer may cause fluorescence quenching of HPAM to some extent 

[43]. Meantime, the intraparticle energy transfer between the HPAM and magnetic nanoparticles 

may also decrease the fluorescence intensity. The relative sharp peak located at 360 nm was 

chosen as the main peak to study the response of fluorescent MHPAM to blood lead.   

3.4 Optimization of the dual-responsive biosensor 

3.4.1 Optimization of the electrochemical detection conditions of biosensor 

The electrochemical detection results of biosensors are commonly affected by many factors. 

DPV method is used to measure the effect of different buffer solution, different amounts of 

materials and pH values of the PBS buffer solution to determine the optimized condition for 

electrochemical detection. Fig. 3A (a) shows that in different buffer solution systems (PBS, 

NH4Cl-NH3.H2O, NaAc-HAc, Tris-HCl) with pH value of 7 and the current value under PBS 

buffer solution is the largest. The effect of different buffer solutions on current signals may be due 

to the different charge transfer resistance (Rct) of buffer solutions [44]. The electrochemical 

impedance spectroscopy (EIS) of different buffer solutions were detected, which indicated that 

PBS buffer solution as electrolyte displayed the smallest Rct in several buffer solutions, so its 
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current signal was the strongest in this system (Fig. S4). The amount of biosensor also has a direct 

impact on the current signal of the electrode, too small amount is not conducive for the enrichment 

of analytes, while too much may hinder the transmission of electrons. Fig. 3A (b) shows that the 

current reaches the maximum value when the added material is 8.0 µL. When the electrolyte was 

PBS buffer solution, the different pH values of the electrolyte will cause the change of current 

signal, which may be due to the difference of the binding state of MHPAM with lead ion and the 

state of lead ion itself (Fig. 3A, c). At low pH values (4-5), attributed by a large number of amino 

groups in MHPAM are protonated, which made it difficult for MHPAM to bind lead ions because 

of electrostatic repulsive forces for active sites [45]. Therefore, the electrochemical signal 

becomes weak. With the increase of pH value (6-7), the amino group of MHPAM can bind to lead 

ions effectively, thus the electrochemical signal increases. But with further increase of pH value 

(8-9), the response of dual-responsive biosensor will be reduced because of lead ions will be 

precipitated in the form of hydroxide when pH values rose above 7.0 [46]. In sum, the 

dual-responsive biosensor has the best signal response in the suitable pH range (≈7) because 

MHPAM has high adsorption efficiency for lead ions, which provides theoretical support for the 

detection of lead ion in blood as the pH value of human blood environment is close to 7. Therefore, 

the PBS buffer solution with pH value of 7 and material dosage of 8.0 µL are selected as the 

experimental conditions for electrochemical detection in the following measurement. 

3.4.2 Optimization of the fluorescence detection conditions of biosensor 

The effects of different concentrations of material (20, 30, 40, 50 µg mL-1), different detection 

excitation wavelength (320, 340, 360, 380, 400 nm) and pH values (4, 5, 6, 7, 8, 9) for lead ions 

fluorescence detection were also investigated. As shown in Fig. 3B, the fluorescence intensity of 
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MHPAM-H decreases slightly with the increase of MHPAM-H concentration and there is a 

maximum emission peak while excitation wavelength at 320 nm. Moreover, the result of 

fluorescence signal response of MHPAM-H to lead ions under different pH show that it is 

consistent with the trend of electrochemical detection: the dual-responsive biosensor has the best 

signal response in the suitable pH range (≈7, Fig. S5). Therefore, the PBS buffer solution with pH 

value of 7 and material’s concentration of 20 µg mL-1, excitation wavelength at 320 nm are 

selected as the experimental conditions for fluorescence detection in the following measurement. 

 

Fig. 3. (A) The optimization of electrochemical detection conditions: (a) different buffer solution, 

(b) different amount of materials and (c) different pH values for lead ions detection; (B) The 

optimization of fluorescence detection conditions: (a) different amounts of material, (b) different 

excitation wavelength and (c) different pH values for lead ions detection. 

3.5 Analytical performance of the biosensor  

3.5.1 Electrochemical detection of lead ions in water phase 

Because MHPAM has the ability to rapidly and efficiently enrich lead ions [47], the 
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electrochemical detection principle is based on the rapid enrichment of lead ions by MHPAM 

(within 5 min), and the enriched lead ions will be precipitated on the electrode surface, generating 

a current. Therefore, the absolute value of the current increases with the lead ion concentration. 

DPV was used for discussion of the change of current signal here. Under the optimum detection 

conditions (PBS solution, pH=7, 8.0 µL of the material droplet dosage), the relationship between 

current signal and lead concentration was recorded. As show in Fig. 4A, the absolute value of the 

response current of the biosensor increases with the increasing concentrations of lead ions. The 

calibration plot shows a good linear relationship between the peak currents and the logarithm 

values of the lead concentrations in the range from 50 pM to 4.8×104 pM. The regression equation 

is y (I, µA) = -65.98 lg (c, pM) +63.32, (R2=0.99) (Fig. 4B) indicating that the dual-responsive 

biosensors we prepared exhibits excellent electrochemical performance under water phase.  

3.5.2 Electrochemical determination of lead ions in blood 

 In order to explore the electrochemical performance of the biosensor in the blood environment, 

the MHPAM-H@PPy@MGCE was exposed to whole blood containing different concentrations 

of lead. DPV signal was collected after the enrichment process of lead ions for 5 min. As expected, 

with the increase of lg (c, pM) from 0.2 to 3.7, which means lead concentration increases from 1.5 

pM to 4.8×103 pM , the current response increases with blood lead concentration (Fig. 4C). Owing 

to the complex components of the blood, current response of the biosensor in blood condition is 

slightly lower than that in water phase. But the current peak appears in the same position, which 

shows that the dual-response sensor in the complex system of blood still has a good ability of 

detecting lead ions. Moreover, as displayed in Fig. 4D, a linear relationship between the 

amperometric response and the lead ion concentration was obtained. The regression equation is y(I, 
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µA)= -35.28lg(c, pM)+59.25 (R2=0.99), and the limit of detection (LOD) and limit of 

quantification (LOQ) for lead ion were 4.4 pM and 14.7 pM (based on signal to noise ratio S/N = 

3) that calculated with the equation: LOD = 3σ/k, LOQ =10 σ/k; where σ is the standard deviation 

of blank measurements, k is the slope of the calibration curve [48, 49], which is much lower than 

that of other lead sensors in water phase reported by other literatures (Table S1). 

 

Fig. 4. (A) The DPV curve of different lead concentration (50 pM-4.8×104 pM) and (B) the 

calibration curve of the biosensor for different concentrations of lead under water solution; (C) 

The DPV curve of different lead concentration (1.5 pM-4.8×103 pM) and (D) the calibration curve 

of the biosensor for different concentrations of lead under the whole blood. (E) Fluorescence 

spectra of the interaction of MHPAM with different concentrations of (2.4 pM-2.4×105 pM) lead 

in aqueous phase; (F) Logarithmic relation of fluorescence intensity/lead Concentration; (G) 

Fluorescence spectra of the interaction between MHPAM and lead at different concentrations (0.5 

pM-4.8×103 pM) in whole blood; (H) the relationship between logarithm of lead concentration 

and fluorescence intensity. 

3.5.3 Fluorescence determination of lead ions in water 

As shown in Fig. 4E and 4F, fluorescence intensity and lg(c, pM) shows a good linear curve (R2 
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= 0.99) in the range of 2.4 pM-2.4×105 pM of lead ion concentration in aqueous phase. The 

fluorescence intensity of MHPAM-H increases with lead concentration, which may due to the 

following reasons: (1) Lead ions captured by HPAM can form coordination bonds with amino and 

carbonyl groups in HPAM, which restricts the geometric movement of fluorescence centers to a 

certain extent, thus increasing the fluorescence intensity [24]. (2) Lead ions are encapsulated by 

the cavity in HPAM, which promotes the formation of fluorescence center and enhances its 

fluorescence intensity. 

3.5.4 Fluorescence determination of lead ions in blood 

Meantime, in the blood environment, the fluorescence intensity and lg(c, pM) show a good 

fitting linear curve (R2=0.99) in the range of lead ion concentration of 0.5 pM-4.8×103 pM 

(Fig.4G and 4H). The difference of linear range between water phase and blood may be related to 

the different states of lead ions in water phase and blood. In aqueous solution, lead ions are free 

and exist in the form of hydrated lead ions, so it is very difficult to capture them at very low lead 

ion concentration, which usually requires high-density adsorption sites [50]. In the blood 

environment, most of the lead ions are bound to hemoglobin in blood (one hemoglobin can bind at 

least four lead ions) [47], which is the enrichment of lead ions to a certain extent. To a certain 

extent, this enrichment of lead ion may amplify the detection signal of the sensor. That may be the 

reason that the lowest concentration of lead ions detected by electrochemical sensors or 

fluorescent sensors in blood is lower than that in water phase. 

In particular, since the fluorescent HPAM used in the present work has a high density of active 

groups such as amino and carbonyl groups which can specifically bind with lead ions, the 

fluorescent sensor exhibits far lower LOD and LOQ for lead ion was as low as 1.0 pM and 3.3 pM 
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(Table S2). Table S1 and S2 summarizes the linear range, LOD and LOQ for the detection of lead 

ions by different lead ion sensors (electrochemical and fluorescent sensors) in aqueous condition. 

At present, there is no lead ion sensor that can be used for whole blood detection, and the active 

components of most fluorescent sensors are DNA or noble metal nanoclusters. Compared with 

most of the materials currently used for lead ion sensors in aqueous phase, most of them can only 

achieve one-response mode (electrochemical or fluorescent detection). The blood lead ion 

biosensor proposed in this work can not only rapidly enrich lead ions, but also have good 

fluorescence performance because of its unique hyperbranched structure, achieving two kinds of 

responsive modes for the detection of blood lead ions. The LOD and LOQ of the sensor we 

prepared in blood environment (electrochemical biosensor are 4.4 pM and 14.7 pM; fluorescent 

biosensor are 1.0 pM and 3.3 pM ) lower than most of the detection limit of the biosensors 

proposed in other literatures, illustrating good ability for the dual-responsive biosensor proposed 

in this work to detect low-concentration lead ions. 

3.6 Interference and stability study 

Our speculations are as follows. From point of the stability constants of metal with amino 

groups complexes, the stability constants of Zn2 + and Mn2 + are the smallest, so they should hardly 

interfere the detection of lead ions [51]. In aqueous phase, Cu2+ and Fe3+ may form coordination 

bonds with amino groups from MHPAM [52], which may influence the fluorescence signals of 

lead ions sensor. However, the special states of copper and iron ions in the blood environment 

make them hardly affect the detection of lead ions by sensor. The possible reason is that copper 

ions exist mainly in the form of ceruloplasmin in the blood. The structure of ceruloplasmin is 

shown in Fig. S6 A, where copper ions are located in the interior of ceruloplasmin and coordinate 

completely [53]. In addition, the iron ions are located in the interior of hemoglobin and completely 

coordinated (Fig. S6B) [54], which is almost difficult to coordinate with the amino group of 
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MHPAM. Most of the lead ions in the blood are located outside the hemoglobin (Figure S6C) 

[55], so they can contact the amino group in MHPAM and coordinate with it to form a response 

signal. 

Therefore, it can be inferred that in the whole blood, the presence of the above metal ions (such 

as Mn2+, Zn2+, Cu2+, Fe3+) has less interference on the detection of lead ions by sensors. 

To verify the above hypothesis, we designed the following experiments: Individual ions (Pb2+, 

Mn2+, Zn2+, Cu2+, Fe3+) and mixed ions (Pb2++Mn2+，Pb2++ Zn2+, Pb2++ Cu2+, Pb2++ Fe3+) in water 

and in whole blood were detected by fluorescence biosensor. As shown in Fig. S7A and S7B, the 

fluorescence sensor has a certain response signal to copper ion and iron ion, but no response signal 

to manganese and zinc ions in aqueous solution. Fig. S7C and S7D show the change of lead ion 

signal detected by sensor under mixed aqueous phase ion condition. Among them, manganese and 

zinc ions have little effect on the detection of lead ion while copper and iron ions will cause slight 

influence in the detection of lead ion. This result is in good coincide with the above assumptions. 

Next, the response signals of fluorescence sensor to individual ions in the whole blood (Fig. S7E 

and S7F). The results show that the fluorescence signal of the sensor cannot be changed by other 

ions except lead ion. Moreover, the detection results of the sensor under mixed ion conditions in 

blood environment also show that these metal ions hardly change the response signal (Fig. S7G 

and S7H). In brief, the above results confirm our hypothesis that the special form of lead ion in the 

whole blood is an important reason for the selective detection of lead ion by the biosensor.  

Based on the above assumptions and experimental results, we also detected the interference of 

heavy metal ions on the signals of electrochemical sensors in the whole blood environment. As 

shown in Fig. S8, the mixed heavy metal ions in the blood environment hardly affect the 

electrochemical signal of the sensor, which further confirms the reasonableness of the above 

hypothesis.  

As show in Fig. S9, through 200 cycles of CV, which showed an almost overlap curves in 

current intensity indicating good cycle stability of the biosensor. It may be attributed to the strong 

magnetic force between MHPAM-H and the magnetic electrode, which can make the material 

firmly fixed on the surface of the electrode, providing a guarantee for the long-term use of the 
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biosensor.           

3.7 Real samples analysis  

In order to test the reliability and practical applicability of the dual-responsive biosensor, real 

blood samples with lead contamination were tested by the biosensor, which is compared with the 

data obtained by traditional ICP detection. The accuracy and precision of the dual-responsive 

biosensor are summarized in Table 1. The accuracies of the dual-responsive biosensor are 7.9%, 

10.3% for electrochemical detection and 5.9%, 8.9% for fluorescence detection are acceptable, 

which are less than 15% and can be considered as acceptable data [56]. And RSD values varied 

from 0.3 to 0.9 for electrochemical detection and from 0.3 to 0.8 for fluorescence detection. The 

low RSD values indicated that the developed method has a high precision [57, 58]. 

Table 1. The comparison of blood lead concentration measured by different methods (n=3). 

 

ICP (pM) Electrochemical detection Fluorescence detection 

Expected result 

(pM) 

Obtained 

result a  

(pM) 

Precisionb 

    (%) 

Accuracyc 

    (%) 

Obtained 

resulta 

(pM) 

Precisionb 

(%) 

 

0.8 

0.3 

Accuracyc 

(%) 

6.8 6.1±0.03    0.9    10.3 6.4±0.03 5.9 

54.1 49.8±0.07    0.3    7.9 49.3±0.07 8.9 
aMean ± standart error, bPrecision %: Relative standard deviation (RSD), c Accuracy %: 

[(Obtained result - Expected result)/ Expected result]×100%. 

Moreover, the lead ion standard solution (4.8×109 pM, National Nonferrous Metals and 

Electronic Materials Analysis and Testing Center, Beijing Yihua Tongbiao Technology Co., Ltd.) 

and diluted it to 4.8×103 pM as certified reference materials. As shown in Fig. S10 and Table S3, 

the average concentration determined by the electrochemical sensor is 5.0×103 pM and the 

average concentration determined by fluorescence sensor is 4.6×103 pM after three measurements. 

The relative error between the values measured by electrochemical, fluorescence sensors and 

expected result are 4.2% and 8.6%. The above results indicating the potential application of the 
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dual-responsive biosensor.  

4. Conclusions 

In summary, we have successfully developed an ultrasensitive, stable, selective and 

multifunctional biosensor for blood lead detection possessing the ability to rapidly accumulate 

blood lead within short time and good biofouling resistance ability in blood. Compared with other 

reported sensors, which are often used in aqueous condition, wide linear relationship and low 

detection limit can be realized by the dual-biosensor when detecting blood lead. The sensor we 

designed has wide linear relationship (1.5-4.8×103 pM for electrochemical detection and 

0.5-4.8×103 pM for fluorescent detection) and low detection limit (4.4 pM for electrochemical 

detection and 1.0 pM for fluorescent detection). It will offer a novel platform for high efficiency 

detection of whole blood components. 
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Research highlights: 

� A novel dual-responsive electrochemical/fluorescent biosensor.  

� Hyperbranched polyamide with heparin modification (MHPAM-H) for blood 

lead detection. 

� The method displays a good linear relationship (1.5-4.8×103 pM for 

electrochemical detection and 0.5 pM-4.8×103 pM for fluorescent detection) with 

low detection limit (4.4 pM for electrochemical detection and 1.0 pM for 

fluorescent detection) for blood lead and acceptable accuracy, precision.  


