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Abstract 23 

Electrically active magnetic nanocomposites (EAMNC), Au 24 

nanoparticles/self-doped polyaniline@Fe3O4 (AuNPs/SPAN@Fe3O4) with 25 

well-defined core-shell structure, were first synthesized by a simple method. The 26 

morphology and composition of the as-synthesized AuNPs/SPAN@Fe3O4 27 

nanocomposite have been characterized by transmission electron microscopy (TEM), 28 

scanning electron microscopy (SEM), Fourier-transform IR (FT-IR), UV-Vis, X-ray 29 

powder diffraction (XRD) and thermo-gravimetric analysis (TGA). Horseradish 30 

peroxidase (HRP)-AuNPs/SPAN@Fe3O4 biocomposites were immobilized onto the 31 

surface of ITO electrode to construct an amperometric hydrogen peroxide (H2O2) 32 

biosensor. The effects of HRP dosage, solution pH and the working potential on the 33 

current response toward H2O2 reduction were optimized to obtain the maximal 34 

sensitivity. Under the optimal conditions, the proposed biosensor exhibited a linear 35 

calibration response in the range of 0.05-0.35 mM and 0.35-1.85 mM, with a 36 

detection limit of 0.01 mM (signal/noise=3). The modified electrode could virtually 37 

eliminate the interference of ascorbic acid (AA) and uric acid (UA) during the 38 

detection of H2O2. Furthermore, the biosensor was applied to detect H2O2 39 

concentration in real samples, which showed acceptable accuracy with the traditional 40 

potassium permanganate titration. 41 

 42 

Keywords: magnetic nanocomposites; self-doped polyaniline; horseradish peroxidase; 43 

hydrogen peroxide; electrocatalysis 44 
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Introduction 45 

Magnetic nanoparticles have become attractive for exploitation mainly in 46 

information storage, ferrofluids, color imaging, drug targeting and delivery, cancer 47 

therapy, separations, and catalysis [1-6]. As a representative example, magnetite 48 

(Fe3O4) has been extensively studied. However, due to the magnetic dipolar-dipolar 49 

attraction, Fe3O4 nanoparticles incline to aggregate into clusters; additionally, the 50 

Fe3O4 nanoparticles with relatively small sizes may undergo rapid biodegradation 51 

upon directly exposing to the biological environments [7]. Therefore, the surface 52 

modification with various useful materials during the synthesis or coating process of 53 

superparamagnetic Fe3O4 nanoparticles might be helpful to overcome these 54 

limitations.  55 

In recent years, the core/shell structured magnetic nanocomposites with Fe3O4 as 56 

the core and inorganic materials or polymers as the shell have been extensively 57 

proposed. These specific core/shell materials possess the ability to be modified with 58 

different charges, functions or reactive moieties on the surface with enhanced stability 59 

and compatibility, and provide an avenue for the synthesis of complex 60 

nanocomposites. Moreover, these nanocomposites usually combine with the 61 

advantageous properties of both core and shell, and are promisingly applied as 62 

electrocatalysts, drug delivery, and fluorescent biological labels [8-10]. For example, 63 

Jang et al. have synthesized human natural killer cells (NK-92MI) loaded 64 

Cy5.5-SiO2@Fe3O4 core/shell nanocomposites, which could be infiltrated into the 65 

target tumor site by an external magnetic field [11]. Govindaiah and his coworkers 66 
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have shown that Fe3O4/poly(fluorescein o-methacrylate) magnetic fluorescent 67 

nanocomposites can be used in bioimaging by visualizing the cellular uptake of the 68 

nanocomposites into A549 lung cancer cells [12]. Thus, the synthesis of multifarious 69 

magnetic core/shell nanocomposites with multiple properties attracts more and more 70 

attentions. 71 

Among these shell materials, polyaniline (PANI) has been widely investigated. 72 

As both electrical conductor and organic compound, PANI possesses flexibility, 73 

robustness, highly controllable properties, simple synthesis, low cost, and 74 

environmental stability. Fe3O4-PANI core/shell nanocomposites which exhibit the 75 

properties of both constituents, magnetic as well as conducting, have proved to have 76 

many applications like chromatographic solid extraction [13], protein digestion [14], 77 

catalyst [15], etc. In addition, based on the excellent electrochemical behavior of 78 

PANI and on the good biocompatibility of Fe3O4, the resultant Fe3O4-PANI core/shell 79 

nanocomposites might be used to construct a kind of biosensor in which the mediators 80 

could be omitted and the fabrication of the biosensors could be greatly simplified.  81 

In this paper, electrochemically active self-doped PANI@Fe3O4 (SPAN@Fe3O4) 82 

core/shell nanocomposite was one-pot synthesized from Fe3O4, aniline (AN) and 83 

3-aminobenzenesulfonic acid (SAN). It was not only manipulated easily by an 84 

external magnetic field, but also possessed electro-activity of PANI extending to 85 

neutral medium due to the effective doping of sulfonic acid groups. On the other hand, 86 

it is well-known that Au nanoparticles (AuNPs) were safe in both animals and humans, 87 

and they also exhibited good biocompatibility and affinity via amine/thiol terminal 88 
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groups [16]. Then, AuNPs were modified on the surface of SPAN@Fe3O4 through 89 

electrostatic adsorption, and the ratio of Au in the AuNPs/SPAN@Fe3O4 composites 90 

was estimated as about 29.7 % via thermo-gravimetric analysis (TGA). The synthetic 91 

process of AuNPs/SPAN@Fe3O4 nanocomposites was simple, and to our knowledge, 92 

there is no report of such nanocomposites with multifunction of biocompatiblity, 93 

electro-activity, conductivity and magnetism. As an example, horseradish peroxidase 94 

(HRP) was successfully immobilized on AuNPs/SPAN@Fe3O4 modified ITO 95 

electrode. For the first time an amperometric H2O2 biosensor was fabricated on the 96 

basis of HRP-AuNPs/SPAN@Fe3O4 modified electrode. 97 

 98 

Experimental Section 99 

Materials 100 

Ferric chloride hexahydrate (FeCl3·6H2O), sodium acetate (NaAc), polyethylene 101 

glycol (PEG) 10000, ammonium persulfate ((NH4)2S2O8, APS) were purchased from 102 

Shanghai Linfeng Chemical Reagent Co. Ltd., China. Poly(vinylpyrrolidone) (PVP, 103 

30 kDa) and poly(diallyldimethylammonium chloride) (PDDA, 20 wt %) were 104 

purchased from Aldrich. Stock solution of 3 % PDDA was prepared in double 105 

distilled water with Tris and NaCl. Aniline (AN) was distilled twice under reduced 106 

pressure and stored in dark at low temperature before use. 3-aminobenzenesulfonic 107 

acid (SAN) was purchased from TCI. Chloroauric acid hydrated (HAuCl4·4H2O) was 108 

purchased from Nanjing Chemical Reagent Co. Ltd., China. H2O2 (30 % w/v solution) 109 

was obtained from Sinopharm Chemical Reagent Co. Ltd., and its accurate 110 
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concentration was determined by titration with potassium permanganate. Phosphate 111 

buffer saline (PBS, 0.1 M) was prepared by mixing the stock solutions of KH2PO4 and 112 

K2HPO4, and adjusted to appropriate pH by addition of 0.1 M NaOH or H3PO4 113 

solution. 250 U mg
−1 

HRP (EC 1.11.1.7), uric acid (UA) and ascorbic acid (AA) were 114 

all purchased from Sigma. Nafion (Nf) was obtained from DuPont as 5 wt % solution 115 

and used as 0.5 wt % solution after dilution with water. Potassium ferricyanide 116 

(K3[Fe(CN)6]), potassium ferrocyanide (K4[Fe(CN)6]) and potassium chloride (KCl) 117 

were from Shanghai Linfeng Chemical Reagent Co., Ltd., China. Other reagents were 118 

of analytical grade and used without further purification. Double distilled water was 119 

used throughout the experiments. 120 

 121 

Characterization 122 

The structures and morphologies of the Fe3O4, SPAN@Fe3O4 and AuNPs/ 123 

SPAN@Fe3O4 were characterized by Philip-X’Pert X-ray diffractometer taken with a 124 

Cu KR X-ray source, transmission electron microscopy (TEM, JEOL JEM-200CX) 125 

and field-emission scanning electron microscopy (FESEM, HITACHI S4800). Fourier  126 

transform  infrared  (FT-IR)  spectra  of  KBr  powder-pressed  pellets  were  127 

recorded on a Bruker model VECTOR22 Fourier-transform spectrometer. UV–Vis 128 

spectra were recorded on Agilent UV–Vis spectrophotometer. TGA was performed on 129 

NETZSCH STA 449C. Zeta potential analysis was performed with a PALS Zeta 130 

Potential Analyzer, version 3.43 (Brookhaven Instruments Corp.). The static water 131 

contact angles were measured at 25 ℃ by a contact angle meter (Rame-Hart-100) 132 
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using drops of pure deionized water. The readings were stabilized and taken within 133 

120 s after the addition. The magnetic properties of the samples were measured using 134 

a 7-T Quantum Design superconducting quantum interference device (SQUID) 135 

magnetometer. The zero-field cooled (ZFC) and field-cooled (FC) measurements 136 

were performed by cooling the sample to 5 K at zero field or in the presence of an 137 

external field of 100 Oe, respectively. All the magnetic measurements during the 138 

warming runs were carried out in a field of 100 Oe.  139 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 140 

amperometric measurements were performed using a CHI660D electrochemical 141 

workstation (Shanghai CH Instruments, China). A three-compartment electrochemical 142 

cell contained a saturated calomel reference electrode (SCE) against which all 143 

potentials were measured, a platinum wire auxiliary electrode and the modified ITO 144 

magnetism-electrode (Ф = 3 mm) working electrode. The CV and EIS 145 

characterizations were performed in 0.1 M KCl solution containing 5 mM 146 

[Fe(CN)6]
3−/4− 

(1:1). The determination of H2O2 was conducted in 0.1 M PBS. The 147 

sensor responses were measured as the difference between total and residual currents. 148 

 149 

Preparation of AuNPs/SPAN@Fe3O4 magnetic nanocomposite 150 

 The magnetic Fe3O4 microspheres were prepared through a solvothermal reaction 151 

(see in Supporting information) [17]. Core-shell structured SPAN@Fe3O4 magnetic 152 

nanocomposite was prepared as follows: 0.3 g of PVP and 0.06 g of Fe3O4 153 

nanoparticles were dispersed into 66 mL of H2O under ultrasonication at room 154 
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temperature for 30 min. Then, 28.2 µL AN and 0.05 g SAN with 9 mL of 0.2 M HCl 155 

were added into the mixture, followed by adding 60 mL of H2O. After the solution 156 

was shaken for 30min, the oxidant APS with a concentration of 0.06 M was added 157 

drop by drop to start the copolymerization reaction under vigorous stirring and the 158 

reaction was allowed to proceed for 8 h at 4 �. After the reaction, the precipitate was 159 

magnetic separated and washed successively with H2O and ethanol three times, and 160 

then dried under vacuum at 60 � for 6 h for further use. 161 

 An electrostatic attraction method was employed for the immobilization of 162 

AuNPs onto the SPAN@Fe3O4 core/shell nanocomposite to form the 163 

AuNPs/SPAN@Fe3O4 magnetic nanocomposite. In order to induce positive charges at 164 

the surface of the SPAN@Fe3O4 nanocomposite, 10 mg of SPAN@Fe3O4 was 165 

dispersed in 4 mL H2O with 1 mL 3 % PDDA aqueous solution, and the mixture was 166 

sonicated for 3 min. The residual PDDA was removed by magnetic separation and the 167 

nanocomposite was rinsed with water at least three times. Subsequently, the positively 168 

charged SPAN@Fe3O4 nanocomposite was added to 30 mL of Au colloid solution and 169 

stirred for 8 h. The AuNPs were electrostatically attracted on the surface of the 170 

SPAN@Fe3O4 nanocomposite. Finally, the resultant dark-purple AuNPs/ 171 

SPAN@Fe3O4 product was removed from the solution by applying an external 172 

magnetic field and the supernatant liquor was colorless. After washed with water and 173 

ethanol for three times, the AuNPs/SPAN@Fe3O4 nanocomposite was dried under 174 

vacuum at 50 � for 6 h. 175 

 176 
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Fabrication of Nf-HRP-AuNPs/SPAN@Fe3O4 modified ITO magnetism electrode 177 

Before modification, the ITO chips were cleaned with acetone, ethanol and water 178 

in turn, and then dried under a stream of nitrogen. A 2-mm-thick poly 179 

(dimethylsiloxane) (PDMS) with a circular opening of 3-mm diameter formed from a 180 

predefined mold was bound to the ITO surface to confine the active electrode area. 181 

The other side of the ITO was adhered to one terminal of a piece of NdFeB permanent 182 

magnet (8 mm diameter and 5 mm height). A silica rubber adhesive (Nanda 704, 183 

China) was used to seal the magnet. 10 µL of 2 mg mL−1 HRP solution was mixed 184 

with 10 µL of 10 mg mL
−1 

AuNPs/SPAN@Fe3O4 nanocomposite in 0.5 % Nf 185 

dispersion to form a homogenous mixture. Then, 10 µL of the mixture was dried on 186 

the surface of ITO magnetism-electrode under ambient condition, which was 187 

designated as Nf/HRP-AuNPs/SPAN@Fe3O4/ITO. When the biosensor was not in use, 188 

it was stored at 4 ℃ in a refrigerator. 189 

 190 

Results and discussion 191 

Structure and composition characterization of samples 192 

The morphologies of the resultant nanocomposites were studied by TEM and 193 

FESEM. The TEM in Fig. 1A of the Fe3O4 nanoparticles indicated that the sample is a 194 

bit agglomerated with the average diameter of ~380 nm. The presence of SPAN shells 195 

prevented agglomeration of the Fe3O4 nanoparticles, and hence the as-prepared 196 

SPAN@Fe3O4 nanocomposites were well dispersed on the copper grid with the 197 

average diameter of ~440 nm, as shown in Fig. 1B. The diameter of SPAN@Fe3O4 198 
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nanocomposites was increased by ~60 nm, demonstrating that the SPAN shell was 199 

~30 nm thick. Fig. 1C shows the TEM image of AuNPs-Fe3O4@SPAN 200 

nanocomposites, and it is clear that the composite particles are constituted of three 201 

distinct components: a black core of Fe3O4, a gray shell of SPAN and an outermost 202 

layer of many tiny AuNPs (the dark spots in the image).  203 

The FESEM images (Fig. 1D-F) further confirm the above results. From Fig. 1D 204 

of the Fe3O4 sample, it can be clearly seen that Fe3O4 particle is composed of many 205 

nearly monodisperse spherical particles and its surface is not smooth. FESEM image 206 

of the SPAN@Fe3O4 sample, as shown in Fig. 1E, indicates that the SPAN@Fe3O4 207 

nanocomposite has a smooth SPAN shell. Fig. 1F shows that the AuNPs with a 208 

diameter of ~20 nm are immobilized evenly onto the surface of SPAN@Fe3O4 209 

nanocomposites. Moreover, the AuNPs/SPAN@Fe3O4 hybrid composite structures are 210 

stable enough and not disintegrated even after sonicating for 2 h. 211 

 212 

Fig. 1 213 

 214 

XRD and FT-IR spectra are used to characterize the chemical structure of the 215 

obtained samples. The XRD pattern of the as-synthesized Fe3O4 is shown in curve a of 216 

Fig. 2A, the diffraction peaks at 2θ = 30.1°, 35.6°, 37.2°, 43.1°, 53.5°, 57.1° and 62.7° 217 

are observed, which can be indexed to face-center-cubic phase of Fe3O4 (JCPDS 218 

75-1609). Based on the XRD pattern (311), the average crystallite size of Fe3O4 219 

nanoparticles deduced from the Scherrer equation is about 15 nm. According to the 220 
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representative TEM and FESEM images of Fig. 1A and 1D, the average size of Fe3O4 221 

nanospheres is about 380 nm. The discrepancy between the XRD and TEM/FESEM 222 

data could be understood by assuming that the 380 nm-sized particles were actually 223 

composed of 15 nm-sized Fe3O4 nanoparticles. This suggests that Fe3O4 nanoparticles 224 

have self-assembled into spherical aggregates. In fact, a close look at the FESEM 225 

image indicated that large particle is an assembly of many small Fe3O4 nanocrystals, 226 

and disordered pores exist among the primary nanoparticles but within spherical 227 

aggregates. Furthermore, the typical XRD peaks of pure Fe3O4 nanospheres are also 228 

observed in SPAN@Fe3O4 (curve b) and AuNPs/SPAN@Fe3O4 (curve c) 229 

nanocomposites, indicating that the outer SPAN shell and AuNPs did not result in the 230 

crystallinity change of inner Fe3O4 nanospheres. The absence of SPAN peak in the 231 

XRD pattern in the SPAN@Fe3O4 sample is due to its amorphous structure coated on 232 

the Fe3O4 nanospheres. Curve c shows a XRD pattern of the AuNPs/SPAN@Fe3O4 233 

sample. In addition to the diffraction peaks that correspond to Fe3O4, there also exists 234 

two other diffraction peaks (labeled with the symbol #). The position and intensity of 235 

the diffraction peaks match well with (111) and (200) crystal faces of cubic phase Au 236 

(JCPDS 04-0783). The diffraction peaks are broadening, which indicates that the Au 237 

product is also composed of small particles. 238 

Fig. 2B shows the FT-IR spectra of Fe3O4 (curve a), SPAN@Fe3O4 nanocomposites 239 

(curve b) and AuNPs/SPAN@Fe3O4 (curve c) samples. Compared with the previous 240 

report [18], the absorption of the Fe-O vibration shifted to a higher wave number of 241 

590 cm-1. A basic effect of finite size of nanoparticles is the breaking of a large 242 
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number of bonds for surface atoms resulted in the rearrangement of unlocalized 243 

electrons on the particle surface. As a result, when particles were reduced to nanoscale 244 

dimensions, the absorption bands of FT-IR spectra shift to higher wave number [19]. 245 

The bands appeared near 1612 and 3415 cm
-1 

are related to the H-O-H bending mode 246 

and the O-H stretching vibrations, respectively, indicating the presence of interstitial 247 

water in the samples [20]. The two bands located at 1550 and 1405 cm
-1

 correspond to 248 

the COO¯  anti-symmetrical vibration and COO¯  symmetric vibration, indicating the 249 

bidentate bonding of the carbonyl groups to the surface Fe atoms [15]. Actually, the 250 

carboxyl group functionalized Fe3O4 nanospheres are “negatively” charged with a 251 

ζ-potential of −2.3 mV. Curve b shows the typical FT-IR spectrum of SPAN@Fe3O4 252 

nanocomposites, all of the characteristic peaks of SPAN were displayed. In detail, the 253 

peaks at 1640 and 1458 cm−1 are characteristic of the C=C stretching vibration of 254 

quinoid and benzenoid rings, respectively. The C–N stretching of secondary aromatic 255 

amines (1274 cm
−1

), and the aromatic C–H bending (1218 cm
−1

) are also observed. 256 

The bands at 1087, 686 and 614 cm
−1

 are attributed by the O=S=O, S–O and C–S 257 

stretching vibration, respectively. Moreover, the peak observed at 833 cm
−1

 reveal the 258 

presence of 1, 2, 4-trisubstitution of aromatic ring [21]. These peaks further proved 259 

that the SPAN shell is successfully coated on the Fe3O4 microsphere surface. Curve c 260 

shows the FT-IR spectrum of AuNPs/SPAN@Fe3O4 nanocomposites. Because AuNPs 261 

do not have absorption in the infrared region, the characteristic peak of 262 

AuNPs/SPAN@Fe3O4 sample is almost the same as that of SPAN@Fe3O4.  263 

Due to the large amount of –SO3H functional groups doped on the surface of SPAN, 264 
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the SPAN@Fe3O4 nanocomposites were negative charged with a ζ-potential of -8.3 265 

mV. After SPAN@Fe3O4 nanocomposites achieved positive charged modification 266 

using PDDA solution, they could be immobilized with negatively charged, 267 

citrate-coated AuNPs by electrostatic interactions. Fig. 2C shows the UV-Vis 268 

absorption spectra of the colloidal Au solution (curve a) and the Au solution after 269 

magnetic separation of reacted AuNPs/SPAN@Fe3O4 nanocomposites (curve b). The 270 

characteristic UV-Vis absorption peak of the citrate-coated AuNPs appears at 515 nm. 271 

A dramatic decrease in the intensity at 515 nm is observed after the AuNPs deposition, 272 

indicating that almost all of the AuNPs are absorbed effectively on the positive 273 

charged SPAN@Fe3O4 surface. The fraction of the AuNPs in solution deposited on 274 

SPAN@Fe3O4 is up to 95%, which can be calculated by UV adsorption. Moreover, 275 

the color transformation from red to colorless after the immobilization reaction also 276 

indicates the success of effective immobilization. The energy-dispersive spectrum 277 

(EDS) analysis (Fig. 2D) also proves that the elemental compositions of the 278 

nanocomposites are Fe, C, O, N, S and Au, which agree with the XRD analysis. All 279 

the above results indicate that mono-dispersed AuNPs/SPAN@Fe3O4 nanocomposites 280 

have been formed. 281 

 282 

Fig. 2 283 

 284 

TGA was used to determine the weight percentage of Au in the AuNPs/ 285 

SPAN@Fe3O4, as shown in Fig. 3 (curve b). For comparison, the TGA curve of 286 
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SPAN@Fe3O4 was also presented as curve a. The weight loss in the first step is 287 

attributed to the loss of residual water, and the second and third steps that starts at 288 

around 200 ℃ corresponds to degradation of SPAN chains [22]. The residual masses 289 

of Fe3O4@SPAN and Au-Fe3O4@SPAN were about 91% and 93.6%, respectively. 290 

The weight percentage of Au in the AuNPs/SPAN@Fe3O4 can be calculated as about 291 

29.7%, which might be due to the strong electrostatic effect between PDDA 292 

functionalized SPAN@Fe3O4 and AuNPs. 293 

 294 

Fig. 3 295 

 296 

Magnetism characterization of samples 297 

  The saturation magnetization (Ms), coercivity and remanence magnetization are 298 

derived from the SQUID measurements for pure Fe3O4, SPAN@Fe3O4 and 299 

AuNPs/SPAN@Fe3O4 nanocomposites at 300 K. As shown in Fig. 4A, the typical 300 

superparamagnetic behaviors are observed at room temperature (300 K) for pure 301 

Fe3O4, SPAN@Fe3O4 and AuNPs/SPAN@Fe3O4 nanocomposites, where there is no 302 

pronounced hysteresis loops. Superparamagnetism is the responsiveness to an applied 303 

magnetic field without retaining any magnetism after removal of the applied magnetic 304 

field. With the superparamagnetic property, capillary blockage by aggregations 305 

formed by residual magnetism after removal of the applied field will be avoided. In 306 

the inset, we have plotted the same data in the field range of -1 to 1 kOe, which shows 307 

all the coecivities are in the range of 126 Oe. The value of the coecivity is almost the 308 
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same, indicating that the anisotropy energy of the magnetic particles is not much 309 

affected by the presence of SPAN and Au layers. All the three nanoparticles show a 310 

tendency to saturate at 5.5 kOe, and the Ms values are found to be 90.2, 70.9 and 56.3 311 

emu/g, respectively. The consecutive reduction in Ms value could be attributed to the 312 

lower density of the magnetic component in the SPAN@Fe3O4 and 313 

AuNPs/SPAN@Fe3O4 nanocomposites. This also can be explained by taking into 314 

account the diamagnetic contribution of the SPAN and Au layers surrounding the 315 

magnetic cores. For pure Fe3O4, the Ms value (90.2 emu/g) is just less than that of the 316 

bulk magnetite (92 emu/g) [22], which might be attributed to the small particle size 317 

effect of as-synthesized Fe3O4 nanoparticles.  318 

In order to confirm the onset of the superparamagnetic phase further, ZFC-FC 319 

magnetization measurements were performed for pure Fe3O4, SPAN@Fe3O4 and 320 

AuNPs/SPAN@Fe3O4 nanocomposites, respectively, in the temperature range of 321 

5-300 K, with maximum applied field of 100 Oe. The divergence between ZFC and 322 

FC curves is a typical feature of superparamagnetism [23]. As shown in Fig. 4B, the 323 

superparamagnetism of the Fe3O4 were indeed preserved after subsequent SPAN 324 

encapsulation and surface modification with AuNPs.  325 

 326 

Fig. 4 327 

 328 

Characterization of nanocomposites modified ITO electrodes 329 

The influence of potential scan rate (v) on the response of the AuNPs/SPAN@Fe3O4 330 
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modified ITO electrode in PBS was also investigated, as shown in Fig. 5A. The CV 331 

peak currents (ipa and ipc) increased linearly with the square root of scan rate (v1/2) in 332 

the range of 20-600 mV s-1, indicating a surface-controlled electrode process. 333 

The influence of pH value of PBS solution on the electrochemical behavior of 334 

AuNPs/SPAN@Fe3O4 modified ITO electrode was also studied, as shown in Fig. 5B. 335 

It is well-known that pure PANI bears electro-activity only when the pH is lower than 336 

4.0, while the electro-activity of the copolymer SPAN is greatly improved. In low pH 337 

solutions, two distinctly separate redox peaks were observed, corresponding to the 338 

leucoemeraldine to the conducting emeraldine and the emeraldine to the 339 

pernigraniline conversion, respectively. From pH 5.0 to 9.0, the two sets of peaks 340 

overlapped into one pair of peaks, that is the leucoemeraldine/pernigraniline reaction. 341 

The effective extension for the electrochemical activity of SPAN is due to the 342 

presence of –SO3H groups into backbone of PANI. Because the H+ ion in –SO3H 343 

groups can take a role of “buffer” and maintain the local pH value to some extent in 344 

SPAN near the electrode surface, the SPAN can still exhibit electrochemical activity 345 

in solution with higher pH value. 346 

The wetting properties of the material were also investigated by measuring the 347 

water contact angles (θ) of pure Fe3O4 and corresponding composites. Fig. 5C (a, b, c) 348 

compares the contact angles of pure Fe3O4 (θ=48°), AuNPs/SPAN@Fe3O4 349 

nanocomposites (θ=39.2°), and the immobilization of HRP (θ=20.8°), respectively. It 350 

shows that the wettability of material increases significantly with the modified steps. 351 

The contact angle decreased from 48° to 39.2° with the encapsulation of SPAN and 352 
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the absorption of AuNPs, which improved hydrophilicity to the surface and might be 353 

helpful for the immobilization of biolomolecules. As shown in Fig. 5C (c), after 354 

immobilization of HRP molecules, the prepared bionic interface with 20.8° of the 355 

contact angle certifies the combination of HRP with the AuNPs/SPAN@Fe3O4 356 

nanocomposites. 357 

 358 

Fig. 5 359 

 360 

CV technique is used to evaluate the electrochemical performance of the modified 361 

ITO electrodes (Fig. 6A). For the bare ITO electrode, a pair of well-defined oxidation 362 

and reduction peaks were caused by the [Fe(CN)6]
3−/4−

 redox couples which were 363 

noticed in forward and reverse scans (curve a). After the electrode was modified with 364 

Nf/AuNPs/SPAN@Fe3O4 composite, a small decrease in peak current was observed 365 

(curve b). The negatively charged property of Nf layer could hinder the diffusion of 366 

negatively charged probe ions toward the electrode surface, then tended to reduce 367 

current response. The immobilization of HRP on the electrode surface was 368 

accompanied by a further decrease in the amperometric response (curve c), indicating 369 

that the non-conductive enzyme molecules were incorporated on the Nf 370 

/HRP-AuNPs/SPAN@Fe3O4/ITO. 371 

 EIS can provide useful information on the impedance changes of the electrode 372 

surface during the fabrication process. The Nyquist plot of the EIS includes a 373 

semicircular portion and a linear portion. The diameter of the semicircle is equal to 374 
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the electron-transfer resistance (Ret) which shows the electron-transfer kinetics of the 375 

redox probe. Meanwhile, the linear part corresponds to the diffusion process. Fig. 6B 376 

displayed the Nyquist plots of (a) bare ITO, (b) Nf/AuNPs/SPAN@Fe3O4/ITO and (c) 377 

Nf/HRP-AuNPs/SPAN@Fe3O4/ITO. The Ret value of the AuNPs/SPAN@Fe3O4/ITO 378 

(296 Ω, curve b) was much larger than that of the bare ITO (113 Ω, curve a), showing 379 

that the Nf encapsulated nanocomposite film blocked the electron transfer of the 380 

electrochemical probe. After immobilizing HRP, The Ret value of 381 

Nf/HRP-AuNPs/SPAN@Fe3O4/ITO was increased to 513 Ω (curve c), since the 382 

non-conductive HRP obstructed electron transfer between the electrode surface and 383 

the electrochemical probe. 384 

 385 

Fig. 6 386 

 387 

Optimization of experimental parameters 388 

In order to maximize the detection sensitivity of the proposed H2O2 biosensor, we 389 

optimized various conditions, including HRP dosage, solution pH, the working 390 

potential of chornoamperometry and the temperature, via changing the examined 391 

condition while the others were fixed. 392 

The effect of enzyme loading on the catalytic current for H2O2 oxidation was 393 

initially studied in the presence of 0.5 mM H2O2. Fig. 7A showed the response 394 

currents of the modified electrode with different enzyme loading. The response 395 

current increased sharply with increasing the enzyme loading to the maximal value of 396 
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10 µL, and tended to become steady with further increases in the HRP dosage. In 397 

terms of economy, 10 µL of HRP loading was used for further experiments.  398 

The effect of solution pH on the electrocatalytic reduction of H2O2 was investigated. 399 

Fig. 7B showed that the pH dependence of the biosensor response was evaluated at 400 

0.5 mM H2O2 over the pH range from 3 to 9. The maximum response current was 401 

observed at pH 6.0. Thus, the PBS with pH 6.0 was chosen as the supporting 402 

electrolyte for H2O2 detection. 403 

The influence of the applied potential on the biosensor response was investigated in 404 

the potential range of −0.20 V to 0 V, as shown in Fig. 7C. The biosensor response to 405 

0.5 mM H2O2 increased with the change of applied potential from 0 V to −0.10 V, and 406 

the highest response was obtained at −0.10 V. A further increase of negative potential 407 

resulted in decrease in current response and then −0.10 V was chosen as the working 408 

potential. 409 

The result of the effect of temperature on biosensor performance was also 410 

presented in Fig. 7D. It showed that the current response of the modified electrode 411 

was enhanced with temperature increase. When the temperature was higher than 412 

37 °C, the amperometric response decreased. This phenomenon may be attributed to 413 

that the enzyme is denatured gradually at higher temperatures.  414 

 415 

Fig. 7 416 

 417 

Amperometric response of H2O2 biosensor 418 
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The typical chronoamperometric response of the biosensor to successive increments 419 

of H2O2 over the range of 0.05-1.85 mM under the optimum conditions was shown in 420 

Fig. 8A. The time required to reach 95 % of the maximum steady-state current was 421 

within 5 s. The response current showed a good linear relationship with the increase 422 

of H2O2 concentration in the ranges of 0.05-0.35 mM and 0.35-1.85 mM, and a 423 

plateau in current response was observed for H2O2 concentration beyond 1.85 mM 424 

(Fig. 8B). The linear regression equations was ∆ip / µA = 0.067 + 13.99 c(H2O2) / mM 425 

(r = 0.997) and ∆ip / µA =3.198 + 5.902 c(H2O2) / mM (r = 0.995) with the 426 

sensitivities of 199.9 and 84.3 µA cm
-2

 mM
-1

, respectively. The detection limit was 427 

0.01 mM at a signal-to-noise ratio of 3. According to the linear equation, H2O2 428 

concentration could be detected quantitatively. The performance of the 429 

Nf/HRP-AuNPs/SPAN@Fe3O4/ITO was compared with other enzymatic H2O2 430 

biosensors, as for the aspects of electrode modification method, linear range, detection 431 

limit and sensitivity, which were listed in Table 1. It was revealed that our biosensor 432 

showed wider linear range, lower detection limit and much higher sensitivity, which 433 

might be due to that the nanocomposite of AuNPs/SPAN@Fe3O4 could increase 434 

effective surface area and improve electric conductivity. Furthermore, comparing with 435 

the extra electro-active probe molecules added in solution, the embedded SPAN could 436 

prevent the substrate solution from being contaminated.  437 

 438 

Fig. 8 439 

Table 1 440 
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 441 

Reproducibility and stability of the biosensor 442 

The reproducibility and storage stability are the two important parameters for the 443 

evaluation of the performance of a biosensor. The detection reproducibility of 444 

Nf/HRP-AuNPs/SPAN@Fe3O4/ITO in the online assay for ten repetitive injections of 445 

0.5 mM H2O2 with the RSD of 2.6 % was obtained. The electrode-to-electrode 446 

reproducibility was also examined between five different electrodes in 0.5 mM H2O2 447 

solution, and the RSD was calculated to be 3.5 %. The stability of the biosensor was 448 

evaluated by recording the response current for 0.5 mM H2O2 over 6 weeks. A 449 

constant current response was noticed for the first 3 weeks. After 4 weeks, the current 450 

response decreased to 95 %. After 6 weeks, the current response retained about 80 %. 451 

Good reproducibility and stability of the biosensor could be attributed to the excellent 452 

biocompatibility of AuNPs/SPAN@Fe3O4 for preserving the activity of HRP, and the 453 

great film-forming ability of Nf/HRP-AuNPs/SPAN@Fe3O4 that could be attached on 454 

the surface of ITO through magnetic strength. 455 

 456 

Interference study 457 

Discrimination of interfering species having electro-activities similar to the target 458 

analyte is one of the most important analytical aspects for an amperometric biosensor. 459 

AA and UA are the most common interfering electro-active species during the 460 

amperometric detection of H2O2. The interference determination was investigated by 461 

comparing the responses between before and after adding of AA and UA, respectively 462 
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and together. The changes of the response current could be neglected. This result 463 

revealed that the tested interferon could not cause any observable interference for the 464 

determination of H2O2 at a potential of −0.10 V, indicating high selectivity.  465 

 466 

Application of the biosensor to H2O2 samples 467 

 The concentration of H2O2 in commercial disinfector was determined for 468 

investigating the possible application of our proposed biosensor for real sample 469 

analysis. The disinfector sample was diluted to different concentrations with pH 6.0 470 

PBS buffer. For comparison, the potassium permanganate titration method as a 471 

standard method for H2O2 detection had been presented. The results obtained with 472 

these two methods were given in Table 2. The results determined by the H2O2 473 

biosensor were in satisfactory agreement with those obtained by the titration method, 474 

implying that the potential application of the proposed H2O2 biosensor in real samples. 475 

 476 

Table 2 477 

 478 

Conclusion 479 

Multifunctional core/shell AuNPs/SPAN@Fe3O4 nanocomposites with 480 

biocompatibility, electro-activity, conductivity and magnetism have been successfully 481 

synthesized through a simple chemical method. The obtained products retained the 482 

superparamagnetic properties, while the blocking temperature decreased compared to 483 

that of the pure Fe3O4 nanoparticles, so the dipole-dipole interactions between the 484 
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magnetic particles decreased, which will decrease the rate of aggregation of 485 

nanoparticles and prolong their life span. By applying a relatively low magnetic field 486 

gradient, HRP-AuNPs/SPAN@Fe3O4 biocomposites were immobilized onto the 487 

surface of an ITO electrode, exhibiting effective electrocatalysis for the reduction of 488 

H2O2, which shows a new applicable prospect for EAMNC in fabricating a new kind 489 

of biosensor. 490 
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Figure Legends 599 

Fig. 1. (A-C) TEM and (D-F) FESEM images of Fe3O4, SPAN@Fe3O4 and 600 

AuNPs/SPAN@Fe3O4 samples.  601 

 602 

Fig. 2. (A) XRD patterns and (B) FT-IR spectra of the as-prepared (a) Fe3O4, (b) 603 

SPAN@Fe3O4 and (c) AuNPs/SPAN@Fe3O4 nanoparticles. (C) UV-Vis absorption 604 

spectra of the colloidal Au solution (a) before and (b) after magnetic separation of 605 

reacted AuNPs/SPAN@Fe3O4 nanocomposites. (D) EDS spectra of the 606 

AuNPs/SPAN@Fe3O4 nanocomposites with core-shell structure. 607 

 608 

Fig. 3. TGA curves for (a) SPAN@Fe3O4 and (b) AuNPs/SPAN@Fe3O4 609 

nanocomposites. 610 

 611 

Fig. 4. (A) Magnetization measurements as a function of applied magnetic field for (a) 612 

pure Fe3O4, (b) SPAN@Fe3O4 and (c) AuNPs/SPAN@Fe3O4 at 300 K. Inset of (A) 613 

shows the data plotted over the low field range. (B) ZFC at 100 Oe and FC 614 

measurements of these three samples. 615 

 616 

Fig. 5. (A) Cyclic voltammograms of the AuNPs/SPAN@Fe3O4/ITO at 20, 50, 100, 617 

200, 300, 400, 500 and 600 mV s
-1

 (from internal to external) in 0.1 M pH 6.0 PBS. 618 

Inset shows the photographs of the plots of the peak current vs. v
1/2

 (B) CVs of 619 

AuNPs/SPAN@Fe3O4 in solutions with different pH values at 100mV s-1. Inset: 620 
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amplified curves of pH 6 and 7. (C) Contact angels of water on (a) pure Fe3O4, (b) 621 

AuNPs/SPAN@Fe3O4 nanocomposites and (c) HRP-AuNPs/SPAN@Fe3O4 622 

bioconjugates.  623 

 624 

Fig. 6. (A) CV and (B) EIS characterization of different modified electrodes: (a) bare 625 

ITO, (b) Nf/AuNPs/SPAN@Fe3O4/ITO, (c) Nf/HRP-AuNPs/SPAN@Fe3O4/ITO in  626 

0.1 M KCl solution containing 5 mM [Fe(CN)6]
3−/4−

 at a scan rate of 100 mVs−1.  627 

 628 

Fig. 7. Dependence of amperometric response of 0.5 mM H2O2 in 0.1 M PBS at 629 

Nf/HRP-AuNPs/SPAN@Fe3O4/ITO electrode on the (A) HRP dosage, (B) solution 630 

pH, (C) working potential and (D) temperature. 631 

 632 

Fig. 8. (A) Amperometric response of Nf/HRP-AuNPs/SPAN@Fe3O4/ITO electrode 633 

(a) in the absence and (b-j) upon addition of 0.05, 0.10, 0.15, 0.25, 0.35, 0.85, 1.35, 634 

1.85, 2.25 mM H2O2 into 0.1 M pH 6.0 PBS containing at −0.10 V. (B) calibration 635 

curve. 636 

 637 

 638 

 639 

 640 

 641 
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Table 1. The comparison of different enzymatic H2O2 biosensors 643 

Modified electrode Linear range / mM 
Detection 

limit / µM 

Sensitivity/ 

µA mM
-1

 cm
-2

 
Ref. 

Hb/SA-MWCNTs/GCE 0.04–0.2 16.4 0.23 [24] 

HRP–AuNPs–SF/GCE 0.01-1.8 5 - [25] 

HRP–ZnO–GNPs–Nafion/GC

E 
0.015-1.1 9 - [26] 

β-CDP-cationic 

dye-HRP/GCE 
1.0–1.1 50 - [27] 

SPCE/GS-Nafion/Fe3O4 

-Au-HRP 
0.02-2.5 12 68.6 [28] 

Nf/HRP-AuNPs/SPAN 

@Fe3O4/ITO 

0.05-0.35, 

0.35-1.85 
10 

199.9, 

84.3 

this 

work 

 644 

 645 

646 
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Table 2. Detection of H2O2 in disinfector samples by the proposed biosensor and 647 

standard titration method 648 

Sample Titration method / mM Biosensor / mM RSD / % 

1 0.126 0.124 -1.59 

2 0.225 0.219 -2.67 

3 1.178 1.193 +1.27 

 649 

 650 


