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บทคัดยอ 
งานวิจัยนี้นําเสนอแนวทางใหมในการตรึงเอ็นไซมแบบ self-assembly ระหวางกลูโคสออกซิเดส (GOD) 
และรีดิวซกราฟนออกไซด (rGO) ท่ีจับกับอนุภาคแมเหล็กนาโน (Fe3O4 NPs) แบบโควาเลนท และนําไป
ปรับปรุงบนข้ัวแมเหล็กชนิดพิมพสกรีน (MSPCE) เพ่ือสรางเปนเซ็นเซอรตรวจวัดกลูโคสท่ีมีความจําเพาะ
และความเสถียรโดยอาศัยการตรวจวัดทางเคมีไฟฟาโดยตรง คอมโพสิตนาโน Fe3O4/rGO เปนท่ีจดจําวา
มีความสามารถในการเพ่ิมพ้ืนท่ีผิวซ่ึงทําใหการตรึงเอ็นไซมเพ่ิมข้ึน ชวยในการสงผานอิเล็กตรอนระหวาง
เอ็นไซมและพ้ืนผิวอิเล็กโทรดดีข้ึน  และมีคุณสมบัติความเปนแมเหล็ก  ลักษณะทางกายภาพและ
คุณสมบัติทางเคมีไฟฟา ของ Fe3O4/rGO/GOD ไดถูกวิเคราะหโดย scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, cyclic 
voltammetry (CV) และ amperometry จากการทดลองพบวาข้ัวไฟฟาท่ีถูกปรับปรุงนี้ อิเล็กตรอนมี
การถายโอนไดโดยตรงอยางรวดเร็วโดยมีคาคงท่ีการถายโอน (electron transfer rate constant) ks 
เปน 13.78 s-1 นอกจากนี้ไบโอเซ็นเซอรแสดงใหเห็นถึงการตอบสนองทาง amperometric ตอกลูโคส
อยางรวดเร็ว  (3 s) และมีคา linear range เปนชวงกวางจาก 0.05 ถึง 1 mM มีคา detection limit ท่ี

ต่ําถึง 0.1 μM ขณะท่ี signal to noise ratio เปน 3 (S/N=3) มีความวองไวในการตรวจวัดท่ีดี (5.9 

μA/mM) เซ็นเซอรท่ีพัฒนาไดนี้มีความเสถียรสูง มีความสามารถในการ reproducibility ท่ีดี และมี
ความจําเพาะสูงและตรวจวัดไดท่ีศักยไฟฟา –0.45 V 

นอกจากนี้ไดมีการสรางเซลลเชื้อเพลิงชีวภาพแบบเอ็นไซม (EBFC) ท่ีอาศัยกลูโคสเปนเชื้อเพลิง
ชนิดไมมีเมมเบรนและไมใชตัวกลางท่ีทํางานไดในสภาวะรางกาย (pH 7.0 และอุณหภูมิ 37 °C) EBFC 
ตนแบบนี้สรางจากการใชคอมโพสิตนาโน Fe3O4/rGO ในการตรึงกับเอ็นไซม glucose oxidase (GOD) 
เปน bioanode และตรึงกับเอ็นไซม bilirubin oxidase (BOD) เปน biocathode ซ่ึง EBFC 
bioelectrodes ท่ีสรางข้ึนนี้ไมตองใชตัวจับหรือสารยึดเกาะใดๆในการตรึงกับเอ็นไซมและเปนการ
รายงานครั้งแรกของ EBFC ท่ีใชคุณสมบัติ superparamagnetic ของFe3O4 NPs ประสิทธิภาพของ 
EBFC ไดถูกศึกษาและผลท่ีดี จากการทดสอบEBFC พบวาคา maximum power density เปน 73.7 

μW cm−2 และ open circuit voltage (OCV) มีคา+0.63 V เม่ือใชกลูโคสความเขมขน 5 mM ใน
สภาวะรางกาย 
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จากนั้นไดมีการพัฒนาเซ็นเซอรทางเคมีไฟฟาแบบใชแลวท้ิงแบบใหมในการตรวจวัดอยางรวดเร็ว
ของสารแรคโตพามีน (RAC) โดยอาศัยการปรับปรุงข้ัวแมเหล็กไฟฟาแบบพิมพสกรีนดวยอนุภาคแมเหล็ก
นาโน เหล็กออกไซดติดบนรีดิวซกราฟนออกไซด (Fe3O4/rGO) การวิเคราะห รูปรางลักษณะ โครงสราง 
และสวนประกอบของนาโนคอมโพสิตทําโดยใช TEM, x-ray absorption spectroscopy (XANES) และ 
x-ray photoelectron spectroscopy (XPS) ผลการศึกษาจาก XANES แสดงใหเห็นวานาโนคอมโพสิต
ท่ีเตรียมไดแสดงพฤติกรรมการเปนแมเหล็ก โดยท่ีโครงสรางดั้งเดิมของ Fe3O4 NPs ถูกแสดงหลังจากท่ี
ติดอยูบน rGO สําเร็จแลว ผลจาก XPS ยืนยันสวนประกอบทางเคมีของ GO, GO ท่ีตดิดวย Fe3O4 และ 
นาโนคอมโพสิตท่ีถูกรีดิวซดวยกลูโคสเปน Fe3O4/rGO การศึกษาคุณลักษณะทางเคมีไฟฟา และการเรง
ทางไฟฟาของข้ัวไฟฟาท่ีถูกปรับปรุงทําโดยใชเทคนิค CV และ differential pulse voltammetry (DPV) 
รวมถึงไดมีการศึกษาคาท่ีเหมาะสมของปจจัยท่ีมีผลตอประสิทธิภาพของเซ็นเซอร พีคของกระแสท่ีไดจาก
เทคนิค DPV เพ่ิมข้ึนเปนเสนตรงกับการเพ่ิมข้ึนของความเขมขนของ RAC นอกจากนี้เซ็นเซอรท่ีไดมีคา
การตรวจวัดไดในชวงความเขมขน 0.05–10 และ 10–100 µM โดยท่ี detection limit เปน 13 nM 
(S/N=3) เนื่องจากนาโนคอมโพสิต  Fe3O4/rGO ชวยในการถายโอนอิเล็กตรอน และเพ่ิมความไวในการ
ตอบสนองของเซ็นเซอร เซ็นเซอรท่ีใชแลวท้ิงท่ีเสนอในงานวิจัยนี้แสดงใหเห็นถึงความไวในการตอบสนอง
ท่ีดี มีความเสถียร และทําซํ้าไดรวมถึงใชในการตรวจวัดในตัวอยางเนื้อหมูจริงไดเปนอยางมีประสิทธิภาพ  
 
 
 
คําหลัก       เซ็นเซอรทางเคมีไฟฟา เซลลเชื้อเพลิงชีวภาพแบบเอ็นไซม กลูโคสเซ็นเซอรแบบตรง แรคโต
พามีน รีดิวซกราฟนออกไซด เหล็กออกไซดอนุภาคแมเหล็กนาโน 
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Abstract 

A novel approach of the immobilization of a highly selective and stable glucose 
biosensor based on direct electrochemistry was fabricated by a self-assembly of glucose 
oxidase (GOD) on reduced graphene oxide (rGO) covalently conjugated to magnetic 
nanoparticles (Fe3O4 NPs) modified on a magnetic screen-printed electrode (MSPCE). The 
Fe3O4/rGO nanocomposite has remarkable enhancement in large surface areas, is 
favorable for enzyme immobilization, facilitates electron transfer between enzymes and 
electrode surfaces and possesses superparamagnetism property. The morphology and 
electrochemical properties of Fe3O4/rGO/GOD were characterized by scanning electron 
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, 
cyclic voltammetry (CV) and amperometry. The modified electrode was a fast, direct 
electron transfer with an apparent electron transfer rate constant (ks) of 13.78 s-1. The 
proposed biosensor showed fast amperometric response (3 s) to glucose with a wide 

linear range from 0.05 to 1 mM, a low detection limit of 0.1 µM at a signal to noise ratio 

of 3 (S/N=3) and good sensitivity (5.9 μA/mM). The resulting biosensor has high stability, 
good reproducibility, excellent selectivity and successfully applied detection potential at 
–0.45 V.   
 Moreover, an enzymatic biofuel cell (EBFC) based on a membraneless and 
mediatorless glucose enzymatic fuel cell system was constructed for operation in 
physiological conditions (pH 7.0 and temperature 37 °C). The new platform EBFC made of 
Fe3O4/rGO nanocomposite was used for the immobilization of glucose oxidase (GOD) as 
bioanode and bilirubin oxidase (BOD) as biocathode. The EBFC bioelectrodes were 
fabricated without binder or adhesive agents for immobilized enzyme and the first EBFC 
using superparamagnetic properties with Fe3O4 NPs has been reported. The performance 
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of the EBFC was evaluated with promising results. In EBFC tests, the maximum power 

density of the EBFC was 73.7 μW cm−2 and an open circuit voltage (OCV) as +0.63 V with 
5 mM of glucose concentration for the physiological condition of humans.  
 Then, new disposable electrochemical sensor for rapid determination of 
ractopamine (RAC) is developed based on the use of MSPCE modified with Fe3O4/rGO. 

Morphology, structure and composition of nanocomposites were characterized by TEM, 
x-ray absorption spectroscopy (XANES) and x-ray photoelectron spectroscopy (XPS). 
XANES results indicated that the prepared nanocomposites exhibited the magnetic 
behavior, and the original structure of Fe3O4 NPs was displayed after being successfully 
doped on the rGO. XPS was used to confirm the chemical compositions of GO, GO 
doped with Fe3O4 and Fe3O4/rGO reduced by glucose. The electrochemical and 
electrocatalytic characteristics of the modified MSPCE were recorded using CV and 
differential pulse voltammetry (DPV) and the factors that affected the performance of 
the sensor were also optimized. The peak currents obtained by DPV increased linearly 
with the increasing of the concentration of RAC and the sensor had a detection range 

over the concentration ranges of 0.05–10 and 10–100 μM, with a detection limit of 13 nM 
(S/N=3). Due to the Fe3O4/rGO promoting the electron transfer, and raising the sensitivity 
of the sensor, the proposed disposable sensor displayed a good sensitivity, stability and 
reproducibility and robust operation in spiked real pork samples. 
 
 

 

Keywords: Electrochemical sensors, Enzymatic biofuel cell, Direct glucose sensor, 

Ractopamine, Reduced graphene oxide, Iron oxide magnetic nanoparticle 
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Executive Summary 
 

1. Project title  
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ประยุกตใชเปนเซ็นเซอรตรวจวัดสารปนเปอนในอาหารและเซลลเชื้อเพลิง
ชีวภาพแบบเอ็นไซมท่ีมีประสิทธิภาพสูง 

English:  Fe3O4 magnetic nanoparticles/reduced graphene oxide 
nanocomposite: Application to food contaminant sensors and high 
performance enzymatic biofuel cells. 
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3. สาขาวิชาท่ีทําการวิจัย  Chemical sensors and biosensors, Nanobioengineering  
4. Total budget 1,500,000 baht  
5. Project duration 3 year since 15 August 2016 – 15 April 2019 
6. Introduction to the research problem and its significance  

Every year, the global energy demand increases.  While petroleum products 
currently supply much of this demand, the increasing difficulty of sustaining supply and 
the problems associated with pollution and global warming are acting as the major 
impetuses for research into alternative renewable energy technologies. The developed 
world is becoming increasingly dependent of energy consumption and the pressure for 
efficient and green energy sources has increased dramatically over the past years.  To 
address this issue, in the past decades, researchers and companies worldwide have 
created new possibilities of designing efficient energy conversion devices. Among a wide 
range of technologies being developed, fuel cells offer a possible (and partial) solution 
to this problem.  Typically, the fuel required for conventional fuel cells is either 
hydrogen or methanol; some alternative fuel cells running on other fuels such as 
hydrocarbons have been developed.  Nowadays, fuel cells represent a promising 
alternative for energy production with many advantages compared to combustion of 
fossil energy or nuclear power. They provide another mode of electric energy generation 
which is based on the transformation of chemical energy directly into electricity via 
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redox reactions or chemical reactions without going through the combustion process. 
This leads to higher efficiency as well as reducing the environmental impact. A fuel cell 
usually operates with two catalytic electrodes immersed in an electrolyte where the 
anode oxidizes the “fuel” (e.g. hydrogen or alcohols) and the cathode catalyzes, in most 
cases, the reduction of oxygen. The operation of fuel cells is similar to that of batteries 
but, unlike batteries, fuel cells can be used continuously without recharging.  This 
eliminates the limited capacity of the battery out.  In addition, the battery terminals 
react when it is charging or discharging. However, for the fuel cells, the need for noble 
metals such as platinum to catalyze the reactions that convert chemical energy into 
electricity is a limiting factor, as these metals are expensive, scarcely available and 
exhaustible. In the last century, technologies have emerged in which they are replaced 
by whole microorganisms or parts of these latter, leading to microbial, mitochondrial or 
enzymatic. Biofuel cells (BFCs) are a special type of fuel cells which use natural enzyme 
or microorganisms as a catalyst or directly transform chemical energy to electrical 
energy via electrochemical reaction involving biochemical pathways.  Enzyme-based 
biofuel cells (EBFCs) utilize enzymes to catalyze chemical reactions in order to convert 
chemical energy into electrical energy, replacing traditional expensive metal catalysts 
such as platinum employed in conventional fuel cells. Furthermore, EBFCs can generate 
electricity under mild conditions such as at ambient temperatures, under physiological 
conditions, and neutral pH.  Fuel flexibility and the use of a clean and renewable 
catalyst through the oxidation of renewable energy sources without greenhouse gas 
emissions or environmental pollution, make them not only useful for biomass 
conversion but also as potential alternative power sources for in vivo applications for 
implantable biomedical devices such as miniaturized sensors, transmitters, and artificial 
organs.  To date, the vast majority of EBFCs are based on the enzymatic oxidation of 
glucose at the bioanode and the oxygen reduction at the biocathode. Usually, enzyme 
immobilization occurs by either chemical or physical processes such as covalent binding 
[1], cross-linking [2], sol–gel [3], mesoporus [4] and entrapment in polymer [5]. 

However, there are currently no EBFCs products available in the commercial 
market due to the lack of efficient enzyme immobilization techniques, the production of 
electrical energy is not as much as it should have been.  The rate of electron transfer 
between the redox center of biocatalysts and the underlying electrodes is very slow, 
leading to low efficiency and small power output of EBFCs.  The enzyme on the 
electrode surface usually does not achieve significant electron transfer between the 
immobilized enzymes and the current collector or the electrode, mostly because of the 
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electrical insulation of the active sites of the enzyme by the surrounding protein shells. 
To solve this problem, great efforts have been made to improve the direct or mediated 
electron transfer reactions of the enzymes by immobilizing them onto various interfaces 
or by using redox mediators. In order to improve the electron transfer rate between the 
enzyme and the electrode surface, some of the new trends in the catalyst design for 
EBFCs include the incorporation of nanoscale materials and metallic nanoparticles into 
the bioelectrode structure [3, 6-9]. The low stability of enzymes and their low turnover 
numbers are still the limiting factors for constructing applicable EBFCs.  Nanomaterials 
have generated unprecedented interest due to their unique physical and chemical 
properties and optimal environment for the immobilization of proteins and other 
biological molecules, providing larger surface area that enables incorporation of larger 
enzyme loading.  Additionally, these nanomaterials can significantly improve the 
bioelectrode electroactivity as they provide more efficient electrical contact with the 
enzyme active sites.  

Graphene, a single layer of carbon material with a two-dimensional honeycomb 
sp2 carbon lattice, possesses many unique features such as large surface area, good 
electrical, thermal, and mechanical properties. These unique properties are the reasons 
why graphene has been widely employed for various applications such as field-effect 
transistors [ 10] , gas sensors [ 11-12] , electromechanical sensors -biosensor [ 13-15] , 
nanoelectronics [16], batteries [17-18], supercapacitors [19] and hydrogen storage [20]. In 
addition, varieties of hybrid materials between graphene and other materials such as 
polymers, metals, metal oxides and even carbon nanotubes with new functions are 
promising for utilization in various applications.  However, the dissolution and 
biocompatibility of the graphene may restrict their practical applications [ 21-22] . 
Different types of materials have been used to immobilize enzymes and to improve the 
enzymatic activity.  Graphene oxide ( GO)  is chemically modified graphene containing 
oxygen functional groups such as epoxides, alcohols, and carboxylic acids [ 23]  and 
chemical analysis shows the carbon to oxygen ratio is approximately three to one [24]. 
Recently, GO has received a great deal of attention because it readily exfoliates as single 
sheets in water. Since, in its as-oxidized state, numerous oxygen functional groups of GO 
render it too electrically insulating for using as a conductance-based sensor.  Thus, 
reduced graphene oxide (rGO) is both conductive and has chemically active defect sites 
making it a promising candidate as the active material in sensors [25-26]. 

Exploiting magnetic nanoparticles ( Fe3O4 NPs)  as a special bimolecular 
immobilizing carrier is the focus of this research. Due to its special properties, magnetic 
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NPs have been used in immunology [ 27]  and drug delivery [ 28-29] .  Due to its good 
biocompatibility, strong superparamagnetism, low toxicity, large surface-to-volume ratio, 
high surface reaction activity, strong adsorption ability to immobilize desired 
biomolecules and easy preparation process, magnetic NPs have been used to 
immobilize enzyme in different matrices [ 30-34] .  The use of magnetic NPs for 
bioelectrodes purposes is based on their enhanced surface area, high catalytic activity, 
as well as their comparable size with some of the oxidoreductase enzymes employed in 
biofuel cells thus decreasing the electron transfer distance and, as a result, facilitating 
this process. The integration of magnetic NPs and rGO with enzymes may offer a hybrid 
nanocomposite with synergistic properties improving the electrical contact with the 
enzyme active sites and, consequently, fuel oxidation.  Therefore, Fe3O4 magnetic NPs 
formed on the surface of rGO may provide more surface area and good biocompatibility 
for enzyme immobilization.  Integration of Fe3O4 and rGO into a nanocomposite has 
recently become a popular topic of research because of its new and enhanced 
functionalities, therefore, it holds a great promise for wide-range of applications in 
catalysis, biomedical field, adsorption and separation, etc. [35-38].  

In this research work, the possibility of employing Fe3O4/rGO nanocomposite as a 
potential candidate for the construction of EBFCs is proposed. We designed and 
developed EBFCs using glucose as a fuel by using nanocomposites and a group of 
enzymes, glucose oxidase and bilirubin oxidase to increase the immobilization of the 
enzyme, enhance the efficiency of power generation, improve the stability of the 
electrode and extend the lifetime of the system. Initially, Fe3O4/rGO nanocomposite 
were chemically synthesized and characterized by surface and chemical characterization 
techniques. In this work, we characterized the nanocomposite by using synchrotron-
based x-ray photoelectron spectroscopy (XPS), x-ray absorption near-edge structure 
(XANES), extended x-ray absorption fine structure (EXAFS), scanning electron microscopy 
(SEM), Fourier transform infrared spectroscopy (FT-IR) and Vibrating sample 
magnetometer (VSM). Following the characterization, Fe3O4/rGO nanocomposite were 
employed to fabricate the anode and cathode in the EBFC. Due to the specific catalytic 
activity of these enzymes, the proton exchange membrane is eliminated to facilitate the 
fabrication process. Fe3O4/rGO nanocomposite not only has a great potential as it 
increases the immobilization of the enzymes but also can be used to catalyze hydrogen 
peroxide which is a byproduct from glucose oxidation at anode, hence our work was the 
first reported employing Fe3O4 based rGO for EBFCs application. We investigated the 
electrochemical performance of glucose EBFCs by using electrochemical methods. After 
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fabrication of the nanocomposite based membraneless EBFCs, the maximum power 
density was quantified. This EBFCs may replace the batteries in medical devices 
applications in the future.  

Herein, by applying different kinds of important compounds as representative 
examples, the usefulness of the nanocomposite for sensing and biosensing purposes 
were strongy demonstrated.  With the advantages of the magnetism, conductivity, 
biocompatibility as well as good dispersibility in polar solvents of the Fe3O4/ rGO 
nanocomposite, it could be facilely adhered to the electrode surface by magnetically 
controllable assembling and be beneficial to achieve the direct redox reactions and 
electrocatalytic behaviors of GOx immobilized into the nanocomposites. Hence, a direct 
electrochemical biosensing for glucose determination was developed based on 
Fe3O4/rGO/GOD-MGCE bioanode.  

Moreover, the potential applicability of the nanocomposite modified magnetic 
screen-printed electrode (MSCPE) as a novel disposable electrochemical sensing 
platform for food contaminants was investigated. Food safety has become a global 
concern in recent years, which is being threatened by the abuse of food additives, 
especially additive residues in animal tissue. Ractopamine (Rac) is an artificially 
synthesized betaagonist that belongs to the phenolic group [39]. Nowadays, Rac is 
widely used as feed additive in some animal species such as swine, cattle and turkeys 
[39]. Although the application of Rac can improve the production of muscle tissues via 
diverting nutrients from fat to deposition [40-41], there still exists a potential danger for 
consumer health because it readily accumulates in animal tissues [42]. Based on this 
fact, there is an urgent need for a sensitive and accurate method for the determination 
of Rac residues in animal tissues. Up-to-now most of the analytical methods towards 
these determinations require a well-equipped laboratory, trained personnel, high capital 
expenditure and involve time-consuming sample preparation steps. These added to the 
cost and complexity of assay. Consequently, the development of a convenient, rapid, 
accurate, simple and economy analytical method for the determination of these food 
contaminants is highly desirable. Interestingly, so far Fe3O4/rGO nanocomposite has not 
been developed for the electrocatalytic detection of these food contaminants.  

 
7. Objectives 

1. To construct and develop a disposable food contaminant sensor based on a 
screen-printed electrode modified with Fe3O4/rGO nanocomposites. 
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2. To connect the excellent physicochemical properties of rGo with magnetism 

and biocompatibility of Fe3O4 nanoparticle through simple and facile chemical 
method and explore their application towards fabrication of a glucose/ O2 

enzymatic biofuel cell 
3. To improve system enzyme immobilization, electron transfer efficiency, 

electrical power density, stability, extended life time with nanocomposite 
including Fe3O4 magnetic nanoparticels and reduced graphene oxide 

 
8. Methodology 

1. Preparation of Fe3O4/rGO nanocomposite modified electrode 
The NH2-Fe3O4 NPs were prepared through a solvothermal reaction according to 

F. Zhang et al. 2011 [43]. The Fe3O4 NPs was immobilized on GO using EDC and NHS as 
coupling agents by the formation of an amide link between the amino group of Fe3O4 
NPs and the carboxyl group of GO.  20 mg GO in 60 mL water was ultrasonicated for 3 h, 
and then 100 mg EDC and 80 mg NHS were added into the solution of GO. The mixture 
was stirred for 30 min and ultrasonicated for another 30 min to form a homogenous 
suspension. Next, 20 mg of NH2-Fe3O4 NPs was added into the suspension solution and 
the mixture was subjected to ultrasonication for 30 min. The reaction was carried out at 
80 °C for 1 h under stirring. The Fe3O4/rGOnanocomposite was obtained by magnetic 
separation and washed with water several times.  

An Fe3O4/rGO nanocomposite based on glucose reduction was prepared. In brief, 
40 mg glucose was added into a 25 mL Fe3O4/rGO dispersion solution followed by 
stirring for more than 0.5 h. and 20 µl ammonia solution (25% w/w) was added into the 
resulting dispersion solution. After being stirred for a few minutes, the mixture was again 
stirred for 60 min at 95 °C.  Finally, the resulting stable black dispersion solution was 
centrifuged and washed with water several times. The obtained Fe3O4/rGO 
nanocomposite (1 mg/2.5 mL) was redispersed in DI water before further use. Finally, the 
5 µl Fe3O4/rGO nanocomposite solution was dropped onto the MSPCE surface.   

 
2. Preparation of Fe3O4/rGO/GOD nanocomposite modified electrode 

GOD was immobilized onto the Fe3O4/rGO nanocomposite modified MSPE 
through an electrostatic interaction between positive charges of Fe3O4 and negative 
charges of GOD. 30 mg GOD was added into 1 mL 0.1 M PBS pH 7.0 solution. The 
Fe3O4/rGO nanocomposite modified MSPCE was immersed into the GOD solution (30 
mg/mL in 0.1 M PBS pH 7.0), and then reacted at room temperature for 12 h. The 
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Fe3O4/rGO/GOD nanocomposite modified electrode surface was washed with DI water to 
remove unadsorbed enzyme molecules and allowed to dry at room temperature. The 
modified electrode was stored at 4 °C when not in use. The fabrication process is shown 
in Scheme 1 

 
 

 
 
Scheme 1. Schematic illustration of Fe3O4/rGO/GOD modified MSPCE 
 

3. Magnetic screen-printed electrode fabrication 
The magnetic screen-printed electrode (MSPCE)  was prepared by a rectangular 

magnet sticker (1.5 x 2 mm) put onto the backside of a screen-printed electrode (SPCE). 
 

4. Magnetic glassy carbon electrode fabrication 
The magnetic glassy carbon electrode ( MGCE)  was prepared by placing a 

nummular NdFeB magnet (3 mm in diameter and 4 mm in thickness) on a glassy carbon 
(3 mm in diameter and 3 mm in thickness). A copper wire was put around the magnet 
and filled with silver glue, which was then put into an acrylic tube (10 mm in diameter 
and 20 mm in depth). All components were fixed with epoxy resin then cured at room 
temperature for at least 24 h.  The MGCE was successively polished with emery paper 
and alumina powder, followed by sonication in DI water.  

 
5. Bioelectrode fabrication 

GOD was immobilized onto the Fe3O4/ rGO modified MGCE through electrostatic 
interaction between the positive charge of Fe3O4 and the negative charge of GOD. 30 mg 
of GOD was added into 1 mL 0.1 M PBS pH 7.0 solutions. The Fe3O4/rGO modified MGCE 
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was immersed into the GOD solution (30 mg/mL in 0.1 M PBS pH 7.0) then reacted at 
room temperature for 24 h.  The Fe3O4/ rGO/GOD modified surface was washed with DI 
water to remove the unadsorbed enzyme molecules and allowed to dry at room 
temperature. The modified electrode was stored at 4 °C when not used. The preparation 
of biocathode used BOD instead of GOD. 

 
6. Biofuel cell set up 

The EBC cell constructed with three-dimensional printer ( 3D printer)  using 
poly( lactic acid) , PLA as a material.  The EBC cell consists of Fe3O4/ rGO/ GOD and 
Fe3O4/rGO/BOD as bioanode and biocathode, respectively, with electrode spacing of 0.5 
cm.  The EBC system was fed with 0. 1 M PBS pH 7. 0 containing 5 mM of glucose 
delivered to the electrode chamber using a peristatic pump.  The voltage output was 
measured using a multi-meter with application of external resistance (Rext) varying from 

10 MΩ to 200 Ω.  The voltage was used to calculated power ( P)  according to the 
equation P= IV/ A, where I is the current, V is the voltage and A is the area of the 
electrode. The EBC was operated at human physiological temperature (37 ± 1 ºC).  

 
7. Preparation of the sensor for ractopamine determination   

The screen-printed electrodes ( SPCE)  used in this study were obtained from 
Quasense Co., Ltd. (Thailand). The MSPCE was prepared by a rectangular magnet sticker 
(1.5 x 2 mm) put onto the backside of SPCE. To prepare the sensor, 5 µL of Fe3O4/rGO 
nanocomposite solution was dropped on the surface of MSPCE and dried in air. 

 
  
 

8. Preparation of real samples 
Different samples of pork and liver were purchased from a local supermarket and 

then treated as follows. Firstly, 2 g of smashed peeling, grinding sample was added into 
10 mL 0.1 M HClO4. After being homogenized for 20 min, and heated at 80°C for 30 min, 
the vial was put in the water bath and centrifuged. After that, the clear liquid phase was 
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collected and then 10% Na2CO3 and then 1.6 g NaCl was slowly added to adjust the pH 
value of the collected liquid to 10. Subsequently, RAC was extracted twice using 5 mL 
ethyl acetate. Lastly, RAC was reverse extracted to 2 mL with 0.1 M HCl solution. The 
reverse extraction was repeated, and the above extracted solution was diluted with 0.1 
M PBS pH7. 0 to 10 mL.  Spiked samples were prepared in the same step; a known 
amount of RAC standard was added to the sample before treatment. 
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Results and Discussion 
1.  Characterization of Fe3O4/rGO/GOD nanocomposite 
 The surface morphology of GO characterized by SEM is shown in Fig. 1a. A few layers 
of GO sheets appear partially packed with their basal planes, intensely crumpled and 
folded into a typical wrinkled structure.  These geometric wrinkling and rippling were 
caused by nanoscale interlocking of GO sheets.  The spherical Fe3O4 NPs were clearly 
observed as shown in Fig. 1b and distributed well on the whole surface of a rGO sheet 
due to the strong interaction of covalent bond (Fig. 1c). The diameter of Fe3O4 NPs was 
about 32 nm.  In Fig.  1d, after the immobilization of GOD on the Fe3O4/ rGO 
nanocomposite by electrostatic force, the nanocomposite showed deposition of a 
protein globular structure on the uniform structure and the roughness increased 
dramatically indicating that the enzymes were successfully immobilized on the surface 
of the Fe3O4 NPs and the size of particles was slightly increased. The results confirm the 
preparation of the nanocomposite. 
 

A b

c d

 
 
Fig. 1. SEM images of ( a)  GO, ( b)  Fe3O4 NPs, ( c)  Fe3O4/ rGO nanocomposite and ( d) 
Fe3O4/rGO/GOD nanocomposite. 
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2. Fourier transform infrared (FT-IR) study of Fe3O4/rGO nanocomposite 
 The Fe3O4/ GO nanocomposite was obtained from the NHS and EDC and the 
condensation reaction between the amino group of Fe3O4 NPs and carboxylic group of 
GO which formed a carboxamide bonding. The confirmation of binding between the GO 
and Fe3O4 NPs was studied by FT-IR spectroscopy.  The FT-IR spectra of the NH2-Fe3O4 
NPs (curve a), GO (curve b), and Fe3O4/GO nanocomposite (curve c) are shown in Fig. 2A. 
The band of NH2-Fe3O4 NPs, as shown in curve a, was found at 571 cm− 1, which 
corresponded to the Fe–O stretching vibration, and the two spectrum bands observed at 
1630 and 3351 cm−1 were assigned to the N–H bending and stretching vibrations of free 
amino groups on the Fe3O4 NPs as reported [44] .  The results indicated that the amino 
group has been grafted onto the Fe3O4 NPs surface.  Fig.  2A curve b shows the FT-IR 
spectrum of GO, and a strong and broad absorption at 3401 cm− 1 was observed, which 
was due to the O–H stretching vibration. The absorptions’ peak at 1724 and 1375 cm−1 
corresponded to the C O stretching of carboxylic acid and carbonyl moieties.  For the 
aromatic C C and the  epoxy group, alkoxy C–O, stretching vibrations were observed at 
1625 and 1084 cm−1, respectively [45]. In curve c, after introducing the Fe3O4 NPs on GO, 
the FT-IR spectrum of the Fe3O4/GO appeared in the band at 565 cm− 1 and illustrated 
the Fe–O stretching vibration, confirming the deposition of Fe3O4 on GO.  Three new 
characteristic peaks of the amide carbonyl group for Fe3O4/GO nanocomposite at 1634 (–
CONH amide band I), 1544 (–NH amide band II), and 1368 cm− 1 (C–N stretch of amide) 
appeared, implying that Fe3O4 NPs were successfully linked to the GO sheet via covalent 
bonding after the amidation reaction [46] . The two bands at 3284 and 1634 cm− 1 were 
attributed to the O–H stretching vibration, and to the N–H stretching vibrations and the 
NH2 bending mode of the free NH2 group, respectively.  However, the Fe3O4/ GO 
nanocomposite is still composed of functional groups with an oxygen component such 
as hydroxyl and ether groups on both sides. Glucose was applied as a reducing agent to 
remove oxygen components.  The FT-IR spectra of Fe3O4/ GO nanocomposite and 
Fe3O4/ rGO nanocomposite are presented in Fig. 2B, curves a and b, respectively. In the 
Fe3O4/GO spectrum, the graph shows the stretching of hydroxyl group at 3284 cm−1(O–H 
stretching), the C=O carbonyl stretching at 1634 cm−1 and 1718 cm−1, as well as the C−O 
epoxide group stretching at 1060 cm− 1.  All these bands related with the oxygen-
containing functional groups mostly remain in the FT-IR spectrum of the Fe3O4/ GO 
nanocomposite.  The high intensity of the main peaks in the Fe3O4/ GO nanocomposite 
confirmed the presence of a large number of oxygen functional groups as shown in Fig. 
2B curve a. After the GO was chemically reduced, the characteristic absorption bands of 
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hydroxyl at 3168 cm− 1 were significantly decreased.  The carbonyl group at 1554 cm− 1 
and 1368 cm− 1, and alkoxy groups at 1060 cm− 1 in curve b disappeared, indicating the 
high efficiency of reduction and oxygen-containing functional groups’  removal from the 
GO. The absorption band that appears at 1629 cm− 1 may be attributed to the skeletal 
vibration of the graphene sheets [ 47] .  Moreover, observing an additional peak can be 
ascribed to the lattice absorption of Fe3O4 NPs at 572 cm−1. These confirmed that most 
of the oxygen-containing functional groups were already removed.  
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Fig. 2. FT-IR spectra of (A) NH2-Fe3O4 NPs(a), GO (b), Fe3O4/GO nanocomposite (c), (B) FT-
IR spectra of Fe3O4/GO nanocomposite (a) and Fe3O4/rGO nanocomposite (b). 
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3. Raman spectroscopy study of Fe3O4/rGO nanocomposite 
 Raman spectroscopy was used to investigate the electronic structure of graphene 
and characterize the reduction degree of the GO. The Raman spectroscopies of the GO, 
Fe3O4/GO and Fe3O4/rGO are shown in Fig. 3. Typically, the Raman spectrum of graphene 
was characterized by two fundamental vibrations the G band corresponds to the first 

order scattering of the E2g phonon of sp2 C atoms (usually observed at � 1575 cm−1), a 

characteristic band of crystalline graphite, and the D band indicates the reduction in size 

of the in-plane sp2 domains for the chemical oxidation of graphite (�1350 cm−1) [47-48]. 

In the Raman spectrum of the GO (curve a), the G band is broadened and blue shifts to 
1597 cm− 1, which is attributed to the presence of isolated double bonds that resonate 
at higher frequencies than the G band of graphite. The D band at 1358 cm− 1 becomes 
prominent, indicating the reduction in size of the in-plane sp2 domains due to the 
extensive oxidation. As shown in Fig.  3 curve c, the Raman spectrum of the Fe3O4/ rGO 
exhibits D and G at 1346 and 1594 cm−1, and the G band of Fe3O4/ rGO moves to 1594 
cm− 1, which is closer to that of graphite, indicating the GO was reduced.  The intensity 
ratio of the D to G peak ( ID/ IG)  is found to change inversely with graphitic domain size 
and widely used to study the crystalline quality of graphite or graphene after the 
treatment.  The ID/ IG improved from the GO was 0.83, Fe3O4/ GO (0.89)  to Fe3O4/ rGO 
(1.03). This change suggested that more sp2 domains are formed during the reduction of 
graphite oxide. This increase is due to the decrease of the sp2 in-plane domain induced 
by the introduction of defects and disorder of the sp2 domain. 
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Fig. 3. Raman spectra of GO (a), Fe3O4/GO (b) and Fe3O4/rGO (c). 
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4. Direct electrochemistry of GOD immobilized Fe3O4/rGO modified electrode 
 The electrochemical properties of nanocomposite were studied using cyclic 
voltammetry. Under appropriate conditions, the DET between the GOD and the 
substrate can be observed from the electrochemical response. Fig. 4A shows the cyclic 
voltammograms of GOD-modified different electrodes in the N2-saturated PBS at a scan 
rate of 100 mV/s. No redox peaks were observed for the GOD-MSPCE (curve a) and 
Fe3O4/GOD-MSPCE (curve b). The background current of the Fe3O4/GOD-MSPCE was 
higher than that of the GOD-MSPCE, and is ascribed to the large surface area of the 
Fe3O4, which showed a distinct electrochemical response. 
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Fig. 4. (A) Cyclic voltammograms of the different modified electrodes with GOD-MSPCE 
(a), Fe3O4/GOD-MSPCE (b) and Fe3O4/rGO/GOD-MSPCE (c) in 0.1 M PBS pH 7.0 with N2-
saturated at a scan rate of 100 mV/s. (B) CVs of the Fe3O4/rGO/GOD-MSPCE in 0.1 M PBS 
pH 7.0 at different scan rates inner to outer: 10, 20, 30, 40, 50, 60, 70, 80 and 100 mV/s. 
(C) The relationship of the peak current (Ip) vs. the scan rates. (D) The relationship of the 
peak potential (Ep) vs. the logarithm of scan rates (log v). 
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 Fig. 4A, curve c showed a well-defined redox peak with an anodic peak potential 
(Epa) at –0.418 V and a cathodic peak potential (Epc) at –0.452 V. The peak potential 

separation (ΔEp) was about 34 mV. These results demonstrated a fast DET kinetics of the 
GOD on the surface of the Fe3O4 on the graphene sheet. The well-defined and quasi-
reversible redox peaks suggested a favorable DET between the electrode and the redox 
centers of the GOD molecules. The formal potential (E0′) obtained by averaging the 
potential values of the Epa and Epc was –0.435 V. This value was close to the standard 
electrode potential of –0.483 (vs. Ag/AgCl) for FAD/FADH2 at pH 7.0 [49], suggesting that 
the GOD molecules retain their bioactivity after the adsorption on the Fe3O4/rGO 
nanocomposite, and the electrochemistry response of the GOD immobilized on the 
modified electrode is due to the redox reaction of the FAD. 
 
5. The influence of the scan rate  
 The effect of the scan rate on the cyclic voltammetric performance at the 
Fe3O4/rGO/GOD modified MSPCE with different scan rates is shown in Fig. 4B, where the 
redox processes of the nanocomposite gave mostly symmetric anodic and cathodic 
peaks (Epa and Epc) at relatively slow scan rates. When the scan rate increased, the redox 
potentials of the GOD shifted slightly.  The anodic and cathodic peak currents ( Ipa, Ipc) 
linearly increased with the increasing scan rate from 10 to 100 mV/s, indicating that the 
redox reaction of the GOD on the Fe3O4/ rGO modified electrode was a quasi-reversible 
surface-controlled process.  The plot of the cathodic peak current versus the scan rate 
showed a linear relationship ( Fig.  4C)  with linear regression equations:  Ipa = 
0.0153x+ 0.0383, Ipc =  –0.0149x–0.0475 with a correlation coefficient (R2) of 0.993 and 
0.992, respectively.  These results demonstrated a fast DET kinetics of the GOD on the 
surface of the graphene. 
 According to Laviron's equation [50], the plots of the Epa and Epc versus the logarithm 

of the scan rates produced two straight lines with slopes of 2. 3RT/ ( 1–α) nF and –

2.3RT/αnF at high scan rates (up to 1000 mV/s) as shown in Fig. 4D. The charge transfer 

coefficient (α)  and the heterogeneous electron transfer rate constant ( ks)  for the 
proposed electrode were calculated to be 0.5 and 13.78 s-1, respectively, according to 
the following equation:  
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Where R is gas constant, T is temperature, v is scan rate and ΔEp is peak separation. This 
result confirmed that the Fe3O4/ rGO facilitated the fast electron transfer between the 
redox-active site of enzyme and the surface of the electrode. These results suggest that 
the Fe3O4/rGO/GOD provides fast electron transfer kinetics between the redox center of 
the enzyme and the surface of the electrode. The superior electron transfer kinetics of 
graphene can be ascribed to their unique electronic structures, which are favorable for 
conducting electrons from the redox center to the electrode surface.  The surface 

average concentration of GOD (Γ, mol/cm2) on the electrode can be calculated from the 
charge integration of the cathodic peak in the cyclic voltammogram according to the 

formula, Γ= Q/nFA, where Q is the charge consumed in C, n is the number of electrons 
transferred (n= 2 for DET of GOD) , A is the electrode area (cm2)  and F is the faraday 
constant.  The electroactive GOD concentration on the Fe3O4/ rGO was estimated to be 
4.95 × 10−11mol/cm2, indicating a saturated adsorption of the GOD the on Fe3O4 surface 
of the nanocomposite which is higher than previously reported at a GOD on a 
mesoporous iron oxide modified SPCE [41]. 
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Fig. 5. (A) CVs of the Fe3O4/rGO/GOD-MSPE in 0.1 M PBS with different pH values of 4, 5, 
6, 7, 8 and 9 at a scan rate of 50 mV/s. (B) CVs of Fe3O4/Rgo/GOD-MSPE in 0.1 M PBS pH 
7.0 at a scan rate of 30 mV/s in the presence of various concentrations of glucose (a) O2-
saturated without glucose and with glucose concentration of 0.5 (b), 1 (c), 4 (d), 8 (e) and 
10 mM (f) and N2-saturated without glucose (g). 
   
6.  The influence of solution pH  
 It is well known that the direct electrochemistry of a GOD has a two-electron 
coupled with two-proton reaction. Therefore, the pH value of the solution should have 
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an effect on the electrochemical behavior of the GOD on the Fe3O4/rGO , and a negative 
shift of both the cathodic and anodic peak potentials occurs when the solution’ s pH 
value was increased as shown in Fig.  5A.  The redox potential E0′ changes linearly as a 
function of the solution pH from 4 to 9 with a slope of –52 mV/pH (r2 =  0.9989). This 
slope is close to the theoretical value of –58.6 mV/Ph [52] according to the reaction of 
equation (2)  for a reversible reaction, indicating two protons (2H+ )  and two electrons 
(2e−) attending in the electron transfer process. The reaction mechanism can be written 
as follows: 
 
   GOD (FAD) + 2e− + 2H+ ↔ GOD (FADH2)              (2) 
 
7.  Electrocatalytic activity of the Fe3O4/rGO/GOD-MSPCE to glucose 
 In order to study the enzymatic catalytic activity of the GOD adsorbed on the 
Fe3O4/ rGO -MSPCE, the experiments were carried out by cyclic voltammetry.  Fig.  5B 
shows the CVs of the Fe3O4/rGO/GOD-MSPCE with different glucose concentration in 0.1 
M PBS pH 7.0 at the scan rate of 30 mV s− 1. Under N2-saturated condition (curve g), a 
pair of well-defined and almost symmetrical redox peaks was observed, which indicates 
that a GOD adsorbed on an Fe3O4/ rGO-MSPCE can undergo a reversible direct 
electrochemical reaction, and this implies the DET of the GOD for FADH2 oxidation and 
FAD reduction in equation (2) .  In O2-saturated condition (curve a) , the reduction peak 
current of the Fe3O4/ rGO/GOD-MSPCE was larger than that in the N2-saturated PBS and 
the oxidation peak current was smaller. The reason for this is that the GOD (FADH2) was 
oxidized to regenerate the oxidized form of the GOD (FAD) because O2 is a natural co-
substrate for the GOD. It confirms that oxygen dissolved in the PBS solution was reduced 
at the electrode according to the following equations ( 3)  which was a typical 
electrochemical catalytic process, in which oxygen regenerates the GOD ( FAD)  and 
enhances the reduction peak current of the FAD.  When glucose was added into this 
system (curve b-f), the GOD reacted with the glucose and turned FAD into the reduced 
form of the GOD (FADH2) as shown in equation (4). Fig. 5B, curve b-f shows the CVs of 
the Fe3O4/rGO/GOD-MSPCE with various concentrations of glucose. It was found that the 
reduction peak currents decrease with increasing glucose concentration ranging from 
0. 05 mM to 10 mM due to the enzyme-catalyzed reaction that occurred and the 
decrease of the FAD form concentration at the electrode surface, indicating that the 
GOD retains its high bioelectrocatalytic activity to the glucose.  The results were 
consistent with the previous reports [ 53] .  Therefore, based on the decrease of the 
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reduction current, the concentration of glucose can be detected and used as a 
biosensor system for reagentless glucose sensing.  The electrocatalytic mechanism can 
be expressed as follows: 
 
  GOD (FADH2) + O2 → GOD (FAD) + H2O2      (3) 
  GOD (FAD) + Glucose → GOD (FADH2) + Gluconolactone    (4) 
 
8.  Amperometric response of the glucose biosensor 
 From the relationship between the decrease of the reduction current and the 
concentration of glucose, the amperometry technique was used to perform at the 
applied potential of –0.45 V in 0.1 M PBS pH 7.0. Fig. 6A shows typical steady-state 
amperometric responses of the Fe3O4/rGO/GOD-MSPCE on successive injections of 
glucose under stirring. The steady-state current obtained on the Fe3O4/rGO/GOD-MSPCE 
decreased during the addition of glucose concentration. The electrocatalytic response 
was very fast as the biosensor achieved the maximum response after 3 s when glucose 
was added into the solution. As the inset of Fig 6A, the resulting calibration plot is 
presented over the concentration range 0.05 to 1.2 mM. It was found that the reduction 
current response decreased with increasing proportional to the glucose concentration. 
The plot of current response vs. glucose concentration was linear in the ranges of 0.05 
to 1 mM with the linear regression equation of y = 5.873x + 0.131 (correlation coefficient 

0.993) and a sensitivity of 5.9 μA/mM. The detection limit was calculated to be 0.1 μM 
at a signal-to-noise ratio of 3 (S/N=3).  
 The comparison of the analytical performance of the developed electrode with 
some other previous reports on direct glucose biosensors are summarized in Table 1. It 
can be seen that this biosensor exhibits a lower detection limit and a higher sensitivity 
compared with other Fe3O4 electrodes and SPCE based glucose biosensors. Typically, 
the DET was extremely difficult to occur at SPCE more than at GCE because of the lower 
sensitivity and surface area. The presence of the Fe3O4 and graphene could increase the 
conductivity of the electrode and the GOD could quickly transfer electrons to 
electrodes. The resulting good performance was not only due to the strong bonding but 
the paramagnetism force might reduce the spacing of enzymes and increase the amount 
of nanocomposites to entrap into the porous SPCE surface. 
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Fig. 6. Amperometric response of (A) Fe3O4/rGO/GOD-MSPCE to successive addition of 
glucose concentration at applied potential of –0.45 V in 0.1 M PBS pH 7.0. Inset is the 
calibration curve for glucose obtained at the biosensor. (B) Fe3O4/rGO/GOD-MSPCE to 1 
mM UA, 1 mM AA, 0.5 mM glucose and 1 mM DA at the applied potential of –0.45 V in 
0.1 M PBS pH 7.0. 
 
  The apparent Michaelis-Menten constant ( ) values were evaluated by an 
electrochemical Lineweaver-Burk equation [54-55] which can provide an indication of 
the enzyme–substrate kinetics. 
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Here, Iss is the steady-state current, C the concentration of substrate, and Imax the 
maximum current response. The corresponding plot yielded an “ apparent”  Km of 0.16 
mM.  The value was smaller than those reported for the DET of the GOD [ 56-59] 
indicating that it has a higher affinity towards glucose.  The good microenvironment due 
to the synergistic effect of the nanocomposite might contribute to the improvement of 
the affinity and good performances of the biosensor. 
 
Table 1  Comparison of analytical performance of DET glucose biosensors based 
Fe3O4 and SPCE. 
 

Modified electrodes ks(s-1) Linear range 
(mmol l-1) 

LOD 

(μmol l-1) 

Immobilized 
method 

Km 
(mM) 

Ref. 

Silica sol-gel/PVA/SPE 8.38 0 - 4.13 9.8 Sol-gel - [60] 
Nafion/preanodized SPE 4.38 0.1 - 0.9 - Polymer 

entrapment 
1.07 [57] 

Fe3O4-AuNPs-CS/AuE - 0.003 - 0.57 1.2 Polymer 
entrapment 

- [61] 

AuNPs-PDA-Fe3O4-MGCE 3.8 0.02 - 1.875 6.5 Polymer 
entrapment 

1.67 [58] 

GNs/ZnO/SPE 3.75 0.3 - 4.5 70 Physical 
Absorption 

- [62] 

RGO-Fe3O4-MGCE 3.4 0.05 - 1.5 0.15 Physical 
Absorption 

0.34 [59] 

Fe3O4/rGO-MSPE 13.78 0.05 - 1 0.1 Covalent, 
electrostatic 

0.16 This 
work 

RGO: reduced graphene oxide, GCE: glassy carbon electrode, PVA: polyvinyl alcohol, AuNPs: gold 
nanoparticles, PDA: poly (dopamine), MGCE: magnetic glassy carbon electrode, GNs: graphite 
nanosheets, ZnO: zinc oxide nanoparticles, AuE: gold electrode, CS: chitosan  
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9.  Repeatability and stability of the Fe3O4/rGO/GOD-MSPCE 
 The reproducibility of the biosensor was investigated by the amperometric method. 
The relative standard deviation (RSD) was calculated to be 3.98%, which was determined 
by 5 different modified electrodes of 0.5 mM glucose. The result demonstrates that the 
reproducibility and precision of the sensor was good.  The stability was tested by 
measuring the decrease in the cyclic voltammetric current during potential cycling in 0.1 
M PBS pH 7. 0.  The peak height and peak potential of the immobilized enzyme on 
Fe3O4/ rGO remained nearly unchanged and the amount of the GOD remaining on the 
electrode surface was almost 98.4%  of its initial value after 50 cycles. Furthermore, the 
long term stability of the biosensor exhibited a current response that retention of 95.6% 
after being stored at 4ºC for 1 month which indicated that the nanocomposite modified 
electrode had high long term stability due to the strong covalent attachment of 
Fe3O4/ rGO and electrostatic attraction of GOD onto the electrode surface, preventing 
enzymes from leaking out of the electrode surface. 
 
10.  Interference study 
 Common interference in blood such as ascorbic acid ( AA) , uric acid ( UA) , and 
dopamine (DA)  usually coexist with glucose in human blood, which can interfere with 
the current signal. The direct electrochemistry of the GOD could avoid the interferences 
in the procedure of detecting glucose. The normal physiological level of glucose is 3 to 

8 mM, which is much higher than those of the interfering species of AA (∼ 0.1 mM) and 

UA (∼ 0.02 mM). The amperometric current responses of the Fe3O4/rGO/GOD-MSPCE to 
the addition of 0.1 mM UA, 1 mM AA, 1 mM DA and 0.5 mM glucose at the applied 
potentials of –0.45 V in 0.1 M PBS pH 7.0 were evaluated. As can be seen in Fig. 6B, the 
interference was not observed. It can prove the selectivity of this biosensor. 
 
11. Bioelectrode fabrication 
  The bioelectrodes fabrication was shown as schematic in Fig. 7. Due to Fe3O4 NPs 
being surrounded by a positive charge, they play an important role in immobilizing 
enzymes through electrostatic interaction. GOD is a negatively charged biomolecule at 
pH 7.0 that can be easily immobilized onto the positively charged amino group on Fe3O4 
NPs surface via electrostatic interaction. 
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Fig. 7. Schematic representation of (A) the preaparation of Fe3O4-/rGO and (B) the 

fabricated bioelectrodes for glucose EBC. 

 
12. Electrochemical behavior of magnetic glassy carbon electrode (MGCE) 
  The electrochemical behavior of fabricated magnetic glassy carbon electrode (MGCE) 
was characterized by cyclic voltammetry. Ferricyanide (K3Fe(CN)6) was used as a redox 
probe to investigate the electrochemical behaviors of MGCE comparing to the bare 
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commercial glassy carbon electrode (GCE) with equal diameter of 3 mm at the scan rate 
of 50 mV/s in 0.1 M PBS pH 7.0. Fig. 8A, the CVs curve of the bare GCE in curve a 
showed a pair of well-defined quasi-reversible peaks with slightly lower peak current 
and larger peak separation potential than MGCE in curve b. Compared to the bare GCE, 
the redox peak currents of the bare MGCE increased greatly, implying that the MGCE 
electrochemical property can be applied for biosensors and BFCs.  

 
Fig 8. (A) Cyclic voltammograms (CVs) of bare GCE (a) and bare MGCE (b) in 0.1 M PBS pH 
7.0 containing 2 mM K3Fe(CN)6 at a scan rate of 50 mV/s. (B) CVs of the different 
modified electrode with GOD-MGCE (a), Fe3O4/GOD-MGCE (b) and Fe3O4/rGO/GOD-MGCE 
(c) in 0.1 M PBS pH 7.0 under N2-saturated at a scan rate of 100 mV/s. 
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13.  Direct electrochemistry of GOD immobilized Fe3O4/rGO modified electrode 
 GOD molecules have flavin adenine dinucleotide (FAD) as redox centers deep 
localization inside the protein structure, thus the DET for GOD is extremely difficult. In 
order to improve the electron transfer of FAD, Fe3O4/rGO was applied to immobilize 
GOD. Fig. 8B shows the cyclic voltammograms of bare MGCE in N2-saturated PBS at a 
scan rate of 100 mV/s. No peaks were observed for GOD-MGCE (curve a) and Fe3O4/GOD-
MGCE (curve b). The background current of Fe3O4/GOD-MGCE was higher than the GOD-
MGCE, which can be ascribed to the large surface area of Fe3O4 showing a distinct 
electrochemical response. In Fig. 8B, curve c shows redox peak of Fe3O4/rGO/GOD-MGCE 
with anodic peak potential (Epa) at −0.438 V and cathodic peak potential (Epc) at −0.475 

V. The peak potential separation (ΔEp) is about 37 mV. These results demonstrate the 
fast DET kinetics of the GOD on the surface of Fe3O4 on the graphene sheet. The well-
defined and quasi-reversible redox peaks suggest favorable direct-electron transfer 
between the electrode and redox centers of GOD molecules. The formal potential (E0′) 
obtained by averaging potential values of the Epa and Epc, was −0.457 V. This value is 
close to the standard electrode potential of −0.483 (vs. Ag/AgCl) for FAD/FADH2 at pH 
7.0, suggesting that the GOD molecules retain bioactivity after adsorption on the 
Fe3O4/rGO nanocomposites. The DET process mechanism was described as GOD is two 
protons and two electrons coupled reaction, FAD serves as the catalytic site of GOD by 
accepting the electrons donated by the glucose and being reduced to FADH2. In this 
process glucose is converting into gluconolactone. (GOD)FADH2 is then oxidized by 
electrode to (GOD)FAD. Two protons and two electrons can subsequently be transferred 
from GOD to bioanode. O2 is a natural electron acceptor for GOD. In presence of O2, 
GOD can be transfer electron to O2 then reduced into hydrogen peroxide. Therefore, O2 
is a competing electron acceptor to DET reaction. Unfortunately, it is well know that DET 
system did not require oxygen due to FAD serves as the catalytic site of GOD by 
accepting the electrons donated by the glucose and being reduced to FADH2. The 
electrons can be transferred directly from GOD to electrode through Fe3O4/rGO 
composite. Moreover, based on membraneless EBC, the cathode compartment could be 
consumed most of O2 for reduction reaction. In addition, the stability of Fe3O4/GOD-
MGCE was also evaluated. There was no obvious change in redox peaks could be seen 
from the CV curves, the CVs curves still almost remained from their initial cycle after 
continuous scanning for 100 scan cycles. This can be implied that the fabricated 
electrode is very stable.    
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14.  Electrocatalytic behavior of the Fe3O4/rGO/GOD-MGCE  
  Fig. 9 shows the CVs of the Fe3O4/rGO/GOD-MGCE in a solution containing different 
concentrations of glucose under the condition of oxygen saturation. It can be seen from 
this figure that the reduction decreased with an increase in glucose concentration 
ranging from 0.5 mM to 8 mM. It can be explained that glucose is the substrate of GOD. 
When added to the air-saturated PBS, the enzyme-catalyzed reaction occurs and the 
concentration of the oxidized form of GOD present as GOD(FAD) at electrode decreases. 
Thus, the addition of glucose restrained the electrocatalytic reaction and led to the 
decrease of the reduction current. Therefore, this nanocomposite can serve as an 
efficient glucose sensor and EBC. 

 
Fig. 9. CVs of Fe3O4/rGO/GOD-MGCE in 0.1 M PBS pH 7.0 at a scan rate of 50 mV/s in the 
presence of different concentrations of glucose O2-saturated without glucose (a), with 
glucose concentration of 0.5, 1, 2, 4 and 8 mM (b-f) and N2-saturated without glucose (g). 
 
  15.  Electrocatalytic behavior of biocathodes  
 For biocathodes, the reduction of O2 generally utilized two types of enzymes, 
including bilirubin oxidase and laccase. Laccase presents an optimum activity around pH 
4-5. BOD electrocatalytic activity was investigated at neutral pH or pH 7.0 which was 
suitable for a real application system. BOD is one of the multicopper oxidase selected 
for catalyzing the four-electron reduction of oxygen to water at the biocathode because 
BOD can efficiently work as an electrode biocatalyst even under neutral conditions. In 
their structure, the T1 copper site gives electrons to the electrode and transfers those 
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electrons to the T2/T3 copper site, where oxygen is reduced to water in a four-electron 
transfer mechanism according to Equation 6. The electrocatalytic reaction of BOD on 
Fe3O4/rGO-MGCE as biocathode was examined using CV. The experiments were carried 
out under nitrogen saturated and oxygen saturated conditions at the potential between 
−0.4 V to + 0.8 V at a scan rate of 1 mV/s.  

  
Fig. 10. (A) CVs of Fe3O4/rGO/BOD-MGCE under N2 (a), and O2 (b) saturated 0.1 M PBS pH 
7.0 at a scan rate of 1 mV/s. (B) LSVs of Fe3O4/rGO/BOD-MGCE under N2 (a) and O2 (b) 
saturated in 0.1 M PBS pH 7.0 at a scan rate of 1 mV/s. 
  
 Fig. 10A displays the CVs recorded at Fe3O4/rGO/BOD-MGCE in N2 (curve a) and O2 
(curve b) saturated 0.1 PBS pH 7.0. It can be seen that the presence of oxygen in the 
system and a highly enhanced cathodic peak current increase was observed with a peak 
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potential of oxygen reduction of +0.51 V versus Ag/AgCl. The potential of the peak 
begins at +0.60 V, whereas the presence of nitrogen in the modified electrodes exhibited 
no catalytic activity. These results agree with literature data of approximately +0.5 V (vs. 
Ag/AgCl) [63], which is close to the redox potential of the T1 copper site BOD. It 
demonstrates that the modified electrode that immobilized BOD has the capability to 
achieve DET and efficiently catalyze oxygen reduction to water. Linear sweep 
voltammetry (LSV) was also used to study the electrocatalytics of Fe3O4/rGO/BOD-
MGCE.Fig. 10B shows the linear sweep voltammograms (LSVs) obtained at 
Fe3O4/rGO/BOD-MGCE in oxygen saturated 0.1 M PBS pH 7. The reduction current 
increased, indicating that oxygen reduction activity occurred at the Fe3O4/rGO/GOD-
MGCE. As shown in Fig. 10B in curve b, O2 saturated the current response and showed 
significant increase by two-fold compared to N2 saturated (curve a). The biocatalytic 
appears potential at +0.51 V, indicating BOD was envisaged as the new biocathode of 
EBC for oxygen reduction in a neutral medium. 
 
    O2 + 4H+ + 4e−      2H2O    (6) 
 
16. The performance of EBC  
 EBC performance was measured with Fe3O4/rGO/GOD-MGCE as the bioanode and 
Fe3O4/rGO/BOD-MGCE as the biocathode without a separating membrane, as shown in 
Fig. 7. The EBC system was operated at 37 ºC in 0.1 M PBS pH 7.0 and 5 mM of glucose 
was used as fuel. At the bioanode, glucose was oxidized by GOD to gluconolactone, 
where the electrons were transferred from the GOD to the Fe3O4/rGO-MGCE. Electrons 
were flowed through an external circuit then released at the biocathode to BOD, where 
oxygen was reduced into water. An electrical current is generated as a result of the 
electrons flow. The cell voltage was measured with a multi-meter under different loads 

varying from 10 MΩ to 200 Ω applied to the EBC system. The current and power 
density was calculated from the voltage using ohm’s law. Fig. 11 shows two curves of 
the polarization curve and power density curves of the EBC in the presence of 5 mM 
glucose, describing the dependence of both open circuit voltage (OCV) and the power 
density (P) on current density (j) of the bioelectrode based glucose EBC. The OCV of the 
EBC was around +0.626 V, the maximum current density was 380 µA cm-2 and the 
maximum power density was 73.7 µW cm-2 at +0.38 V which was higher than the glucose 
EBC reported of V. Krikstolaityte et al., 2013 (3.5 µW cm-2) [64] and A. Ramanavicius et 
al., 2015 (4.2 µW cm-2) [65]. The improvement of power output can be achieved by 



สญัญาเลขที ่RSA5980073 

 

 34 

Fe3O4/rGO nanocomposite. The performance of this present glucose EBC is quite 
comparable and better than some previously reported in literature for mediatorless 
glucose EBC based on DET in both bioelectrodes, as shown in Table 2. The EBC showed 
repeatability with an R.S.D of 5.73% for 5 repeatable measurements carried out with the 
flow system. These results indicate that Fe3O4/rGO based nanocomposites can be useful 
materials for the fabrication of EBC to gain energy from biological fuels such as glucose. 
Moreover, Fe3O4/rGO has great potential for the fabrication of glucose EBC due to 
operation in the physiological conditions of humans, preparation protocols and simple 
EBC assembly protocols without mediators or membranes.  

 
Fig. 11. Polarization curve (a) and power density curve (b) of the mediatorless based 
glucose EBC on current density in 0.1 M PBS pH 7.0 containing 5 mM glucose under O2-
saturation.  
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Table 2. Comparison of glucose EBC based on mediatorless type for both cathode and 
anode 

Modified electrode 
Anode 

enzyme 
Cathode 
enzyme 

OCV 
(V) 

Power density 

(μW cm-2) 
Glucose 

concentration 
Ref. 

SWNT/pSi GOD laccase - 1.38 4 mM, pH 7 66 
SWNT/PPR: CNP/PPR GOD tyrosinase - 157.4 1 mM, pH 6.5 67 
CNT disks GOD/ 

catalase 
laccase 0.95 1300 5 mM, pH 7 68 

CNTs-IL/CP GDH BOD 0.56 13.5 30 mM, pH 7 69 
NPNW GOD laccase 0.23 30 - 70 
Graphene/SWNT cogel GOD BOD 0.61 190 100 mM, pH 7 71 
CNDs/GC GOD BOD 0.93 40.8 4 mM, pH 7.2 63 
CNT-PEI GOD laccase - 102 40 mM, pH 5.5 72 
Fe3O4/rGO/MGCE GOD BOD 0.63 73.7 5 mM, pH 7 This 

work 
CNDs: carbon nanodots; pSi: porous silicon wafer; SWNTs: SWNTs; GOD: glucose oxidase; BOD: 
bilirubin oxidase; SPGE: spectrographic graphite electrodes; GDH: Glucose dehydrogenase; CNTs-IL: 
ionic liquid functionalized carbon nanotubes; NPNW: Nafion/poly(vinyl pyrrolidone) compound 
nanowire; CP: carbon paper; CG: carbon aerogel; CNP: carbon nanopowder; PEI: Poly(ethylenimine); 
PPR: polypyrrole 

 
 
17. The stability of EBC  
 The stability of EBC was characterized by measuring its power loss when 
continuously working in an air-saturated quiescent buffer containing 5 mM glucose 

coupling with 1 MΩ of resistance loaded on the cell. The maximum power density was 
observed for 4 weeks. After operating for 24 h, the power of the EBC retained 98.37 % of 
its original power output and held steady at 95.39 % after duration of 7 days. Then 78.7 
% of initial power density was retained even after 4 weeks, which revealed good 
durability and stability of the fabricated EBC as shown in Fig. 12. However, the OCV of 
the EBC remained unchanged during the duration. This could indicate that covalent 
bonding was unaffected by changes in the surrounding environment. Moreover, the 
electrostatic interaction binds with enzymes and magnetic force at MGCE to prevent 
leaching from the electrode surface during operation and storage. In EBC development, 
the stability of the enzymes on the electrode is the main factor for retaining long-term 
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performance of the membraneless EBC. However, no significant breakthrough has been 
achieved in this work concerning the longevity of EBCs.  
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Fig. 12  The stability of the DET-based glucose EBC in 0.1 M PBS pH 7.0 containing 5 mM 
glucose under O2-saturated. 
 
18. Characterization of the graphene and Fe3O4 NPs by X-ray absorption spectroscopy 
and x-ray photoelectron spectroscopy 

 X-ray absorption spectroscopy and x-ray photoelectron spectroscopy were used to 
investigate the structure and composition of the prepared samples. XANES spectra were 
recorded at the energy range of 7125-7128 eV to examine the photo absorption 
characteristic of Fe atoms (Fig. 13A).  Normalized Fe K-edge XANES of functionalized 
Fe3O4 NPs revealed the main absorption peaks at around 7114 eV, 7133 eV and 7146 eV. 

The first two peaks arose from the electronic transition of 1s�d and 1s�p states while 
the third peak was due to the interference of the photoelectron wave. The comparison 
of XANES spectrum between Fe3O4 NPs and the commercial-available iron oxide 
compounds showed the similarity of Fe3O4 NPs and standard Fe3O4. Generally, Fe3O4 

(magnetite) has a cubic inverse spinel structure where ferrous (FeO) species occupy half 
of the octahedral lattice sites and ferric (Fe2O3) species are split to occupy the remaining 
octahedral sites and the tetrahedral sites. Therefore, Fe3O4 exhibits the magnetic 
behavior at room temperature [61]. From XANES results, hence, the structural similarity 
between Fe3O4 NPs and standard Fe3O4 suggested its magnetic character. The normalized 
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Fe K-edge XANES of Fe3O4/GO and Fe3O4/rGO closely resembled the Fe3O4 NPs. These 
results demonstrated that the local structure of Fe3O4 NPs remained unchanged during 
the preparation process.    

 

Fig. 13. (A) Normalized Co K-edge spectra of Fe foil, standard FeO, standard Fe3O4, 
standard Fe2O3, Fe3O4/rGO, Fe3O4/GO and Fe3O4 NPs, and (B) the C 1s XPS spectra GO, 
Fe3O4/GO and Fe3O4/rGO. 

 

X-ray photoelectron spectroscopy was conducted to examine the chemical 
composition of carbon compounds in the prepared samples.  As shown in Fig. 13B, C 1s 
XPS spectra of GO could be deconvoluted into four peaks corresponding to O-C=O (288.3 
eV), C=O (287.0 eV), C-O (286.2 eV), and C-C/C=C (284.2 eV) [74]. To prepare Fe3O4/GO, the 
functionalized Fe3O4 was designed to dope on GO surface at the carboxylic group. The 
reduction of C 1s peak-intensity of the O-C=O group on Fe3O4/GO confirmed the reaction. 

It is known that the presence of oxide-containing species caused the disrupting of the 
sp2 bonding network in graphene and consequently enhanced its electrical resistivity. To 
improve the electrical conductivity of Fe3O4/rGO, glucose-reduction reaction was 
performed. From C 1s XPS spectra of Fe3O4/rGO displayed the reduction of C-O ratio, this 
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result indicated the removing of oxide-containing species from the GO surface and 
consequently improved its electrical conductivity.  

19. Electrochemical behavior of different modified electrodes 

 The electrochemical behavior toward RAC detection was investigated using cyclic 
voltammograms. According to the CV of different modified electrodes, we can observe 
the oxidation current signal change of these modified electrodes. Fig. 14 exhibits the CV 
of 1 mM RAC at bare MSPCE (a), Fe3O4/GO-MSPCE (b), Fe3O4-MSPCE (c) and Fe3O4/rGO-
MSPCE (d). So the CV of bare MSPCE (curve a) was observed as the lowest oxidation 
current signal. The Fe3O4 NPs modified electrode (curve c) presents a higher current signal 
response due to the increases specific surface area and enhanced conductibility. It also 
found that the peak current was decreased at the Fe3O4/GO-MSPCE (curve b) due to GO 
being an insulator material. After modified with Fe3O4/rGO (curve d), the peak current 
significantly enhanced two-fold more than Fe3O4/GO with peak potential at 0.686 V. It 
can be deduced that the graphene structure was reconstructed to aromatic ring after 
oxygen-containing groups on the surface of GO were removed by the reduction process 
with glucose. This gain in analytical performance of the Fe3O4/rGO may be ascribed to 
two main factors. One is Fe3O4/rGO can increase the conductibility and efficiently 

enhance the current signal of an electrode. The other can be attributed to the effective 
surface area enrichment of Fe3O4/rGO for the RAC molecules on the electrode surface.  

 

Fig. 14. CV curves of 1 mM RAC at bare MSPCE (a), Fe3O4/GO-MSPCE (b), Fe3O4-MSPCE (c) 
and Fe3O4/rGO-MSPCE (d) in 0.1 M PBS pH 7.0. Scan rate: 50 mV s−1. 
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20.  Determination of RAC concentration  

 The DPV was used for the determination of RAC with highly sensitive and low 
detection limit, under the optimum conditions at a potential range from 0 to 1.0 V.  Fig. 

15A displayed the DPV signal response for different concentrations of RAC from 0.05 µM 
to 250 µM. As expected, the oxidation peak currents were increased proportionally with 
the increasing of RAC concentrations, and the resulting calibration plots in Fig. 15B are 
linear over the range from 0.05 µM to 10 µM and 10 µM to 100 µM. The corresponding 

linear regression equations are Ip1(μA) = 0.1618x + 0.3263 (R2
 =0.992) and Ip2(μA) =0.0401x 

+ 1.4046 (R2 =9.088), respectively. The detection limit was evaluated to be 13 nM at a 
signal-to-noise ratio (S/N) of 3. The comparisons of Fe3O4/rGO-MSPCE with other modified 
electrodes for the electrochemical determination of RAC were summarized in Table 3. It 
can be seen that our proposed sensor in this work shows improved performance of the 
sensor compared to some of those recently reported electrochemical RAC sensors. 

Compared with conventional electrodes, our disposable sensors present several 
advantages as they are highly versatile, user-friendly, cost-effective and can be use in on-

site detection.  
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Fig. 15. (A) DPVs of the Fe3O4/rGO-MSPE at the RAC concentration from 0.05 μM to 250 

μM. (B) Calibration curve between the peak current and RAC concentration. 
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Table 3 Comparison of different material-modified electrodes for RAC detection. 

                                                             

 Modified electrode   LOD (nM) Linear range (μM) Ref.   

                                               

 GO/GCE    50  0.075 – 3  75 

 MWCNT-MIM/SPE   6  0.02 – 0.2  76 

 MWCNT/GCE   59  0.15 – 6  77 

 poly taurine/ZrO2/GCE  150   1 – 28    78 

 Gr/GNR    0.51  0.001 – 2.7  79 

 OMC/GCE     60   0.085 – 8  80  

 AB/GCE    1.6  0.003 – 6  81 

 Au/OMC/GCE   4.4   0.03 – 74   82 

 MIM-AuNPs/OMCs/SPE  0.04  0.05 – 1 nM  83 

 3D MnO2/RGO@nickle foam  11.6   0.017 – 0.962   84 

 ATONPs/CNTs/GCE   3.3  0.01 – 0.24  85 

 MCF/CPE    10  0.05–3.0  86 

 PMEO2MA/C60-rGO/GCE  82  0.1–3.1   87 

 Fe3O4/rGO-MSPE   13  0.05–10,  This work 

         10–100      

 

21.  Interference test 

 The possible coexisting species on RAC detection should not be neglected. 
Therefore, the effect of interference response on Fe3O4/rGO-MSPE was investigated. Fig. 

16A showed the current response at Fe3O4/rGO-MSPE toward 100 μM of ascorbic acid 
(AA), uric acid (UA) and RAC at the potential range from 0 to 1.0 V.  Curves c and b 
exhibit oxidation peak of RAC at 0.587 V and of AA at 0.07 V, respectively, while in curve 
a, no interference was detected with addition of UA. These results indicated that AA and 
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UA did not appear to interfere with the determination of RAC at Fe3O4/rGO-MSPE and it 
could be an outstanding candidate to detect RAC in a real sample.  

 

Fig. 16. (A) DPVs of Fe3O4/rGO-MSPE in 0.1 M PBS pH 7.0 in the presence of 100 μM uric 

acid (UA) (a), 100 μM ascorbic acid (AA) (b) and 100 μM RAC (c). (B) The effect of the 
long term stability. 
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22. Reproducibility and stability 

 The sensor can be kept at room temperature. Thus, the stability for the longer period 
of time of the modified electrode was evaluated. As shown in Fig. 16B, the stability of the 
sensor was estimated by testing the current response to 100 µM RAC. After keeping it at 
room temperature for 4 weeks, the sensor retained about 89.63% of initial response, 
which indicated that the sensor has good stability. The reproducibility of the current 
signal of the 15 different electrodes was investigated. The relative standard deviation 
(RSD) was 1.28% for 15 measurements indicating that the sensor had a good 
reproducibility.  

 

23.  Real samples test 

 In order to examine the practicability of this sensor in a real sample, it was used for 
determining the recoveries of RAC in real pork samples. The standard solution of RAC 
with different concentrations were spiked into the sample, and then analyzed under the 
same optimal conditions by DPV. The real sample was tested in triplicate by the standard 
addition method, and the obtained results presented in Table 4. The recovery values of 
RAC for different real pork samples varied from 90.13% to 109.63% and the RSD is below 

6% confirming this proposed sensor was suitable for effective quantitative detection of 
RAC in real samples. 

  

Table 4. The determination of RAC from the spiked real pork samples (N=3). 

Sample Amount added 
 

Amount found 
 

Recovery (%) RSD (%) 

1 0 0 
109.63 5.03 

10 10.96 

2 0 0 
90.13 1.81 

50 45.06 

3 0 0 
98.66 2.10 

75 73.99 

4 0 0 
103.93 2.25 

100 103.93 
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Conclusions 

This research work successfully demonstrates a design and simple platform for 
construction of an enzymatic biofuel cell based on direct electron transfer 
(mediatorless) BFC by Fe3O4/rGO/GOD as the bioanode and Fe3O4/rGO/BOD as the 
biocathode. Enzymes were incorporated into Fe3O4/RGO by strong electrostatic 
interaction. The properties of graphene and magnetic nanoparticles enhance enzymatic 
biofuel cells for more efficient conductivity and also increase the immobilization of 
enzymes and modified bioelectrodes without the binder or adhesive agents that usually 
block electron transfers at electrode surfaces. Fe3O4 NPs not only increases the surface 
area, but also has paramagnetic properties which make them more easily manipulated 
by an external magnetic field to prevent the leakage of enzymes at electrode surfaces. 
This bioelectrode fabrication approach could offer promising solutions for generations of 
new classes of membraneless biofuel cells. Moreover, We have successfully prepared an 
Fe3O4/rGO/GOD nanocomposite modified MSPCE by covalent bonding and a GOD was 
self-assembled with an Fe3O4/rGO applied to it for constructing a mediatorless glucose 
biosensor. An Fe3O4/rGO/GOD nanocomposite can provide a unique microenvironment 
for direct electrochemistry of a GOD immobilized on the surface of a modified 
electrode, which can retain its high electrocatalytic activities. Additionally, the MSPCE 
has the advantages of miniaturization, mass production and low cost, thus it is very 
useful in a disposable measurement for point of care devices. Furthermore, in this 
research, a simple, novel, low-cost disposable electrochemical sensor for the rapid 
determination of RAC using Fe3O4/rGO nanocomposite was developed. The 
nanocomposite showed a strong superparamgnetism property which not only aided in 
facilely adhering the nanocomposite to the electrode surface by magnetically 
controllable assembling but also made it more stable and improve its electrochemical 
behavior. The results indicated that the sensor showed good electrochemical 
characteristics, high stability, sensitivity, acceptable selectivity, reproducibility, easy 
preparation and low detection limit. This proposed sensor was capable of determining 
RAC amounts of the actual pork samples with high recoveries.  Gradually, the 
advantages offered by this disposable sensor are drawing more and more attention to 
this type of sensor technology as an effective device for the development of portable 
sensors to be used in on-site and real-time electroanalysis. 
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