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1. Characterization of Fe3O4/Au MNPs 
The preparation of Fe3O4/Au MNPs involved two steps; (i) the formation of Fe3O4 core 

and (ii) the coating of gold shell. The magnetite (Fe3O4) core was synthesized via co-pre-
cipitation method by adding an acidic solution containing Fe3+ and Fe2+ (with molar ratio 
2:1) into a basic aqueous solution of NaOH. This method is simple, repeatable process, 
requires shorter time of reaction and easily understood mechanism. In addition, Fe3O4/Au 
MNPs could be dispersed in water as well. Equation (1) indicates the chemical reaction 
occurred for the formation of Fe3O4. 

 
Figure S1 shows TEM images of the Fe3O4 MNPs and Fe3O4/Au MNPs that were dis-

persed in deionized water. The average particles of Fe3O4 MNPs and Fe3O4/Au MNPs were 
~10 nm and ~35 nm, respectively, which demonstrates the increment of size Fe3O4/Au 
MNPs was due to the coating of AuNPs on the Fe3O4 MNPs surface. As can be seen in 
Figure S1 (a), Fe3O4 MNPs was agglomerated because there is no coating on the surface of 
Fe3O4 MNPs. After coating with AuNPs, good circular shapes were observed, and their 
sizes could be well measured individually (Figure S1 (b)). Meanwhile, the particles after 
gold coating seems to be much darker than Fe3O4 MNPs because gold shell has higher 
electron density than the iron core (Freitas et. al., 2014). The molecular d-spacing was cal-
culated from Image J software, which resulting ~0.25 nm for lighter part (iron core) while 
~0.23 nm for darker part (gold shell). The lattice distances measured for the shell corre-
spond to the known Au lattice parameters for the (1 1 1) plane and those measured for the 
core match well the Fe3O4 lattice parameters for the (3 1 1) plane [1]. 
 

 

 Fe2+ + 2Fe3+ + 8OH-  Fe3O4 + 4H2O (1) 
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Figure S1. HR-TEM images of (a) Fe3O4 MNPs and (b) Fe3O4/Au MNPs dispersed in water and dried 
on copper grid. 
 

The crystalline structures of pure magnetite Fe3O4 and after coated with Au shell were 
also confirmed by XRD. The XRD diffraction patterns of Fe3O4 MNPs and Fe3O4/Au MNPs 
are presented in Figure S2. The pure magnetite exhibited diffraction peaks (at 2θ = 30.5°, 
35.5°, 43.4°, 57.2° and 62.7°), which were indexed to (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 4 
0) planes and corresponded well to the cubic structure of Fe3O4 (ICDD 01-08-1436). At the 
same time, Fe3O4/Au MNPs exhibited all the diffraction peaks of pure magnetite with ad-
ditional peaks at 2θ = 38.1°, 44.4°, 64.5° and 77.4°, which could be respectively indexed to 
(1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of gold cubic phase (ICDD 01-089-3697). This infor-
mation is corresponding to other results reported in the literature [1–3]. 

 

 
Figure S2. XRD patterns of Fe3O4 MNPs and Fe3O4/Au MNPs 

 

2. Characterizations of GP/PANI-modified SPGE 

The incorporation of GP/PANI nanocomposites on an electrode surface was carried 
out using a chemical modification strategy. The fabrication of GP/PANI-modified SPGE 
was described in detail in manuscript (Section 2.4). Firstly, the GP/PANI nanocomposites 
were dispersed in APTES because APTES was commonly used as an organosilane agent 
which acts as a dispersion agent and surface modifier for nanomaterials such as graphene 
[4]. Meanwhile, the bare electrode was treated with 0.5 M H2SO4 to generate a hydroxyl 
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group on the electrode surface prior to modification. To the best of our knowledge, there 
is no literature reported on the preparation of GP/PANI-functionalized electrode by drop 
casting of GP/PANI dispersed in APTES. In this reaction, the alkoxy groups of APTES 
bound to the hydroxyl group of the treated electrode. 

The morphology of GP/PANI-modified SPGE surface was observed by FESEM. It was 
detected in Figure S3 that the surface structure of GP/PANI-modified electrode was rela-
tively rough and porous, compared to bare SPGE due to the formation of nanoparticle 
clusters on the electrode surface, which increased active surface area [5,6]. 
 

 

Figure S3. FESEM images of (a) bare SPGE and (b) GP/PANI-modified SPGE 
 

The CV technique was used to evaluate the electrochemical properties of the modified 
electrode by utilizing a solution of potassium ferricyanide and ferrocyanide ([Fe(CN)6]3-/4-

) as a redox probe. This is due to the fine reversibility and fast electrochemical reaction of 
ferricyanide ion ([Fe(CN)6]3-/4-) with electrode surface as reported in previous literature [7]. 
Figure S4 (a) depicts the CV response of different modified electrodes (bare SPGE, gra-
phene (GP)-SPGE, polyaniline (PANI)-SPGE and GP/PANI-SPGE) in 1 mM [Fe(CN)6]3-/4- 
containing 50 mM KCl in the potential window of -0.4 V to 0.6 V with a scan rate of 100 
mV/s. The Nernst equation can be used to predict the Nernst equilibrium potential for the 
redox couple, Eeq. From the calculation, the potential for redox couple of [Fe(CN)6]3-/4- was 
in the range of +0.3 V and +0.1 V. For bare SPGE, a pair of well-defined redox peaks corre-
sponding to the electrochemical reaction of [Fe(CN)6]3-/4- were observed with ∆Ep = 73 mV. 
After modification of the electrode using GP, PANI and GP/PANI, the ∆Ep slightly in-
creased, which were 95 mV, 105 mV and 132 mV, respectively. This is due to high barrier 
for electron transfer, thus, the electron transfer slowed down and more negative (positive) 
potentials are required to observe reduction (oxidation) reaction. However, the redox peak 
current (anodic and cathodic) was greatly enhanced after the modification of SPGE with 
GP/PANI nanocomposite due to the large surface area of GP/PANI (Figure S4 (a)). 

An effective surface area of the electrodes can be calculated using the Randles-Sevcik 
equation (2): where Ipa is the oxidation peak current, n is the number of electron transfers 
(n=1), ν is scan rate (V/s), D is the diffusion coefficient of [Fe(CN)6]3-/4- solution with value 
of 7.6 x 10-6 cm2s-1, A is the effective surface area (cm2) and C is the concentration of 
[Fe(CN)6]3-/4- solution. A larger surface area can increase the efficiency of electroactive site 
for electrocatalytic reaction. 

 
where Ipa is the oxidation peak current, n is the number of electron transfers (n=1), ν 

is scan rate (V/s), D is the diffusion coefficient of [Fe(CN)6]3-/4- solution with value of 7.6 x 

 Ipa = (2.687 x 105) n3/2ν1/2D1/2AC (2) 
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10-6 cm2s-1, A is the effective surface area (cm2) and C is the concentration of [Fe(CN)6]3-/4- 
solution. A larger surface area can increase the efficiency of electroactive site for electro-
catalytic reaction. 

In this work, the experiment was performed in 1 mM of [Fe(CN)6]3-/4- containing 50 
mM KCl solution at different scan rates ranging from 10 mV/s – 100 mV/s. By substituting 
constant parameter in the equation, the effective surface area can be determined through 
the slope value of Ipa versus ν1/2 graph. The effective surface derived from the Randles-
Sevcik equation corresponded to the number of electroactive sites on the electrode surface, 
which is responsible for charge transfer to the species in solution. Based on the calculation, 
the effective surface area of bare SPGE, PANI-modified SPGE and GP/PANI-modified 
SPGE surface were found to be at 0.1012 cm2, 0.5206 cm2 and 0.5350 cm2, respectively. It 
demonstrates GP/PANI-modified SPGE provided greater surface area compared to other 
electrodes. Moreover, GP/PANI-modified SPGE showed 5 folds higher than the bare SPGE 
surface. From these findings, it can be concluded that the GP/PANI-modified SPGE pro-
vided more active sites to immobilize the antibody and increased the acceleration electron 
transfer of ferricyanide ion on the rough electrode surface due to the presence of GP/PANI 
[8]. 

The resistivity behavior of modified electrodes was further examined through elec-
trochemical impedance spectroscopy (EIS). Figure S4 (b) shows the Nyquist plots of dif-
ferent modified electrodes in 1 mM of [Fe(CN)6]3-/4- containing 50 mM KCl as supporting 
electrolyte in a frequency range of 0.01 Hz to 100 kHz. The diameter of a semicircle in the 
high frequency region corresponds to the electron transfer resistance (Ret). In brief, the rec-
orded Ret values are 387 Ω, 255 Ω and 170 Ω, which corresponding to bare SPGE, PANI-
modified SPGE and GP/PANI-modified SPGE, respectively. The decreasing in Ret value of 
GP/PANI-SPGE shows that conductivity of the developed sensor was improved. 
 

  
Figure S4. (a) Cyclic voltammograms and (b) Nyquist plots of bare SPGE, PANI-modified SPGE and GP/PANI-modified SPGE 
in 1 mM [Fe(CN)6]3-/4- solution containing 50 mM KCl. Parameter for CV: Potential range: -0.4 – 0.6 V; Scan rate: 100 mV/s. 
Parameter for EIS: Frequency range: 0.01 Hz – 100 kHz. 
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