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Abstract: Iron oxide nanostructures (IONs) in combination with graphene or its derivatives—e.g.,
graphene oxide and reduced graphene oxide—hold great promise toward engineering of efficient
nanocomposites for enhancing the performance of advanced devices in many applicative fields.
Due to the peculiar electrical and electrocatalytic properties displayed by composite structures in
nanoscale dimensions, increasing efforts have been directed in recent years toward tailoring the
properties of IONs-graphene based nanocomposites for developing more efficient electrochemical
sensors. In the present feature paper, we first reviewed the various routes for synthesizing
IONs-graphene nanostructures, highlighting advantages, disadvantages and the key synthesis
parameters for each method. Then, a comprehensive discussion is presented in the case of application
of IONs-graphene based composites in electrochemical sensors for the determination of various kinds
of (bio)chemical substances.
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1. Introduction

In nanoscale domain, materials often exhibit chemical and physical properties which cannot be
observed neither in bulk nor in atom counterparts. Therefore, a great deal of effort has been devoted
to prepare nanostructures which offer the desired properties. Thanks to their elegant properties and
simplicity of synthesis in laboratory, iron oxide nanostructures (IONs) have achieved a unique position
among other nanosized metal oxides [1,2]. Electrical, optical, magnetic and catalytic properties of iron
based materials have been exploited for realizing many different purposes in a vast variety of research
items. They have been extensively used in supercapacitors, data storage, lithium ion batteries, catalysis,
drug delivery, therapeutic agents as well as water treatment [3,4]. Nevertheless, in many cases, it was
necessary to combine iron nanostructures with other materials in order to obtain nanocomposites with
enhanced performance. In this regard, graphene has shown a great potential to be a valuable option
for synthesizing iron oxide/graphene nanocomposites. These hybrid nanostructures have been largely
proposed and used for developing advanced devices in many applicative fields. In the chemical sensor
field, IONs are exploited extensively as the sensing element part due to their unique electrical and
electrocatalytic properties. Among them, electrochemical sensors for the detection of (bio)chemical
substances are receiving increasing attention for medical, biological, environmental and industrial
applications. Electrochemical sensors provide an attractive means to analyze a variety of analytes
in physiological body fluids, food samples, environmental samples and industrial samples, due to
the direct conversion of an electrochemical process to an electronic signal. For these characteristics,
along with the simple use and low cost, the research for high-performance electrochemical sensors has
experienced an explosive growth over the last two decades.
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This review will describe iron-based nanomaterials/graphene composites for advanced
electrochemical sensors and begin with an introductory part describing the characteristics of the
main iron oxide phases used in this regard. Among the different forms of iron oxides [1,2] the most
abundant in the nature are hematite (α-Fe2O3), maghemite (γ-Fe2O3) and magnetite (Fe3O4). It is
noteworthy that all these forms of iron oxide can also be produced from each other using reducing
or oxidizing annealing procedure [2]. As will be seen in the next, magnetite has been largely used in
the electrochemical sensor field, however, even if less used, maghemite and hematite show also some
interesting applications in this area.

The next section is devoted to acquainting the reader with the most commonly used methods of
synthesizing iron oxide nanostructures, along with introducing the advantages, disadvantages and
effective parameters of each method. After that, we briefly present information about graphene and,
finally, in the last section we will discuss and summarize application of different kinds of composites
in which iron nanostructure and graphene have been exploited for the qualitative and quantitative
determination of (bio)chemical substances.

2. Iron Oxides Nanostructures

Previous published papers related to application of IONs in biochemical detection, deal almost
exclusively with hematite, maghemite and magnetite. Therefore, in this review we will mainly focus
on them and recommend readers to use other good references for finding extra information about
other phases of iron oxides [1,3,4].

2.1. Hematite (α-Fe2O3)

Hematite as the oldest known member of iron oxides family is an n-type semiconductor with
a band gap of 2.3 eV under ambient conditions which is widespread in rocks and soils and it has
shown promising capability in the fields of gas sensors [5,6], pigments [7,8], energy storages [9–12]
and biochemical detections [13–15]. This form of iron oxide is highly stable and it is usually the final
product of transformation of other iron oxides. If finely divided, hematite has red color and where
it is coarsely crystalline shows grey or black color [16]. In hematite structures, empty d-orbitals of
Fe3+ make conduction band whereas the valence band is made by occupied 3d crystal field orbitals of
Fe3+ with some admixture from the O 2p non-bonding orbitals [2,17,18]. As shown in Figure 1a, Fe(III)
ions fill two-thirds of octahedral positions, which are surrounded with O lattice in almost perfect
hexagonal close-packed.
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2.2. Maghemite (γ-Fe2O3)

Maghemite is the second most stable form of iron oxides, which is considered as fully oxidized
magnetite, see Section 2.3, can be found in natural sources, e.g., soils. Maghemite is weathering product
of magnetite to which it is structurally related. Both magnetite and maghemite have a spinel crystal
structure, however, while Fe3O4 contains both di and trivalent iron cations, in maghemite most or
all the iron cations are in the form of Fe3+ and cation vacancies compensate oxidation of Fe2+ [19,20].
In inverse spinel structure of maghemite, Fe(III) ions have been scattered between tetrahedral and
octahedral sites. Maghemite shows an n-type semiconductor behavior with a band gap of 2.0 eV [2].
While hematite exhibits antiferromagnetic properties, maghemite is considered as ferromagnetic
material which has led to its widespread application in different fields. At about 400 ◦C, γ-Fe2O3 is
converted irreversibly to α-Fe2O3 and magnetization will remarkably loss during this conversion [3].

2.3. Magnetite (Fe3O4)

Magnetite, FeIIFeIII
2O4, is also called iron (II, III) oxide or ferrous ferrite. The molecular formula

of magnetite, Fe3O4, can be shown as (FeO·Fe2O3). Among all the natural minerals in earth, magnetite
possesses the strongest magnetism [21]. Magnetite differs from most other iron oxides since it contains
both Fe2+ and Fe3+ ions. Fe3O4 has a cubic inverse spinel structure that consists of a cubic close packed
array of oxide ions, where tetrahedral site is occupied by Fe3+ ions surrounded by four O atoms, while
octahedral site is occupied with both Fe2+ and Fe3+ ions surrounded by six oxygen atoms (Figure 1b).
Therefore, Fe3+ exists in both tetrahedral and octahedral sites [20]. In magnetite, Fe2+ can be fully
or partly replaced by other divalent ions such as Co, Mn and Zn. Therefore, magnetite can be both
n-type and p-type semiconductor. Owning to its small band gap, 0.1 eV, magnetite has the lowest
resistivity among iron oxides [2]. Additionally, fast electron hopping between the Fe2+ and Fe3+ ions
at the octahedral sites brings about high conductivity of Fe3O4 insofar as magnetite can be considered
as half metal [20].

3. Preparation Methods of IONs

Since size and shape of nanostructures, size distribution and surface chemistry have great impact
on features and behaviors of IONs, preparation methods play a key role in practical aspects. Also, the
preparation method determines the degree of structural defects and impurities present in the particles
as well as the distribution of such defects thereby manipulation of behaviors of IONs can be achieved.
Although IONs can be synthesized in different ways [22], here we introduce just the 4 most commonly
used methods which have been extensively exploited for preparation of IONs, i.e., hydrothermal,
co-precipitation, microemulsion and sol-gel methods.

3.1. Hydrothermal Method

The hydrothermal method is one of the most useful techniques, not only for iron oxide preparation
but also for synthesizing other inorganic nanocrystals, especially for metals and metal oxides [20].
Hydrothermal reactions take place in aqueous media in autoclave or reactor where temperature usually
needs to be more than 200 ◦C and the pressure needs to be higher than 13,800 kPa, about 2000 psi, for
iron oxide preparation [21].

At such high temperature and pressure, metal salts can be undergone hydrolyze and dehydration
by water. Consequently, supersaturation is generated due to extremely low solubility of the obtained
metal oxides in aqueous media at these elevated pressure and temperature [23]. The elevated
temperatures enhance dehydration rates and cause the high diffusivity of reactants in such situations.
High supersaturation obtains in this procedure due to the extremely low solubility of metal oxides
and hydroxides and finally very fine crystals are prepared [3]. Duo to synergistic effect of high
temperatures and pressures the quality of the nanocrystals and hence their magnetic features improve
significantly [24]. Some parameters like temperature, pressure, reaction time, type and concentration
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of precursors can be changed in order to obtain desired shape and/or size of products. Hydrothermal
process is environmental friendly since there is no need for using organic solvents or post-treatments.
Therefore, hydrothermal technique has been widely used to synthesis metal oxides as powders,
nanoparticles and single crystals. Effect of temperature, precursor concentration and reaction time on
particle morphology and size in hydrothermal method were investigated by Hao et al. [25]. The particle
size and size distribution increased with precursor concentration (see Figure 2). However, the reaction
time had stronger effect on the average particle size than feed concentration. Effect of temperature
and reaction time can be understood by considering that the formation of the particles occurs in two
steps: first nucleation and then crystal growth. At higher temperatures, the nucleation process is faster
than the crystal growth, so particles with lower size are obtain; on the other hand, larger particles are
produced as a result of longer reaction time where crystal growth becomes determining factor [21,26].
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3.2. Coprecipitation

Coprecipitation is one of the cheapest, simplest and the most environmental-friendly ways for
preparation of IONs which involves the simultaneous precipitation of Fe2+ and Fe3+ ions in basic
aqueous media [24]. A complete precipitation of Fe3O4 is expected to take place in a media with pH
between 9 and 14, while molar ratio of Fe3+:Fe2+ is 2:1 under a non-oxidizing oxygen-free environment.
Fe3O4 is not very stable, then it can be oxidized into maghemite in the presence of oxygen in solution
phase, therefore, in these cases, using of an oxygen free media is necessary to obtain magnetite.

This method is frequently used in the aqueous phase synthesis of Fe3O4 nanoparticles. Generally,
this method exploits a basic solution, such as sodium hydroxide or ammonia solution to precipitate
Fe2+ and Fe3+. The surface of as-produced IONs is rich of OH groups and these IONs can be easily
dispersed in aqueous media [20]. Refait and Olowe proposed a mechanism in which Fe(OH)2 can
serve as an intermediate for Fe3O4 formation. The mechanism consists of the precipitation of Fe2+ by
alkaline, the oxidation of Fe(OH)2 by oxygen to FeOOH and the combination of Fe(OH)2 and FeOOH
to form Fe3O4. Therefore, they proposed that even if only Fe2+ was used as the precursor, Fe3O4

nanoparticles can be formed using co-precipitation method under air and using Fe3+ as precursors
is not necessary [20]. Hui et al. prepared large-scale hydrophilic Fe3O4 nanoparticles and showed
possibility of controlling over particle size in the range of 20 to 40 nm by tuning the experimental
parameters such as precursor concentration, temperature and ionic strength [27]. Here FeSO4·4H2O
was used as precursor to produce magnetite. As shown in Figure 3, decreasing the ferrous precursor
concentration from 0.1 to 0.02 M results in an increase of average size from 20 to 40 nm; for instance,
a mean diameter of about 20 nm is obtained by using 0.10 M Fe2+ solution. In Figure 3d result of
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selected area electron diffraction, SAED, for 20-nm Fe3O4 NPs has been shown which is an illustration
for magnetic structure of this sample.
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If the concentration of the Fe2+ was decreased to 0.05 and 0.02 M, 25 and 40 nm Fe3O4 nanoparticles
would be produced, respectively. This observation can be explained in this way that concentration of
Fe2+ strongly affects both nucleation and growth rate of Fe3O4 particles. The higher initial precursor
concentration, the smaller particles size due to the formation of a large number of seeds which provide
high particle concentration and yield smaller particles.

3.3. Sol-Gel

This method generally refers to the hydrolysis and condensation of alkoxide precursors and
producing a sol which is a dispersion of nanoparticles. Usual precursors for IONs preparation are
iron alkoxides and iron salts like chlorides, nitrates and acetates which are undergone various forms
of hydrolysis and condensation reactions. Additional condensation and inorganic polymerization
causes to form a 3D metal oxide network named as wet gel. Since the reactions are done at ambient,
additional heat treatments are required to obtain the final crystalline state [28]. Water is generally
used as solvent but precursors can be hydrolyzed by an acid or base. Basic catalysis causes the
formation of a colloidal gel whereas acid catalysis results in a polymeric form of the gel [3]. Properties
of the final products strongly depend on the rates of hydrolysis and condensation. Smaller particle
size is obtained at slower and more controlled hydrolysis rates. Particle size also depends on the
solution composition, temperature and pH of solution [2]. It is of great importance to control the rate
of hydrolysis and condensation of gel procurers as well as other redox reactions which take place
in gelling stage and heat treatments after that since these variables have great impact on structural
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features and porosity of the final products. Cui et al. [29] synthesized nearly monodispersed Fe3O4,
α-Fe2O3 and γ-Fe2O3 nanoparticles using a low temperature sol-gel method with same procedure and
same starting materials (see Figure 4). The preparation procedure includes the reaction of FeCl2 in
boiling ethanol solution with propylene oxide to form a sol solution followed by a drying procedure.
Structures of produced IONs easily changed by changing of drying conditions for the sol solution [29].
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3.4. Microemulsion

A microemulsion is defined as a thermodynamically stable isotropic dispersion of two relatively
immiscible liquids that have been stabilized by cationic, anionic and/or non-ionic surfactant like
Triton-X. Microemulsions are often clear and stable liquid mixtures of oil, water and surfactant, usually
together with a co-surfactant that have been widely used to obtain IONs [2,30–34]. Base on relative
concentrations, surfactant molecules self-assemble into different structures in mixture including
micelles, bilayers and vesicles. However, micelles are commonly used structures in nanoparticle
synthesis, either as normal (oil in water or O/W) or reverse (water in oil or W/O) micelle [35]. In
both cases, monodispersed droplets in the size range of 2–100 nm can be produced. This dispersed
phase provides a confined environment for synthesizing nanoscale particles. The surfactant-covered
water pools produce favorable nano or microenvironments for formation of nanoparticles and, at the
same time, for limiting nanoparticles growth. The size of the microemulsion droplets is related to the
water to surfactant ratio, although the final size of the nanoparticles may also be changed duo to other
parameters like concentration of reactants and flexibility of the surfactant film [3].

Different ways can be used to produce nanoparticles using microemulsion technique (see
Figure 5). For instance, precursors A and B are dissolved in the aqueous phases of two similar W/O
microemulsions to form an AB precipitate during mixing. The precipitate is confined to the interior
of the droplets thereby size and shape of the particles are determined by droplet size (Figure 5a).
In another way, nanoparticles are prepared by adding a precipitating or reducing substance to a
microemulsion. This microemulsion consists of the primary reactants which have already been
dissolved in an aqueous solution (Figure 5b). These precipitating or reducing substances can be either
a gas, e.g., hydrogen, or a liquid, e.g., hydrazine. Figure 5c shows another way to produce carbonate,
oxide or hydroxide precipitates. Here microemulsion which contains desired cations is subjected to
appropriate bubbling gases such as NH3, CO2 or O2 in order to form IONs [3].
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Lu and coworkers [34] extensively investigated the effect of surfactant on prepared IONs.
As shown in Figure 6, different kinds of surfactants can alter the size and/or size distribution
of final products. In this study, sodium dodecylsulfate, SDS, polyoxyethylene(4) lauryl ether,
Brij30, dodecyltrimethylammonium bromide, DTAB, dodecyltriethylammoniumbromide, DEAB,
dodecyltributylammonium bromide, DBAB, and cetyltrimethylammonium bromide, CTAB, were used.
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In Table 1, effective parameters that influence on the final product as well as advantage and
disadvantages of each method have been summarized.

Table 1. Different methods for IONs preparation, advantages, disadvantages and effective parameters.

Method Effective Parameters Advantages Disadvantages

Hydrothermal

Pressure
temperature
reaction time
type and concentration of
precursors

environmental friendly
versatile
reactants have elevated
reactivity
morphology of products can
be altered easily
producing IONs with good
crystallization

need to costly autoclave
safety issues
usually polydisperse
samples are obtained

Sol-gel

rates of condensation and
hydrolysis
composition of media
type and concentration of
reactants
temperature
pH

homogenous and high
adhesion products
low temperature processing
Desired shape and length
can obtain

product contains sol–gel
matrix components
metal alkoxides are almost
expensive
safety measurements should
be considered since large
amount of alcohol is released
in calcination step

Coprecipitation

concentration of cations
counterions
pH
ionic strength
temperature

simplest, cheapest and
environmental friendly
since the surface of
produced IONs using this
method contains a great
number of hydrophilic
ligands, they can be well
dispersed in polar solutions,
e.g., water

limited by the boiling point
of water
usually produced iron oxide
under these situations shows
high polydispersity as well
as low crystallinity

Microemulsion

water to surfactant ratio
amount of
reactants (particularly surfactant)
temperature
pH surfactant film flexibility

uniform properties
narrow pore size
distribution

surfactants are difficult to
remove
difficulty in scale-up
procedures

4. Graphene

Graphene is a new member of an increasingly populated family of carbon allotropes (Figure 7),
which has famous members like graphite, diamond, carbon nanotube, fullerene, graphene, etc. [36].
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Graphene has been the center of attention of much scientific research since the early papers of
Geim and Novoselov [37], for which they later shared the Nobel Prize in Physics in 2010. Figure 8
clearly shows this increased interest for exploiting of graphene and its derivatives such as graphite
oxide, graphene oxide and reduced graphene oxide in scientific papers. Graphene, which refers
to a two-dimensional layer of sp2 hybridized carbon atoms, exhibits exceptional optical, magnetic,
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mechanical, electronic and thermal properties as well as large specific surface area [38–40]. Due to these
extraordinary properties, graphene and its derivatives have been extensively utilized in different areas
such as transparent electrode, energy storage, drug delivery, biosensing and catalysis to date [41–47].
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Graphite oxide possesses similar layered structure to graphite. However, the plane of carbon
atoms in graphite oxide is heavily decorated by oxygen-containing groups such as hydroxyl,
carboxyl, carbonyl and epoxy groups, which increase the interlayer distance and make these layers
more hydrophilic. Therefore, these heavily oxidized layers are easily exfoliated in water under
ultrasonication (Figure 9) [48].
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Figure 9. (a) Chemical route to synthesize aqueous graphene dispersions; (b) The expected chemical
structure of a single sheet of graphene oxide (GO); (c) AFM (atomic force microscopy) image of the
GO on a silicon substrate showing an average thickness of around 1 nm. Reproduced with permission
from [45]. Royal Society of Chemistry, 2012.

Graphene oxide (GO) and reduced graphene oxide (rGO) are other related materials to graphene.
GO is layered and oxygenated graphene sheets containing oxygen functional groups and obtains easily
as a suspension by exfoliation of graphite oxide. GO can be partially reduced to graphene-like sheets,
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rGO, by removing the oxygen-containing groups using various reduction methods although some
residual oxygen and structural defects will remain even after reduction [48,49].

Synthesis methods of graphene or its related materials can be divided into two general categories
namely top-down and bottom-up. Top-down approaches commence with exfoliation of graphite or
graphite derivatives such as graphite oxide and graphite fluoride to create the final product e.g., GO or
rGO. This approach can be cost effective and scalable depending on the initial materials and yield. In
this approach, graphene or rGO are produced by either peeling, cleaving, separation or exfoliation of
graphite or its derivatives (Figure 10) [50].
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In bottom-up approach, products are synthetized from smaller building blocks (Figure 10).
Bottom-up methods encompass standard techniques including epitaxial growth using metallic
substrates by means of chemical vapor deposition (CVD) or organic synthesis, which depends on the
choice of precursor chemicals and thermal degradation and decomposition of the SiC [38,50].

5. Electrochemical Sensors

A chemical sensor can be defined as a device that is able to respond reversibly and continuously
to the surrounding environment, providing real-time and reliable information about its chemical
composition. These sensors take advantage of a recognition part, which can be a chemical or
biological element, joined with a transducing part, which provides an observable signal. Concerning
electrochemical sensors, interaction between target(s) and recognition element(s) is converted to an
electrical signal by which analytical information can be obtained.

Among different types of transducers that are applied in chemical sensors, e.g., optical, thermal,
piezoelectric and so on, electrochemical transducers can offer advantages of low detection limits, wide
linear response range, good stability and reproducibility in addition to simplicity, high sensitivity,
miniaturization capability and low cost. Owing to these valuable advantages, electrochemical sensors
have successfully found their way toward field applications and commercialization. Nowadays many
useful electrochemical sensors can be found in the fields of clinical, environmental and industrial
analyses [51,52].

Usually, an electrochemical sensor is fabricated assembling a working electrode (e.g., carbon,
graphite, platinum, gold), a reference (e.g., Ag/AgCl and calomel) and a counter electrode. In screen
printed electrochemical sensor typology (see Figure 11a), electrodes are printed on a ceramic or plastic
substrate, making them suitable for mass production, miniaturization and simple use. As described
in Figure 11b, working electrode is the zone of the sensor where the recognition layer presents and
electrochemical oxidation-reduction reactions happen.
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Electrochemical sensors can be classified on the basis of the used recognition element:
Enzymatic electrochemical sensors: these sensors are often fabricated by immobilizing an enzyme

layer on the surface of the working electrode, which responds to the interactions occurring due to the
biocatalytic reactions in the presence of target substances. Enzymes, e.g., phosphatase, peroxidase, etc.,
are of the most regularly employed biological elements not only in the laboratory experiments but
also even in the test kids which have recently found their way to the clinical market. In many cases,
especially those exploited in biosensors, interaction of enzymes and targets involves some reduction
and/or oxidation reactions, which can be easily converted to an electrical signal using electrochemical
transducers. Using enzymes offers such advantages like high selectivity, because enzymes usually
bind to their targets in a selective way, as well as high sensitivity and relatively fast response, because
enzymes usually show catalytically activity by which sensitivity increases and response time decreases.
However, losing activity due to immobilization, relatively high price and showing a loss of activity
during a comparatively short time period are some limiting factors for using them.

Immunosensors: electrochemical immunoassay methods take advantage of high selectivity of the
molecular recognition between the antigen and antibody. Due to its relatively simple device, high
sensitivity and ability for miniaturization [53], electrochemical immunoassay has been continuously
developed and applied in the field of disease biomarkers detection and other diagnostic tests like
pregnancy test. Although immunosensors can be designed by immobilization of either antigens or
antibodies, however, immobilization of antigen is more useful owning to this fact that, antibodies
are more sensitive biological elements than antigens and immobilization process may lead to loss of
affinity as a consequence of structural changing after immobilization [54,55].

Chemically modified electrochemical sensors: in these sensors, working electrode is chemically
modified deliberately. Generally, electrode modification involves either coating or bounding of desired
modifiers (onto electrode surface) that alters electrochemical features of the bare electrodes. Inclusion
of electrocatalytic materials within the electrode matrix is another attractive approach for modifying
electrodes. Inorganic, organic and hybrid composites can be used for modifying the composition of the
electrode to meet specific sensing needs. In addition, these chemically modified electrodes can be used
to anchor enzymes, antibodies, aptamers, where the interaction of the effective biorecognition layer
with the electrode sensor surface is optimized, ensuring the highest dispersion and a better stability.

As regards the acquisition of the electrical signal, electrochemical sensors fall into three main
categories, as follows:
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Potentiometric sensors: In these kinds of sensors, a potential was established at the surface of
recognition part, which is proportional to activity of analyte in a logarithmic fashion. Measured emf
at zero current is used as an index for determination of the substance which is being determined.
Two kinds of potentiometric sensors i.e., ion selective electrodes and field effect transistors are mostly
used for constructing these kinds of sensors. In both of aforementioned potentiometric sensors, a
permselective recognition part plays vital role by creating a potential signal that is primarily related to
the target ion. Although potentiometric sensors show advantages like simplicity, selectivity, potential
capability for multi-elemental analyses in array arrangement and low cost, they usually suffer from
less sensitivity and slower response time than their voltammetric counterparts.

Voltammetric sensors: these sensors work based on applying a decreasing, increasing or constant
potential between working and reference electrodes until reduction or oxidation of analyte(s) occurs
and a sharp change in current is appeared. These current changes attributed directly to the
concentration of analyte in some conditions. Knowing the oxidation or reduction peak of analyte, one
can step the potential to about that value and pursues the current. This method is named amperometry.
In all voltammetric methods, electron transfer between electrode and analyte is the key step. Many
efforts have been made for modification of electrode surface in order to increase the rate of electron
transfer between analyte and electrode and/or hinder this electron transfer for interference species
during measurements.

Electrochemical impedance spectroscopy (EIS): this powerful technique has found its way to
electrochemical sensors field since last decades and has well proved its ability to provide some
valuable information both quantitatively and qualitatively. In this technique, an alternating voltage is
often applied and alternating current response will be analyzed with respect to frequency. Two or three
electrodes configurations well as frequency response analyzer (FRA) and potentiostat are necessary
to perform an EIS measurement [56,57]. Superimposing a constant voltage on alternating voltage
is a frequently used strategy during EIS measurements. However, it is necessary to use the lowest
possible amplitude for this direct voltage, most often in the range of mV, to avoid of none linearity in
the under-study system. According to the apparatus, it is possible to cover a vast range of frequencies,
usually from few millihertz to some megaHertz, during EIS and thereby extract some valuable
information about under study system [58,59].

6. Application

Unique features of IONs e.g., strong magnetic properties, low toxicity, high adsorption ability for
immobilization of desired biomolecules and good biocompatibility, together with elegant properties of
this new comer member of carbon family e.g., high electrical/thermal conductivity, large surface area
and electrocatalytic properties, have stimulated many interests for overcoming difficulties in realizing
new scientific ideas or improving the performance of many current devices and methods [60–62].
In this review, we will put our particular focus just on application of graphene-IONs in biochemical
determination. Catalytic activity of the graphene-IONs can be improved due to enhanced electronic
communication e.g., charge transfer between catalyst and support. Additionally, synergistic effects of
graphene sheets and IONs components provide nanocomposite with novel physicochemical properties
and consequently enhance electrochemical performance. As a result, graphene-IONs nanocomposites
have been considered as one of the most promising hybrid materials that can boost the development
of more efficient electrochemical sensors [63]. This part is divided into six sections, where each section
is related to a single analyte or a group of analytes determined by the graphene-IONs nanocomposites
sensors. Table 2 summarizes published papers so far in which graphene-IONs composites are used for
the fabrication of the electrochemical sensors.
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Table 2. Application of IONs-graphene composite in biochemical determination.

Iron Oxide Composite Analyte(s) Linear Dynamic
Range (LDR)

Limit of
Detection (LOD) Stability Real Sample(s) Reference

Fe2O3

Fe2O3/N-rGO 1 Dopamine 0.5 µM to 0.34 mM 0.49 µM
82% of its initial
current response after
twenty days

Dopamine
hydrochloride
injection

[13]

Fe2O3-rGO
Honokiol 1.5 × 10−8~3.3 ×

10−5 M 9.64 × 10−9 M
- Traditional

Chinese medicine
[15]

Magnolol 7.5 × 10−8~2.6 ×
10−5 M 1.05 × 10−8 M

Fe2O3/rGO AA 2 0.57–3.97 mM 0.543 µM 85.3% of the initial
currents after 2 weeks - [64]

PEDOT
3-rGO-Fe2O3

Catechol 4 × 10−8 to 6.20 ×
10−5 M 7 × 10−9 M More than 75 days Green tea [65]

NSG-Fe2O3
4 Dopamine 0.3–210 µM 0.035 µM 91% of initial current

after 7 days Urine sample [66]

Fe2O3/N-rGO L-cysteine 0.2–400 µM 0.1 µM 90.6% of initial current
after 7 days Syrup [67]

Fe2O3/rGO Rutin 1.5 × 10−8 to 1.8 ×
10−5 M 9.8 × 10−9 M - Tablets [68]

PANi 5-Fe2O3-rGO Hydroquinone 1.0 × 10−7–5.5 ×
10−4 M 6.0 × 10−8 M

95.17% of the initial
currents after 3 weeks Tab water [69]

GS-Fe2O3-CTAB 6 Bisphenol A 5.0 × 10−9–1.0 ×
10−6 M

2.5 nM - Water samples [70]

Fe2O3/rGO Lysozyme 0.5 ng·mL−1–5
µg·mL−1 0.16 ng·mL−1 95.52% of initial

current after 10 days - [71]

Fe2O3-rGO/CS 7 Gallic acid 1.0 × 10−6 to 1.0 ×
10−4 M 1.5 × 10−7 M More than one week Red and white

wines [72]
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Table 2. Cont.

Iron Oxide Composite Analyte(s) Linear Dynamic
Range (LDR)

Limit of
Detection (LOD) Stability Real Sample(s) Reference

Fe3O4

AuNPs/MrGO 8 Cortisol 0.1 to 1000 ng/mL 0.05 ng/mL 90.16% of initial
current after 20 days Human serum [73]

Fe3O4-rGO/nafion Lobetyolin 1.0 × 10−7–1.0 ×
10−4 M 4.3 × 10−8 M

93.62% of initial
current after 14 days Radix Codonopsis [74]

H-Fe3O4@C/GNS 9 Dopamine 0.1 to 150 µM 0.053 µM More than 15 days Rat brain tissue
and urine

[75]
Uric acid 1.0 to 100 µM 0.41 µM

(Fe3O4/rGO) and
MIL@MIP 10

Methamidophos
and Omethoate

1.0 × 10−7–1.0 ×
10−12 M and

1.0×10−7–1.0×10−13

M

2.67 × 10−13 M
and 2.05 × 10−14

M

94.5% of initial current
after 15 days

Cucumber and
kidney bean
samples

[76]

Fe3O4-GO PSA and PSMA 11
1.25–1000 pg/mL

and 9.7–5000
pg/mL

1.25 pg/mL and
9.7 pg/mL

80% of initial current
after 4 days

Prostate cancer
patient serum
samples

[77] 12

Fe3O4-rGO Glucose 0.05 to 1 mM 0.1 µM 95.6% of initial current
after one month - [78]

Fe3O4-SiO2/GO Uric acid 0.5 to 250.0 µM 0.07 µM - Urine sample [79]

GS-Fe3O4/Au@Ag 13 CEA 14 0.1 pg/mL to 100
ng/mL 0.0697 pg/mL More than 2 weeks Human serum

samples [80]

AuM/N-rGO 15 Leukemia cancer
cells

10 to 1 × 106 cell
mL−1 10 cell mL−1 - Human blood

plasma [81]

CB/Fe3O4-GO 16 Chlorpyrifos 0.1–105 ng/mL 0.033 ng/mL 91.2% of initial current
after 20 days Leafy vegetable [82]

Fe3O4@SiO2/GO Methyldopa (MD) 0.1–400.0 µM 86.0 nM - MD tablet and
urine samples [83]

Fe3O4-rGO Sulfonamide 5 × 10−7~1.1 ×
10−4 M 5.0 × 10−8 M [84]

Fe3O4-GO/carbon
nanotube Salicylic acid 5.00 to 155 µM 900 nM - Water sample [85]

magnetic
bead-GO/IGZO 17 Glucose 3–7 mM - - - [86]
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Table 2. Cont.

Iron Oxide Composite Analyte(s) Linear Dynamic
Range (LDR)

Limit of
Detection (LOD) Stability Real Sample(s) Reference

Fe3O4

Nafion/Mb-SA-
Fe3O4-GR/

CILE 18

Trichloroacetic
acid 1.4 to 119.4 mM 0.174 mM - - [87]

3D NG-Fe3O4 DNA 1.0 × 10−14 to 1.0
× 10−6 M 3.63 × 10−15 M

90% of initial current
after 2 weeks Serum samples [88]

Fe3O4-SnO2-Gr

AA 0.1 to 23.00 µM 62.0 nM

More than 4 weeks
Biological
fluids—pharmaceutical
samples

[89]DA 0.02 to 2.8 µM 7.1 nM

UA 0.015 to 2.40 µM 5.0 nM

Fe3O4@GQD/
f-MWCNTs Progesterone 0.01–0.5 and

0.5–3.0 µM 2.18 nM 85% of initial current
after 6 weeks

Serum
samples—pharmaceutical
products

[90]

Alginate/Fe3O4-rGO Tetracycline 1 nM to 5 µM 0.6 nM 95.86% of initial
current after 2 weeks

Food,
environmental and
clinical samples

[91]

TSA-doped
PPy/Fe3O4/rGO Dopamine 7.0–2.0 µM 2.33 nM More than 10 days Urine and serum

samples [92]

Pt-Fe3O4/rGO Cysteine 0.10 to 1.0 mM 10 µM More than 2 weeks - [93]

Fe3O4-rGO Chlorpyrifos 0.05 to 100 µg/L 0.02 µg/L - Vegetable samples [94]

PS/Fe3O4-
GO-SO3H 19 Doxorubicin

4.3×10−8 to
3.5×10−6 M

4.9 nM, 14 nM and
4.3 nM

-
Plasma,
cerebrospinal fluid,
urine

[95]
8.6×10−7 to
13×10−6 M

2.6×10−8 to
3.5×10−6 M

Pt/Fe3O4/rGO NADH 20 0.03–1.5 nM 5 nM - - [96]

Fe3O4-rGO Dopamine 0.010 and
0.270 µM 5 nM 93.5% of initial current

after 30 days Urine sample [97]

GO/CS-Fc 21 CEA 22 0.001–30 ng·mL−1 0.39 pg - Human serum [98]

ILFSGo 23 Ascorbic acid 1.0 × 10−6 to
9.0×10−4 M 2.3 × 10−7 M - - [99]
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Table 2. Cont.

Iron Oxide Composite Analyte(s) Linear Dynamic
Range (LDR)

Limit of
Detection (LOD) Stability Real Sample(s) Reference

Fe3O4

Fe3O4-rGO
Nitrofuranzone 1.0 × 10−5 to

1.09×10−4 M 2.92 × 10−7 M
- - [100]

Semicarbazide 1.0 × 10−6 to
1.09×10−4 M 6.17 × 10−7 M

Fe3O4-Co3O4/rGO
Dopamine 5 × 10−7 to

1.55×10−3 M 1.3 × 10−7 M
More than 2 weeks

Human serum
samples [101]

Uric acid 1.5 × 10−6 to 1.6 ×
10−3 M 1.8 × 10−7 M

rGO/AuNP/Ab2/
S/IMB 24

Salmonella
pullorum

102 to 106
CFU·mL−1 89 CFU·mL−1 - Chicken liver [102]

GQD-Fe3O4/
CNT 25 L-DOPA 3.0 to 400 µM 14.3 nM - Seeds and fava bean [103]

Fe3O4-rGO
Adenine 0.05–25 µM 4 nM

More than 20 days
Fish, urine samples
and vitamin B4 tablet [104]Guanine 0.05–25 µM 3 nM

Fe3O4 @ZIF-8
26/RGO Dopamine 2.0 × 10−9 to 1.0 ×

10−5 M 6.67 × 10−10 M More than 10 days Urine and serum
samples [105]

Pd–Fe3O4-GS immunoglobulin
G

5 × 10−6 to 5
ng/mL

3.2 fg/mL More than one month Human serum
samples [106]

Fe3O4-GO/MIP 27 interleukin-8 0.1 to 10 pM 0.04 pM 92.9% of initial current
after 1 month Saliva [107]

Fe3O4-GO@
AuNPs-MIP Dibutyl phthalate 2.5 × 10−9 to 5.0 ×

10−6 M 8×10−10 M
96.3% of initial current
after 4 weeks Drink samples [108]

AuNPs/Fe3O4-
APTES 28-GO

Catechol 2–145 µM 0.8 µM 90% of initial current
after 5 days

Tap water [109]
Hydroquinone 3–137 µM 1.1 µM

MGLA 29 APOA2 protein 30 0.19 to 1.95
µg·mL−1 6.7 pg·mL−1 About 80% decrease

after one week Human urine [110]

DPSPP
31/rGO/Fe3O4

Hydrazine 120.0–600.0 nM 40.0 nM
- Water samples [111]

Hydroxylamine 10–155.0 µM 3.4 µM

rGO/Fe3O4
Melatonin 0.02–5.80 µM 8.40 × 10−6 M

- Pharmaceutical and
biological fluids

[112]
Dopamine 0.02–5.80 µM 6.50 × 10−6 M
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Table 2. Cont.

Iron Oxide Composite Analyte(s) Linear Dynamic
Range (LDR)

Limit of
Detection (LOD) Stability Real Sample(s) Reference

Fe3O4

GS-Nf
32/Au-Fe3O4

Clenbuterol 0.5 ng·mL−1 to 200
ng·mL−1 0.22 ng/mL 92% of initial current

after 4 weeks Pork sample [113]

GS-Au-Fe3O4
146 antigen

(CD146)
5 pg·mL−1 to 500

ng·mL−1 2.5 pg·mL−1 More than 2 months Human serum
samples [114]

rGO/Fe3O4
Ascorbic acid 1–9 mM 0.42 µM

- - [115]
Dopamine 0.5–100 µM 0.12 µM

CS-Fe3O4-GO
Hydroquinone 1.5 to 150 µM 20 nM 95% of initial current

after 2 weeks
Tap water [116]

Catechol 1 to 410 µM 250 nM

GS-Nf/Au-Fe3O4 chloramphenicol 2.0 ng/mL to 200.0
ng/mL 0.82 ng/mL 93.2% of initial current

after one month Milk sample [117]

Fe3O4-GO-SO3H Furosemide
20–100 µM (serum) 0.1 µM 92.5% of initial current

after 20 days
Human serum and
urine

[118]
18–720 µM (Urine) 0.11 µM

Iron/nickel oxide
nanoparticles-

graphene

Orange II 5.0 Nm–3.0 µM
2.0 nM (for all) - Different kinds of

food samples [119]Allura red and
Amaranth

5.0 nM–10.0 µM and
5.0 nM–5.0 µM

rGO/Fe3O4 N-acetylcysteine 0.10–10.0 mM 11.1 mM 93.8% of initial current
after 2 weeks - [120]

rGO/Fe3O4 Sudan I 0.008 µM to 6 µM 0.5 nM - Food samples [121]

Multi-functionalized
magnetic

graphene sphere
Thyroxine 0.05 pg·mL−1 to

5 ng·mL−1 15 fg·mL−1 85.3% of initial current
after 20 days - [122]

Gr-chitosan/Fe3O4 Guanosine 2.0 × 10−6 to
3.5 × 10−4 M 7.5 × 10−7 M

90.75% of initial
current after 15 days

Urine samples and
traditional
Chinese medicines

[123]

1 Fe2O3/nitrogen-doped Rgo; 2 Ascorbic Acid; 3 Poly (3,4-ethylenedioxythiophene); 4 Nitrogen and sulfur dual doped graphene supported Fe2O3; 5 Polyaniline;
6 Hexadecyltrimethylammonium bromide; 7 Chitosan; 8 Gold nanoparticles-magnetic functionalized reduced graphene oxide; 9 Carbon-encapsulated hollow Fe3o4/GO nanosheets;
10 MIL@MIP film as recognition element; 11 Prostate specific antigen And prostate specific membrane antigen; 12 LDR and LOD were tunable; 13 Magnetic graphene loaded gold
and silver core-shell nanoparticles; 14 Carcinoembryonic antigen; 15 Gold-coated magnetic nanoparticles on a nitrogen-doped graphene; 16 Carbon black (CB) and graphene oxide@
Fe3o4; 17 Indium gallium zinc oxide; 18 Myoglobin (Mb), sodium alginate (SA)-Fe3O4-GR composite on the carbon ionic liquid electrode; 19 Magnetic graphene oxide grafted with
chlorosulfonic acid (Fe3O4-GO-SO3H) in the presence of polystyrene; 20 Dihydronicotinamide adenine dinucleotide; 21 Graphene oxide/chitosan-ferrocene; 22 Carcinoembryonic
antigen; 23 Ionic liquid-magnetic core-shell Fe3O4@SiO2/graphene oxide; 24 Immunomagnetic beads; 25 Immunomagnetic beads; 26 Zeolitic imidazolate framework-; 27 Molecularly
imprinted polymer; 28 (3-Aminopropyl) triethoxysilane; 29 Magnetic graphene with longchain acid groups; 30 Apolipoprotein A II protein; 31 1-[2,4-Dihydroxy-5-(phenylazo-4-sulphonic
acid)phenyl]-1-phenylmethanon; 32 Graphene sheets (GS)-Nafion (Nf) film.
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6.1. Glucose

Glucose is a simple sugar that has the molecular formula C6H12O6 and has a vital role in
the body. Evaluation of glucose can be useful as a diagnostic test for diabetes mellitus, which is
a global health problem with devastating social and economic impact [124] and also for cancer
treatment because overexpressed biomarkers on the tumor cells facilitate rates of glucose catabolism
and resulting in tumor cell proliferation [125–127]. Additionally, determination of glucose level
is very important in industrial foods. Pakapongpan and Poo-arporn [78] prepared a rGO-Fe3O4

nanocomposite (see Figure 12) which exhibited not only remarkable enhancement in surface area for
enzyme glucose oxidase (Gox) immobilization but also facilitated electron transfer between enzyme and
electrode. Firstly, Fe3O4 functionalized NH2 nanoparticles were synthesized through a solvothermal
method. Afterward, NH2-Fe3O4 NPs were bound on GO surface using N-Hydroxysuccinimide and
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, NHS/EDC, as coupling agents through formation of
amide links between the carboxyl group of GO and the amino group of NH2-Fe3O4.
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nanocomposite and (d) RGO-Fe3O4/Gox nanocomposite. Reproduced with permission from [78].
Elsevier, 2017.

This composite has positive surface charge in neutral pH whereas Gox possesses negative surface
charge. This difference in surface charge greatly helps immobilization of Gox on the surface of electrode
by electrostatic forces and consequently enhances the performance of biosensor. Interference study
showed that common interferences in blood such as ascorbic acid, uric acid and dopamine don not
interfere with glucose detection because of high selectivity of Gox. Fast amperometric response, 3 s,
wide linear dynamic range of 0.05 to 1 mM and low detection limit of 0.1 µM indicated the abilities of
the proposed sensor.
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Yang et al. [128] covalently immobilized Gox on the composite of carboxyl long chain modified
GO-magnetite nanoparticles using EDC-NHS as binding agent. Although enzyme stability significantly
improves by covalent immobilization, activity of enzyme is usually deteriorated due to conformational
change of bound enzyme. High selectivity of Gox along with intrinsic hydrogen peroxide catalytic
activity of both GO and Fe3O4 provided this sensor with linear dynamic range of 0.1 to 1.4 mM.
Naghib et al. [125] introduced a nonenzymatic glucose sensor based on rGO-Fe3O4-gelatin composite
for determination of glucose in blood sample. This sensor exhibited a wide linear range of 0.1–10 mM
and detection limit of 0.024 µM. Improved stability, more than 2 months, was a great advantage of
proposed sensor.

6.2. Dopamine, Uric and Ascorbic Acid

Dopamine, DA, uric acid, UA and ascorbic acid, AA, coexist in human body and are among the
most abundant biomolecules in blood. Therefore, simultaneous determination of DA, UA and AA is
very important for the diagnostic research [129]. However, since all of these three biomolecules are
easily oxidized, simultaneous determination is often faced difficulty due to overlapping oxidation
potentials. Wu et al. [130] resolved this problem by using amino-group functionalized Fe3O4,
Fe3O4-NH2, combined with graphene sheets, GS. Figure 13 shows that three well separated peaks
are observed using the modified glassy carbon electrode, Fe3O4-NH2@GS/GCE. Facile solvothermal
method was used for preparing of this composite by heating the mixture in an autoclave for 8 h at
200 ◦C, which was resulted in producing of Fe3O4-NH2 nanostructures anchored GS with average
size of 45 nm. Linear dynamic ranges for the determination of AA, DA and UA were 5.0–1600, 0.2–38
and 1.0–850 µmol·L−1 under optimum conditions, respectively. Acceptable recoveries in different
samples such as DA hydrochloride injection, vitamin C injection and human urine revealed the ability
of proposed sensor for application in field.
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Fe2O3-nitrogen-doped reduced graphene oxide, Fe2O3/N-rGO, was synthesized for enhanced
electrochemical determination of dopamine (DA) by Yang et al. [13]. A simple one-step hydrothermal
method was used for preparation of nanocomposite in which ethylenediamine served simultaneously
as nitrogen source, reducing agent and coordinating agent. Therefore, nitrogen doping and reduction
of graphene oxide and producing of Fe2O3 were occurred in one step. Using this composite for
modification of electrode resulted in a higher current (Figure 14). However, charging current
had significant share in this current increasing that is not desired for this sensor. Linear range
of 0.5 µM–0.34 mM and detection limit of 0.49 µM were reported for this sensor along with capability
for determination of DA in dopamine hydrochloride injection as real sample.
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from [13]. Elsevier, 2017.

Flower like Fe3O4-reduced graphene oxide nanocomposite [97] and rGO decorated with
p-toluenesulfonate-doped polypyrrole/Fe3O4 nanoparticles [92] were other two composites which
were successfully applied for ultrasensitive detection of dopamine with detection limits of 5 nM
and 2.33 nM. In an attempt for determination of uric acid, a nanocomposite was prepared by
incorporating Fe3O4 onto graphene sheets followed by depositing of SiO2 layer on the surface of
the Fe3O4-rGO composites [79]. This Core-shell Fe3O4@SiO2/rGO nanocomposite was used to
modify glassy carbon electrode. It was demonstrated that modified electrode not only increases
the peak currents of oxidation of UA but also shifts the oxidation potential of UA to less positive
potential. Yu et al. [64] successfully separated overlapped anodic peaks of ascorbic acid and uric acid
by exploiting a Fe2O3-rGO nanocomposite as modifier which had been synthesized by a hydrothermal
route. Modified electrode showed synergistic effects by which not only electrochemical oxidation of
AA was improved but also overlapping of anodic peaks of AA and UA was resolved. Determination
of AA in the presence of UA showed a good linearity from 0.57 to 3.97 mM.

6.3. Amino Acids

Cysteine [67,93], tryptophan [131], phenylalanine [132], tyrosine and aspartic acid [133] are among
the most important amino acids which have been successfully quantified using iron based graphene
composites as a modifier. A composite of Fe2O3 nanoparticles supported on N-doped graphene,
Fe2O3NPs/N–GR (Nitrogen doped Graphene), was successfully prepared through a hydrothermal
route starting from FeSO4·7H2O and graphene oxide as reactants followed by dropwise addition of
ammonium hydroxide 30% and transferring this mixture to autoclave where it was held for 12 h at
180 ◦C to obtain abovementioned composite [67]. SEM analysis demonstrated that individual Fe2O3

NPs with a diameter of about 45 nm have been well spread out on the graphene sheets. Enhanced
electrochemical oxidation of cysteine on this modified electrode provided a wide linear determination
range of 0.2–400 µM and a lowest detectable concentration of 0.1 µM in 0.1 M phosphate buffer solution
pH 7. Wang et al. [93] synthesized a ternary nanocomposite of platinum, magnetite and reduced
graphene oxide, referred to as Pt-Fe3O4/rGO, by a solvothermal method for sensitive determination
of cysteine in 0.1 M NaOH. Using this modification allowed them to determined cysteine in the
concentration range of 0.1–1 M with a detection limit of 10 µM which was one order of magnitude
lower than previous report [67]. Taking advantage of β-cyclodextrin, β-CD, in combination with
Fe3O4 modified graphene oxide (MGO) which had been prepared by a simple coprecipitation method,
let Wang et al. [131] to determine tryptophan in the linear range of 5.0 × 10−7 to 7.5 × 10−4 M with
a detection limit of 3.1 × 10−7 M. Simple scheme of fabrication of this modified electrode has been
shown in Figure 15. The sensitivity was obviously improved owning to the synergistic effects between
GO and Fe3O4, which enhanced the electron transfer rate as well as increased the surface area to
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capture a large amount of β-CD. Furthermore, β-CD had strong recognition capability for tryptophan
due to formation of stable host-guest inclusion complexes leading to the promotion of selectivity.Nanomaterials 2017, 7, x FOR PEER REVIEW  19 of 31 

 

 
Figure 15. Preparation of β-CD-GO/Fe3O4 (MGO-CD) nanocomposites and the β-CD-GO/Fe3O4/GCE 
(MGO-CD/GCE). Reproduced with permission from [131]. Elsevier, 2016. 

Hasanzadeh et al. [133] used graphene quantum dots (GQDs) instead of other more common 
forms of graphene like graphene oxide and reduced graphene oxide in order to prepare a magnetite 
nanoparticles based composite, Fe3O4 MNPs-GQDs. In this research, they successfully 
electrodeposited Fe3O4 MNPs-GQDs composite on the surface of GCE and exploited that for 
quantitative determination of L-Cysteine, L-Tyrosine, L-Aspartic acid and L-Phenylalanine. 
However, although this modified electrode showed ability for analysis of aforementioned amino 
acids, they reported that determination of L-Serine, L-Arginine, L-Valine and L-Glycine was not 
possible using this modified electrode. 

6.4. Deoxyribonucleic Acid 

Detection of specific DNA sequences is attracting growing interest because gene mutations are 
responsible for inherited human disorders [134]. In addition, pathogens related to viruses and 
bacteria can be detected by measuring some specific nucleic acid sequences. Guanine and adenine 
are two important components of DNA which Xie et al. [104] tried to determine them using 
Fe3O4-GO composite. Figure 16 clearly shows using Fe3O4-GO not only increases the peak current 
but also decreases oxidation potential of guanine and adenine compared to bare GCE and even GCE 
modified with only GO. This behavior reveals that Fe3O4 could promote their electron transfer and 
facilitate oxidation of guanine and adenine. 

 

Figure 16. DPVs of bare GCE, GO/GCE, Fe3O4/GCE and Fe3O4-GO/GCE in the presence of 20 mM of 
guanine and adenine in 0.1 M phosphate buffer solution (pH 7). Reproduced with permission from 
[104]. John Wiley and Sons, 2015. 

Figure 15. Preparation of β-CD-GO/Fe3O4 (MGO-CD) nanocomposites and the β-CD-GO/Fe3O4/
GCE (MGO-CD/GCE). Reproduced with permission from [131]. Elsevier, 2016.

Hasanzadeh et al. [133] used graphene quantum dots (GQDs) instead of other more common
forms of graphene like graphene oxide and reduced graphene oxide in order to prepare a magnetite
nanoparticles based composite, Fe3O4 MNPs-GQDs. In this research, they successfully electrodeposited
Fe3O4 MNPs-GQDs composite on the surface of GCE and exploited that for quantitative determination
of L-Cysteine, L-Tyrosine, L-Aspartic acid and L-Phenylalanine. However, although this modified
electrode showed ability for analysis of aforementioned amino acids, they reported that determination
of L-Serine, L-Arginine, L-Valine and L-Glycine was not possible using this modified electrode.

6.4. Deoxyribonucleic Acid

Detection of specific DNA sequences is attracting growing interest because gene mutations
are responsible for inherited human disorders [134]. In addition, pathogens related to viruses and
bacteria can be detected by measuring some specific nucleic acid sequences. Guanine and adenine are
two important components of DNA which Xie et al. [104] tried to determine them using Fe3O4-GO
composite. Figure 16 clearly shows using Fe3O4-GO not only increases the peak current but also
decreases oxidation potential of guanine and adenine compared to bare GCE and even GCE modified
with only GO. This behavior reveals that Fe3O4 could promote their electron transfer and facilitate
oxidation of guanine and adenine.
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of guanine and adenine in 0.1 M phosphate buffer solution (pH 7). Reproduced with permission
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Nanomaterials 2017, 7, 406 22 of 33

Three-dimensional nitrogen-doped graphene and Fe3O4, 3D N-G/Fe3O4, composite was chosen
by Chen et al. [88] where highly porous 3D nitrogen-doped graphene provided a large surface
area to improve immobilization of probe DNA, whereas magnetite nanoparticles were uniformly
spread on the 3D N-G and facilitated electron transfer for sensitive detection of DNA with fast
responses. Figure 17 shows some features of 3D N-G/Fe3O4 composite and simply depicts the
procedure of fabrication of this biosensor. Here, during the hydrothermal process for preparation
of composite urea served to facilitate the production of Fe3O4 from Fe+3 by altering the basicity
of solution and reduction of graphene oxide to N-G simultaneously. This biosensor offered a
wide linear range from 1.0 × 10−6 to 1.0 × 10−14 M and detection limit of 3.63 × 10−15 M and
ability for detection of target DNA in serum samples using methylene blue, MB, as electrochemical
indicator. Jahanbani and Benvidi [135] introduced a magnetic bar carbon paste electrode modified
with Fe3O4NPs-rGO/PANHS nanocomposite in which 1- pyrenebutyric acid-N- hydroxysuccinimide
ester ,PANHS, acted as a cheaper linker in comparison to NHS/EDC. Using EIS technique results in
linear range of 1.0 × 10−18–1.0 × 10−8 M and detection limit of 2.8 × 10−19 M for this DNA biosensor.
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biosensor. Reproduced with permission from [88]. Elsevier, 2017.

6.5. Pesticides

Chlorpyrifos (CPF) is one of the most extensively used organophosphorus pesticides in agriculture
to control pests and enhances production, whose uncontrolled use causes severe environmental
and safety issues. Regarding this, Jiao et al. [82] developed an electrochemical aptasensor for
determination of this pesticide in some leafy vegetables, such as cabbage, lettuce and leek. Fe3O4-GO
composite was synthesized by a simple solvothermal method using GO and FeCl3·6H2O as starting
materials and ethylene glycol and ethylene diamine as solvent. Figure 18 shows that Fe3O4 was
successfully integrated with GO and the spherically shaped Fe3O4 particles with an average diameter
of 500 nm. Carbon black and chitosan composite, CB-CS, donated high conductivity to sensor whereas
composite of Fe3O4-GO served with increasing the conductivity and preparing a suitable media for
immobilization of aptamer onto the electrode. Linear range of 0.1–105 ng/mL with a low detection
limit of 0.033 ng/mL were obtained using this aptasensor for determination of chlorpyrifos.



Nanomaterials 2017, 7, 406 23 of 33

Nanomaterials 2017, 7, x FOR PEER REVIEW  21 of 31 

 

 
Figure 18. (A) TEM image of CB-CS; (B) HR-TEM micrographs of CB nanostructure; (C) SEM image 
of GO; (D) SEM image of GO@Fe3O4. Reproduced with permission from [82]. Elsevier, 2017. 

Wang et al. [94] proposed an enzymatic sensor for determination of chlorpyrifos using 
acetylcholinesterase (AChE). Figure 19 illustrates fabrication procedure of this sensor. Graphene 
with high surface area and conductivity along with Fe3O4 effectively promoted immobilization of 
AChE and consequently enhanced the performance of biosensor. A linear range from 0.05 μg/L to 
100 μg/L and detection limit 0.02 μg/L were reported for this biosensor. 

 

Figure 19. Fabrication and modification process of the sensor. Reprinted with permission from [94]. 

The coprecipitation method was used by Shi et al. [76] for preparation of Fe3O4-rGO composite 
in order to determinate trace quantities of omethoate and methamidophos in vegetable samples. 
Duo to the good dispersion of Fe3O4 on rGO, the Fe3O4-rGO had a large surface area and more active 
sites for electrochemical reactions. Then, it was reported that this sensor has offered rapid responses 
for these substances in the ranges from 1.0 × 10−7 to 1.0 × 10−12 mol/L for omethoate and 1.0 × 10−7 to 1.0 
× 10−13 mol/L for methamidophos. Under optimized conditions, the extraordinary low limit of 
detection of 2.67 × 10−13 and 2.05 × 10−14 mol/L were reported for methamidophos and omethoate, 

Figure 18. (A) TEM image of CB-CS; (B) HR-TEM micrographs of CB nanostructure; (C) SEM image of
GO; (D) SEM image of GO@Fe3O4. Reproduced with permission from [82]. Elsevier, 2017.

Wang et al. [94] proposed an enzymatic sensor for determination of chlorpyrifos using
acetylcholinesterase (AChE). Figure 19 illustrates fabrication procedure of this sensor. Graphene
with high surface area and conductivity along with Fe3O4 effectively promoted immobilization of
AChE and consequently enhanced the performance of biosensor. A linear range from 0.05 µg/L to
100 µg/L and detection limit 0.02 µg/L were reported for this biosensor.
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The coprecipitation method was used by Shi et al. [76] for preparation of Fe3O4-rGO composite
in order to determinate trace quantities of omethoate and methamidophos in vegetable samples.
Duo to the good dispersion of Fe3O4 on rGO, the Fe3O4-rGO had a large surface area and more
active sites for electrochemical reactions. Then, it was reported that this sensor has offered rapid
responses for these substances in the ranges from 1.0 × 10−7 to 1.0 × 10−12 mol/L for omethoate and
1.0 × 10−7 to 1.0 × 10−13 mol/L for methamidophos. Under optimized conditions, the extraordinary
low limit of detection of 2.67 × 10−13 and 2.05 × 10−14 mol/L were reported for methamidophos and
omethoate, respectively. Liu et al. [136] reported successfully determination of methyl parathion based
on immobilized acetylcholinesterase onto Fe3O4-rGO nanocomposite film modified glassy carbon
electrode with a low detection limit of 3.0 × 10 −10 g·mL−1.
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6.6. Miscellaneous

Yang et al. [113] reported the determination of clenbuterol (CLB), a sympathomimetic amine used
by people suffering from breathing disorders as a decongestant and bronchodilator, using a magnetic
nanocomposite to modify screen printed carbon electrode (SPCE). This immunosensor worked base
on competition between free CLB in solution and CLB which had been immobilized on the surface of
electrode for binding to CLB-Antibody (see Figure 20). Here, graphene sheets, GN, were mixed with
nafion in order to prevent restacking of graphene sheets during chemical reduction of graphene oxide
to rGO. Nanocomposite of gold magnetite particle (GMP), was exploited for immobilization of CLB on
the surface of SPCE using an external magnetic field under the electrode. Peak current of K3[Fe(CN)6]
probe was used for evaluation of CLB in the samples.
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Figure 20. Schematic diagram of the electrochemical immunosensor apparatus (A) and the detection
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Elsevier, 2014.

As shown in Figure 21, after using a solution contained K3[Fe(CN)6], anti-CLB and free CLB, a
competition arises between free CLB in solution and immobilized CLB for binding to anti-CLB. The
less free CLB in solution, the more anti-CLB binds to CLB on the surface of electrode and, consequently,
the more decrease in peak current of probe, K3[Fe(CN)6], due to steric hindrance of anti-CLB on the
surface of electrode.
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Figure 21. DPVs of the immunosensor incubated in PBS containing 0 (a), 0.5 (b), 2.0 (c), 5.0 (d), 20.0 (e),
50.0 (f), 100.0 (g), 200.0 (h) ng/mL of CLB, 2.0 ng/mL anti-CLB and 2 mmol/L K3[Fe(CN)6] at 35 ◦C for
15 min. Inset: The calibration curve of the current values vs. Concentration of CLB. Reproduced with
permission from [113]. Elsevier, 2014.
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He et al. [117] reported exactly the same strategy for determination of chloramphenicol in milk
sample. A sandwich type immunosensor was introduced by Peng et al. [98] for a tumor marker named
carcinoembryonic antigen. In this work, Fe3O4/Au NPs were used for signal amplification, about
10 times and consequently improving the sensitivity of sensor (Figure 22).
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Here, graphene oxide was used as the matrix to immobilize large amount of the primary
antibodies, AB1, due to the high surface area of GO. Homogeneously distributed Au on Fe3O4 NPs not
only facilitated the assembling of the secondary antibodies, AB2 but also enhanced the electrochemical
signal of probe by catalytic effect. Detection limit of 0.39 pg/mL was achieved using this signal
amplification method.

Wang et al. [137] used silica nanoparticles loaded with Fe3O4 nanoparticles and horseradish
peroxidase (HRP), as label for a signal amplification strategy. Using this strategy, they determined
α-fetoprotein with detection limit of 4 pg/mL thanks to synergistic effect that occurred between Fe3O4

and HRP for reaction with H2O2 that greatly enhanced the response signal [138]. This sandwich
immunosensor was used successfully for evaluation of α-fetoprotein in serum sample.

Fe3O4-NH2 loaded Pb2+ and Cd2+ was applied by Zhang et al. [55] as immobilization media
for estradiol and diethylstilbestrol antibody in order to simultaneous determination of these two
environmental estrogens. Detection limits of 0.015 and 0.38 pg/mL were reported for determination
of estradiol and diethylstilbestrol, respectively. PtPd-Fe3O4 nanoparticles (NPs) served as a novel
kind of label in a sensitive nonenzymatic sandwich-type immunosensor for detection of gastric cancer
biomarker CA72-4 which showed detection limit 0.0003 U/mL [139]. Recoveries between 98.4% and
104% in human serum sample showed the ability of this immunosensor for determination of this
cancer marker in real samples. In this sandwich type immunosensor, rGO tetraethylene pentamine
(rGO-TEPA) was used for effective immobilization of primary anti-CA72-4 antibody, Ab1. Secondary
anti-CA72-4 antibody, Ab2, was adsorbed onto the PtPd-Fe3O4 NPs.

7. Conclusions

IONs-graphene based nanocomposites described in this review offer elegant opportunity
for designing high-performance electrochemical sensors which possess the capability to analysis
biochemical substances not only in laboratory scale but also in the field application. Valuable electrical
and magnetic properties, capability of enhancing electron transfer between electrode and analytes,
providing a biocompatible surface for immobilization of biomulecules such as enzymes and DNA, as
well as showing electrocatalytic effects in some cases, e.g., for electrochemical reaction of H2O2, have
made IONs-graphene based nanocomposites promising choice in electrochemical sensor application.
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Nevertheless, innovation in the synthesis of these nanostructures—both in type of ingredients of
composite and experimental conditions of synthesis—can still provide different desired properties
which are the key point for further enhancements in electrochemical sensors for monitoring of
(bio)molecules that is of outmost importance in many applicative fields.
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18. Machala, L.; Tuček, J.; Zbořil, R. Polymorphous Transformations of Nanometric Iron(III) Oxide: A Review.
Chem. Mater. 2011, 23, 3255–3272. [CrossRef]

19. Ricardo, G.-C.; Asmaa, Y.A.-B.; Iman, S.; Nora, H.D.L. Vacancy ordering and electronic structure of γ-Fe2O3

(maghemite): A theoretical investigation. J. Phys. Condens. Matter 2010, 22, 255401.
20. Sun, S.-N.; Wei, C.; Zhu, Z.-Z.; Hou, Y.-L.; Subbu, S.V.; Xu, Z.-C. Magnetic iron oxide nanoparticles: Synthesis

and surface coating techniques for biomedical applications. Chin. Phys. B 2014, 23, 037503. [CrossRef]
21. Fu, C.; Ravindra, N.M. Magnetic iron oxide nanoparticles: Synthesis and applications. Bioinspired Biomim.

Nanobiomater. 2012, 1, 229–244. [CrossRef]
22. Mahmoudi, M.; Sant, S.; Wang, B.; Laurent, S.; Sen, T. Superparamagnetic iron oxide nanoparticles (SPIONs):

Development, surface modification and applications in chemotherapy. Adv. Drug Deliv. Rev. 2011, 63, 24–46.
23. Tavakoli, A.; Sohrabi, M.; Kargari, A. A review of methods for synthesis of nanostructured metals with

emphasis on iron compounds. Chem. Pap. 2007, 61, 151–170. [CrossRef]
24. Figuerola, A.; di Corato, R.; Manna, L.; Pellegrino, T. From iron oxide nanoparticles towards advanced

iron-based inorganic materials designed for biomedical applications. Pharmacol. Res. 2010, 62, 126–143.
[CrossRef] [PubMed]

25. Hao, Y.; Teja, A.S. Continuous hydrothermal crystallization of α–Fe2O3 and Co3O4 nanoparticles. J. Mater.
Res. 2011, 18, 415–422. [CrossRef]

26. Shandilya, M.; Rai, R.; Singh, J. Review: Hydrothermal technology for smart materials. Adv. Appl. Ceram.
2016, 115, 354–376. [CrossRef]

27. Hui, C.; Shen, C.; Yang, T.; Bao, L.; Tian, J.; Ding, H.; Li, C.; Gao, H.J. Large-scale Fe3O4 nanoparticles soluble
in water synthesized by a facile method. J. Phys. Chem. C 2008, 112, 11336–11339. [CrossRef]

28. Ramimoghadam, D.; Bagheri, S.; Hamid, S.B.A. Progress in electrochemical synthesis of magnetic iron oxide
nanoparticles. J. Magn. Magn. Mater. 2014, 368, 207–229. [CrossRef]

29. Cui, H.; Liu, Y.; Ren, W. Structure switch between α-Fe2O3, γ-Fe2O3 and Fe3O4 during the large scale and
low temperature sol–gel synthesis of nearly monodispersed iron oxide nanoparticles. Adv. Powder Technol.
2013, 24, 93–97. [CrossRef]

30. Sahu, U.K.; Sahu, M.K.; Mahapatra, S.S.; Patel, R.K. Removal of As(III) from Aqueous Solution Using Fe3O4

Nanoparticles: Process Modeling and Optimization Using Statistical Design. Water Air Soil Pollut. 2017, 228.
[CrossRef]

31. Liang, S.; Li, J.; Wang, F.; Qin, J.; Lai, X.; Jiang, X. Highly sensitive acetone gas sensor based on ultrafine α-
Fe2O3nanoparticles. Sens. Actuators B Chem. 2017, 238, 923–927. [CrossRef]

32. Oulego, P.; Villa-García, M.A.; Laca, A.; Diaz, M. The effect of the synthetic route on the structural, textural,
morphological and catalytic properties of iron(III) oxides and oxyhydroxides. Dalton Trans. 2016, 45,
9446–9459. [CrossRef] [PubMed]

33. Mirza, I.M.; Sarfraz, A.K.; Hasanain, S.K. Effect of surfactant on magnetic and optical properties of α-
Fe2O3nanoparticles. Acta Phys. Pol. A 2014, 126, 1280–1287. [CrossRef]

34. Lu, T.; Wang, J.; Yin, J.; Wang, A.; Wang, X.; Zhang, T. Surfactant effects on the microstructures of Fe3O4

nanoparticles synthesized by microemulsion method. Colloids Surfaces A Physicochem. Eng. Asp. 2013, 436,
675–683. [CrossRef]

35. Lin, X.-M.; Samia, A.C.S. Synthesis, assembly and physical properties of magnetic nanoparticles. J. Magn.
Magn. Mater. 2006, 305, 100–109. [CrossRef]

36. Tiwari, S.K.; Kumar, V.; Huczko, A.; Oraon, R.; Adhikari, A.D.; Nayak, G.C. Magical Allotropes of Carbon:
Prospects and Applications. Crit. Rev. Solid State Mater. Sci. 2016, 41, 257–317. [CrossRef]

37. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s10832-017-0075-0
http://dx.doi.org/10.5028/jatm.v7i3.471
http://dx.doi.org/10.1016/0927-7757(93)80013-5
http://dx.doi.org/10.1021/cm200397g
http://dx.doi.org/10.1088/1674-1056/23/3/037503
http://dx.doi.org/10.1680/bbn.12.00014
http://dx.doi.org/10.2478/s11696-007-0014-7
http://dx.doi.org/10.1016/j.phrs.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20044004
http://dx.doi.org/10.1557/JMR.2003.0053
http://dx.doi.org/10.1080/17436753.2016.1157131
http://dx.doi.org/10.1021/jp801632p
http://dx.doi.org/10.1016/j.jmmm.2014.05.015
http://dx.doi.org/10.1016/j.apt.2012.03.001
http://dx.doi.org/10.1007/s11270-016-3224-1
http://dx.doi.org/10.1016/j.snb.2016.06.144
http://dx.doi.org/10.1039/C6DT00247A
http://www.ncbi.nlm.nih.gov/pubmed/27187786
http://dx.doi.org/10.12693/APhysPolA.126.1280
http://dx.doi.org/10.1016/j.colsurfa.2013.08.004
http://dx.doi.org/10.1016/j.jmmm.2005.11.042
http://dx.doi.org/10.1080/10408436.2015.1127206
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015


Nanomaterials 2017, 7, 406 28 of 33

38. Bhuyan, M.S.A.; Uddin, M.N.; Islam, M.M.; Bipasha, F.A.; Hossain, S.S. Synthesis of graphene. Int. Nano Lett.
2016, 6, 65–83. [CrossRef]

39. Zhong, Y.; Zhen, Z.; Zhu, H. Graphene: Fundamental research and potential applications. FlatChem 2017, 4,
20–32. [CrossRef]

40. Justino, C.I.L.; Gomes, A.R.; Freitas, A.C.; Duarte, A.C.; Rocha-Santos, T.A.P. Graphene based sensors and
biosensors. TrAC Trends Anal. Chem. 2017, 91, 53–66. [CrossRef]

41. Movlaee, K.; Beitollahi, H.; Ganjali, M.R.; Norouzi, P. Electrochemical platform for simultaneous
determination of levodopa, acetaminophen and tyrosine using a graphene and ferrocene modified carbon
paste electrode. Microchim. Acta 2017, 184, 3281–3289. [CrossRef]

42. Beitollahi, H.; Movlaee, K.; Ganjali, M.R.; Norouzi, P. A sensitive graphene and ethyl
2-(4-ferrocenyl-[1,2,3]triazol-1-yl) acetate modified carbon paste electrode for the concurrent determination
of isoproterenol, acetaminophen, tryptophan and theophylline in human biological fluids. J. Electroanal.
Chem. 2017, 799, 576–582. [CrossRef]

43. Gholipour-Ranjbar, H.; Ganjali, M.R.; Norouzi, P.; Naderi, H.R. Synthesis of cross-linked graphene
aerogel/Fe2O3 nanocomposite with enhanced supercapacitive performance. Ceram. Int. 2016, 42,
12097–12104. [CrossRef]

44. Edwards, R.S.; Coleman, K.S. Graphene synthesis: Relationship to applications. Nanoscale 2013, 5, 38–51.
[CrossRef] [PubMed]

45. Lee, J.; Kim, J.; Kim, S.; Min, D.-H. Biosensors based on graphene oxide and its biomedical application.
Adv. Drug Deliv. Rev. 2016, 105, 275–287. [CrossRef] [PubMed]

46. Yang, W.; Ni, M.; Ren, X.; Tian, Y.; Li, N.; Su, Y.; Zhang, X. Graphene in Supercapacitor Applications.
Curr. Opin. Colloid Interface Sci. 2015, 20, 416–428. [CrossRef]

47. Avouris, P.; Dimitrakopoulos, C. Graphene: Synthesis and applications. Mater. Today 2012, 15, 86–97.
[CrossRef]

48. Pei, S.; Cheng, H.-M. The reduction of graphene oxide. Carbon 2012, 50, 3210–3228. [CrossRef]
49. Priftis, D. Polyelectrolyte-graphene Nanocomposites for Biosensing Applications. Curr. Org. Chem. 2015, 19,

1819–1827. [CrossRef] [PubMed]
50. Dhand, V.; Rhee, K.Y.; Kim, H.J.; Jung, D.H. A Comprehensive Review of Graphene Nanocomposites:

Research Status and Trends. J. Nanomater. 2013, 2013, 14. [CrossRef]
51. Stradiotto, N.R.; Yamanaka, H.; Zanoni, M.V.B. Electrochemical sensors: A powerful tool in analytical

chemistry. J. Braz. Chem. Soc. 2003, 14, 159–173. [CrossRef]
52. Ulrich, G.; Winfried, V.; Jens, Z. Recent developments in electrochemical sensor application and

technology—A review. Meas. Sci. Technol. 2009, 20, 042002.
53. Jiang, S.; Hua, E.; Liang, M.; Liu, B.; Xie, G. A novel immunosensor for detecting toxoplasma gondii-specific

IgM based on goldmag nanoparticles and graphene sheets. Colloids Surfaces B Biointerfaces 2013, 101, 481–486.
[CrossRef] [PubMed]

54. Luppa, P.B.; Sokoll, L.J.; Chan, D.W. Immunosensors—Principles and applications to clinical chemistry.
Clin. Chim. Acta 2001, 314, 1–26. [CrossRef]

55. Zhang, S.; Du, B.; Li, H.; Xin, X.; Ma, H.; Wu, D.; Yan, L.; Wei, Q. Metal ions-based immunosensor for
simultaneous determination of estradiol and diethylstilbestrol. Biosens. Bioelectron. 2014, 52, 225–231.
[CrossRef] [PubMed]

56. Sacco, A. Electrochemical impedance spectroscopy: Fundamentals and application in dye-sensitized solar
cells. Renew. Sustain. Energy Rev. 2017, 79, 814–829. [CrossRef]

57. Lisdat, F.; Schäfer, D. The use of electrochemical impedance spectroscopy for biosensing. Anal. Bioanal. Chem.
2008, 391, 1555–1567. [CrossRef] [PubMed]

58. Randviir, E.P.; Banks, C.E. Electrochemical impedance spectroscopy: An overview of bioanalytical
applications. Anal. Methods 2013, 5, 1098–1115. [CrossRef]

59. Chang, B.Y.; Park, S.M. Electrochemical impedance spectroscopy. Annu. Rev. Anal. Chem. 2010, 3, 207–229.
[CrossRef] [PubMed]

60. Teymourian, H.; Salimi, A.; Firoozi, S. A high performance electrochemical biosensing platform for glucose
detection and IgE aptasensing based on Fe3O4 /reduced graphene oxide nanocomposite. Electroanalysis
2014, 26, 129–138. [CrossRef]

http://dx.doi.org/10.1007/s40089-015-0176-1
http://dx.doi.org/10.1016/j.flatc.2017.06.008
http://dx.doi.org/10.1016/j.trac.2017.04.003
http://dx.doi.org/10.1007/s00604-017-2291-3
http://dx.doi.org/10.1016/j.jelechem.2017.07.005
http://dx.doi.org/10.1016/j.ceramint.2016.04.140
http://dx.doi.org/10.1039/C2NR32629A
http://www.ncbi.nlm.nih.gov/pubmed/23160190
http://dx.doi.org/10.1016/j.addr.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27302607
http://dx.doi.org/10.1016/j.cocis.2015.10.009
http://dx.doi.org/10.1016/S1369-7021(12)70044-5
http://dx.doi.org/10.1016/j.carbon.2011.11.010
http://dx.doi.org/10.2174/1385272819666150526005557
http://www.ncbi.nlm.nih.gov/pubmed/27713667
http://dx.doi.org/10.1155/2013/763953
http://dx.doi.org/10.1590/S0103-50532003000200003
http://dx.doi.org/10.1016/j.colsurfb.2012.07.021
http://www.ncbi.nlm.nih.gov/pubmed/23010058
http://dx.doi.org/10.1016/S0009-8981(01)00629-5
http://dx.doi.org/10.1016/j.bios.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24055936
http://dx.doi.org/10.1016/j.rser.2017.05.159
http://dx.doi.org/10.1007/s00216-008-1970-7
http://www.ncbi.nlm.nih.gov/pubmed/18414837
http://dx.doi.org/10.1039/c3ay26476a
http://dx.doi.org/10.1146/annurev.anchem.012809.102211
http://www.ncbi.nlm.nih.gov/pubmed/20636040
http://dx.doi.org/10.1002/elan.201300496


Nanomaterials 2017, 7, 406 29 of 33

61. Jiang, D.; Liu, F.; Zhang, L.; Liu, L.; Liu, C.; Pu, X. An electrochemical strategy with molecular beacon
and hemin/G-quadruplex for the detection of Clostridium perfringens DNA on screen-printed electrodes.
RSC Adv. 2014, 4, 57064–57070. [CrossRef]

62. Teymourian, H.; Salimi, A.; Khezrian, S. Fe3O4 magnetic nanoparticles/reduced graphene oxide nanosheets
as a novel electrochemical and bioeletrochemical sensing platform. Biosens. Bioelectron. 2013, 49, 1–8.
[CrossRef] [PubMed]

63. Halder, A.; Zhang, M.; Chi, Q. Electrocatalytic Applications of Graphene–Metal Oxide Nanohybrid Materials.
In Advanced Catalytic Materials—Photocatalysis and Other Current Trends; Norena, L.E., Wang, J.-A., Eds.;
InTech: Rijeka, Croatia, 2016; p. 14.

64. Yu, Z.; Li, H.; Lu, J.; Zhang, X.; Liu, N.; Zhang, X. Hydrothermal synthesis of Fe2O3/graphene nanocomposite
for selective determination of ascorbic acid in the presence of uric acid. Electrochim. Acta 2015, 158, 264–270.
[CrossRef]

65. Sethuraman, V.; Muthuraja, P.; Raj, J.A.; Manisankar, P. A highly sensitive electrochemical biosensor for
catechol using conducting polymer reduced graphene oxide–metal oxide enzyme modified electrode.
Biosens. Bioelectron. 2016, 84, 112–119. [CrossRef] [PubMed]

66. Yasmin, S.; Ahmed, M.S.; Jeon, S. Determination of dopamine by dual doped graphene-Fe2O3 in presence of
ascorbic acid. J. Electrochem. Soc. 2015, 162, B363–B369. [CrossRef]

67. Yang, S.; Li, G.; Wang, G.; Deng, D.; Qu, L. A novel electrochemical sensor based on Fe2O3

nanoparticles/N-doped graphene for electrocatalytic oxidation of L-cysteine. J. Solid State Electrochem.
2015, 19, 3613–3620. [CrossRef]

68. Wu, Y.; Hu, C.; Huang, M.; Song, N.; Hu, W. Highly enhanced electrochemical responses of rutin by
nanostructured Fe2O3/RGO composites. Ionics 2015, 21, 1427–1434. [CrossRef]

69. Radhakrishnan, S.; Krishnamoorthy, K.; Sekar, C.; Wilson, J.; Kim, S.J. A promising electrochemical
sensing platform based on ternary composite of polyaniline-Fe2O3-reduced graphene oxide for sensitive
hydroquinone determination. Chem. Eng. J. 2015, 259, 594–602. [CrossRef]

70. Wu, C.; Cheng, Q.; Li, L.; Chen, J.; Wu, K. Synergetic signal amplification of graphene-Fe2O3 hybrid and
hexadecyltrimethylammonium bromide as an ultrasensitive detection platform for bisphenol A. Electrochim.
Acta 2014, 115, 434–439. [CrossRef]

71. Du, M.; Yang, T.; Guo, X.; Zhong, L.; Jiao, K. Electrochemical synthesis of Fe2O3 on graphene matrix for
indicator-free impedimetric aptasensing. Talanta 2013, 105, 229–234. [CrossRef] [PubMed]

72. Gao, F.; Zheng, D.; Tanaka, H.; Zhan, F.; Yuan, X.; Gao, F.; Wang, Q. An electrochemical sensor for gallic acid
based on Fe2O3/electro-reduced graphene oxide composite: Estimation for the antioxidant capacity index of
wines. Mater. Sci. Eng. C 2015, 57, 279–287. [CrossRef] [PubMed]

73. Sun, B.; Gou, Y.; Ma, Y.; Zheng, X.; Bai, R.; Abdelmoaty, A.A.A.; Hu, F. Investigate electrochemical
immunosensor of cortisol based on gold nanoparticles/magnetic functionalized reduced graphene oxide.
Biosens. Bioelectron. 2017, 88, 55–62. [CrossRef] [PubMed]

74. Sun, B.; Gou, X.; Bai, R.; Abdelmoaty, A.A.A.; Ma, Y.; Zheng, X.; Hu, F. Direct electrochemistry
and electrocatalysis of lobetyolin via magnetic functionalized reduced graphene oxide film fabricated
electrochemical sensor. Mater. Sci. Eng. C 2017, 74, 515–524. [CrossRef] [PubMed]

75. Song, H.; Xue, G.; Zhang, J.; Wang, G.; Ye, B.C.; Sun, S.; Tian, L.; Li, Y. Simultaneous voltammetric
determination of dopamine and uric acid using carbon-encapsulated hollow Fe3O4 nanoparticles anchored
to an electrode modified with nanosheets of reduced graphene oxide. Microchim. Acta 2017, 184, 843–853.
[CrossRef]

76. Shi, X.; Lu, J.; Yin, H.; Qiao, X.; Xu, Z. A Biomimetic Sensor with Signal Enhancement of Ferriferrous
Oxide-Reduced Graphene Oxide Nanocomposites for Ultratrace Levels Quantification of Methamidophos
or Omethoate in Vegetables. Food Anal. Methods 2017, 10, 910–920. [CrossRef]

77. Sharafeldin, M.; Bishop, G.W.; Bhakta, S.; El-Sawy, A.; Suib, S.L.; Rusling, J.F. Fe3O4 nanoparticles on
graphene oxide sheets for isolation and ultrasensitive amperometric detection of cancer biomarker proteins.
Biosens. Bioelectron. 2017, 91, 359–366. [CrossRef] [PubMed]

78. Pakapongpan, S.; Poo-arporn, R.P. Self-assembly of glucose oxidase on reduced graphene oxide-magnetic
nanoparticles nanocomposite-based direct electrochemistry for reagentless glucose biosensor. Mater. Sci.
Eng. C 2017, 76, 398–405. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C4RA09834J
http://dx.doi.org/10.1016/j.bios.2013.04.034
http://www.ncbi.nlm.nih.gov/pubmed/23708810
http://dx.doi.org/10.1016/j.electacta.2015.01.131
http://dx.doi.org/10.1016/j.bios.2015.12.074
http://www.ncbi.nlm.nih.gov/pubmed/26751827
http://dx.doi.org/10.1149/2.0751514jes
http://dx.doi.org/10.1007/s10008-015-2980-y
http://dx.doi.org/10.1007/s11581-014-1310-1
http://dx.doi.org/10.1016/j.cej.2014.08.047
http://dx.doi.org/10.1016/j.electacta.2013.10.188
http://dx.doi.org/10.1016/j.talanta.2012.11.063
http://www.ncbi.nlm.nih.gov/pubmed/23598012
http://dx.doi.org/10.1016/j.msec.2015.07.025
http://www.ncbi.nlm.nih.gov/pubmed/26354265
http://dx.doi.org/10.1016/j.bios.2016.07.047
http://www.ncbi.nlm.nih.gov/pubmed/27499382
http://dx.doi.org/10.1016/j.msec.2016.11.139
http://www.ncbi.nlm.nih.gov/pubmed/28254326
http://dx.doi.org/10.1007/s00604-016-2067-1
http://dx.doi.org/10.1007/s12161-016-0641-0
http://dx.doi.org/10.1016/j.bios.2016.12.052
http://www.ncbi.nlm.nih.gov/pubmed/28056439
http://dx.doi.org/10.1016/j.msec.2017.03.031
http://www.ncbi.nlm.nih.gov/pubmed/28482543


Nanomaterials 2017, 7, 406 30 of 33

79. Movlaee, K.; Norouzi, P.; Beitollahi, H.; Rezapour, M.; Larijani, B. Highly selective differential pulse
voltammetric determination of uric acid using modified glassy carbon electrode. Int. J. Electrochem. Sci. 2017,
12, 3241–3251. [CrossRef]

80. Li, Y.; Zhang, Y.; Li, F.; Li, M.; Chen, L.; Dong, Y.; Wei, Q. Sandwich-type amperometric immunosensor using
functionalized magnetic graphene loaded gold and silver core-shell nanocomposites for the detection of
Carcinoembryonic antigen. J. Electroanal. Chem. 2017, 795, 1–9. [CrossRef]

81. Khoshfetrat, S.M.; Mehrgardi, M.A. Amplified detection of leukemia cancer cells using an
aptamer-conjugated gold-coated magnetic nanoparticles on a nitrogen-doped graphene modified electrode.
Bioelectrochemistry 2017, 114, 24–32. [CrossRef] [PubMed]

82. Jiao, Y.; Hou, W.; Fu, J.; Guo, Y.; Sun, X.; Wang, X.; Zhao, J. A nanostructured electrochemical aptasensor for
highly sensitive detection of chlorpyrifos. Sens. Actuators B Chem. 2017, 243, 1164–1170. [CrossRef]

83. Movlaee, K.; Ganjali, M.R.; Aghazadeh, M.; Beitollahi, H.; Hosseini, M.; Shahabi, S.; Norouzi, P. Graphene
Nanocomposite Modified Glassy Carbon Electrode: As a Sensing Platform for Simultaneous Determination
of Methyldopa and Uric Acid. Int. J. Electrochem. Sci. 2017, 12, 305–315. [CrossRef]

84. He, B.; Yan, S. Electrochemical determination of sulfonamide based on glassy carbon electrode modified by
Fe3O4/functionalized graphene. Int. J. Electrochem. Sci. 2017, 12, 3001–3011. [CrossRef]

85. Derikvand, H.; Azadbakht, A. An Impedimetric Sensor Comprising Magnetic Nanoparticles–Graphene
Oxide and Carbon Nanotube for the Electrocatalytic Oxidation of Salicylic Acid. J. Inorg. Organomet. Polym.
Mater. 2017, 27, 901–911. [CrossRef]

86. Chou, J.C.; Chen, J.S.; Liao, Y.H.; Lai, C.H.; Yan, S.J.; Huang, M.S.; Wu, T.Y. Fabrication and Characteristic
Analysis for Enzymatic Glucose Biosensor Modified by Graphene Oxide and Magnetic Beads Based on
Microfluidic Framework. IEEE Sens. J. 2017, 17, 1741–1748. [CrossRef]

87. Chen, X.; Yan, H.; Shi, Z.; Feng, Y.; Li, J.; Lin, Q.; Wang, X.; Sun, W. A novel biosensor based on
electro-co-deposition of sodium alginate-Fe3O4-graphene composite on the carbon ionic liquid electrode for
the direct electrochemistry and electrocatalysis of myoglobin. Polym. Bull. 2017, 74, 75–90. [CrossRef]

88. Chen, M.; Hou, C.; Huo, D.; Fa, H.; Zhao, Y.; Shen, C. A sensitive electrochemical DNA biosensor based on
three-dimensional nitrogen-doped graphene and Fe3O4 nanoparticles. Sens. Actuators B Chem. 2017, 239,
421–429. [CrossRef]

89. Bagheri, H.; Pajooheshpour, N.; Jamali, B.; Amidi, S.; Hajian, A.; Khoshsafar, H. A novel electrochemical
platform for sensitive and simultaneous determination of dopamine, uric acid and ascorbic acid based on
Fe3O4-SnO2-Gr ternary nanocomposite. Microchem. J. 2017, 131, 120–129. [CrossRef]

90. Arvand, M.; Hemmati, S. Magnetic nanoparticles embedded with graphene quantum dots and multiwalled
carbon nanotubes as a sensing platform for electrochemical detection of progesterone. Sens. Actuators B
Chem. 2017, 238, 346–356. [CrossRef]

91. Zhan, X.; Hu, G.; Wagberg, T.; Zhan, S.; Xu, H.; Zhou, P. Electrochemical aptasensor for tetracycline using
a screen-printed carbon electrode modified with an alginate film containing reduced graphene oxide and
magnetite (Fe3O4) nanoparticles. Microchim. Acta 2016, 183, 723–729. [CrossRef]

92. Wang, Y.; Zhang, Y.; Hou, C.; Liu, M. Ultrasensitive electrochemical sensing of dopamine using reduced
graphene oxide sheets decorated with p-toluenesulfonate-doped polypyrrole/Fe3O4 nanospheres. Microchim.
Acta 2016, 183, 1145–1152. [CrossRef]

93. Wang, Y.; Wang, W.; Li, G.; Liu, Q.; Wei, T.; Li, B.; Jiang, C.; Sun, Y. Electrochemical detection of L-cysteine
using a glassy carbon electrode modified with a two-dimensional composite prepared from platinum and
Fe3O4 nanoparticles on reduced graphene oxide. Microchim. Acta 2016, 183, 3221–3228. [CrossRef]

94. Wang, H.; Zhao, G.; Chen, D.; Wang, Z.; Liu, G. A sensitive acetylcholinesterase biosensor based on screen
printed electrode modified with Fe3O4 nanoparticle and graphene for chlorpyrifos determination. Int. J.
Electrochem. Sci. 2016, 11, 10906–10918. [CrossRef]

95. Soleymani, J.; Hasanzadeh, M.; Shadjou, N.; Jafari, M.K.; Gharamaleki, J.V.; Yadollahi, M.; Jouyban, A. A new
kinetic-mechanistic approach to elucidate electrooxidation of doxorubicin hydrochloride in unprocessed
human fluids using magnetic graphene based nanocomposite modified glassy carbon electrode. Mater. Sci.
Eng. C 2016, 61, 638–650. [CrossRef] [PubMed]

96. Roushani, M.; Hoseini, S.J.; Azadpour, M.; Heidari, V.; Bahrami, M.; Maddahfar, M. Electrocatalytic oxidation
behavior of NADH at Pt/Fe3O4/reduced-graphene oxide nanohybrids modified glassy carbon electrode
and its determination. Mater. Sci. Eng. C 2016, 67, 237–246. [CrossRef] [PubMed]

http://dx.doi.org/10.20964/2017.04.06
http://dx.doi.org/10.1016/j.jelechem.2017.04.042
http://dx.doi.org/10.1016/j.bioelechem.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/27992855
http://dx.doi.org/10.1016/j.snb.2016.12.106
http://dx.doi.org/10.20964/2017.01.41
http://dx.doi.org/10.20964/2017.04.56
http://dx.doi.org/10.1007/s10904-017-0535-7
http://dx.doi.org/10.1109/JSEN.2017.2654492
http://dx.doi.org/10.1007/s00289-016-1698-z
http://dx.doi.org/10.1016/j.snb.2016.08.036
http://dx.doi.org/10.1016/j.microc.2016.12.006
http://dx.doi.org/10.1016/j.snb.2016.07.066
http://dx.doi.org/10.1007/s00604-015-1718-y
http://dx.doi.org/10.1007/s00604-016-1742-6
http://dx.doi.org/10.1007/s00604-016-1974-5
http://dx.doi.org/10.20964/2016.12.90
http://dx.doi.org/10.1016/j.msec.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26838892
http://dx.doi.org/10.1016/j.msec.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27287119


Nanomaterials 2017, 7, 406 31 of 33

97. Rani, G.J.; Babu, K.J.; kumar, G.G.; Rajan, M.A.J. Watsonia meriana flower like Fe3O4/reduced graphene
oxide nanocomposite for the highly sensitive and selective electrochemical sensing of dopamine. J. Alloys
Compd. 2016, 688, 500–512. [CrossRef]

98. Peng, D.; Liang, R.P.; Huang, H.; Qiu, J.D. Electrochemical immunosensor for carcinoembryonic antigen
based on signal amplification strategy of graphene and Fe3O4 Au NPs. J. Electroanal. Chem. 2016, 761,
112–117. [CrossRef]

99. Nejad, F.G.; Beitollahi, H.; Shaker, S. Magnetic core–shell Fe3O4@SiO2/graphene nanocomposite modified
carbon paste electrode for voltammetric determination of ascorbic acid in the presence of L-cysteine.
Anal. Bioanal. Electrochem. 2016, 8, 318–328.

100. He, B.; Du, G. Electrochemical detection of nitrofuranzone and its metabolite using glassy carbon electrode
modified by Fe3O4 functionalized graphene. Int. J. Electrochem. Sci. 2016, 11, 8546–8560. [CrossRef]

101. Han, S.; Du, T.; Lai, L.; Jiang, X.; Cheng, C.; Jiang, H.; Wang, X. Highly sensitive biosensor based on the
synergistic effect of Fe3O4-Co3O4 bimetallic oxides and graphene. RSC Adv. 2016, 6, 82033–82039. [CrossRef]

102. Fei, J.; Dou, W.; Zhao, G. Amperometric immunoassay for the detection of Salmonella pullorum using a
screen—Printed carbon electrode modified with gold nanoparticle-coated reduced graphene oxide and
immunomagnetic beads. Microchim. Acta 2016, 183, 757–764. [CrossRef]

103. Arvand, M.; Abbasnejad, S.; Ghodsi, N. Graphene quantum dots decorated with
Fe3O4nanoparticles/functionalized multiwalled carbon nanotubes as a new sensing platform for
electrochemical determination of l-DOPA in agricultural products. Anal. Methods 2016, 8, 5861–5868.
[CrossRef]

104. Xie, Q.; Chen, X.Y.; Zhang, H.; Liu, M.; Wang, Q.; Zhang, X.; Shen, Y.; Yang, F. Fabrication of a Modified
Electrode Based on Fe3O4-Graphene Oxide Hybrid Composite: Applying to Simultaneous Determination of
Adenine and Guanine in DNA. Electroanalysis 2015, 27, 2201–2208. [CrossRef]

105. Wang, Y.; Zhang, Y.; Hou, C.; Liu, M. Magnetic Fe3O4@MOFs decorated graphene nanocomposites as novel
electrochemical sensor for ultrasensitive detection of dopamine. RSC Adv. 2015, 5, 98260–98268. [CrossRef]

106. Wang, Y.; Ma, H.; Wang, X.; Pang, X.; Wu, D.; Du, B.; Wei, Q. Novel signal amplification strategy for
ultrasensitive sandwich-type electrochemical immunosensor employing Pd-Fe3O4-GS as the matrix and
SiO2 as the label. Biosens. Bioelectron. 2015, 74, 59–65. [CrossRef] [PubMed]

107. Tang, P.; Zhang, H.; Huo, J.; Lin, X. An electrochemical sensor based on iron(ii,iii)@graphene
oxide@molecularly imprinted polymer nanoparticles for interleukin-8 detection in saliva. Anal. Methods
2015, 7, 7784–7791. [CrossRef]

108. Li, X.; Wang, X.; Li, L.; Duan, H.; Luo, C. Electrochemical sensor based on magnetic graphene oxide@gold
nanoparticles-molecular imprinted polymers for determination of dibutyl phthalate. Talanta 2015, 131,
354–360. [CrossRef] [PubMed]

109. Erogul, S.; Bas, S.Z.; Ozmen, M.; Yildiz, S. A new electrochemical sensor based on Fe3O4 functionalized
graphene oxide-gold nanoparticle composite film for simultaneous determination of catechol and
hydroquinone. Electrochim. Acta 2015, 186, 302–313. [CrossRef]

110. Chen, H.C.; Chen, Y.T.; Tsai, R.Y.; Chen, M.C.; Chen, S.L.; Xiao, M.C.; Chen, C.L.; Hua, M.Y. A sensitive and
selective magnetic graphene composite-modified polycrystalline-silicon nanowire field-effect transistor for
bladder cancer diagnosis. Biosens. Bioelectron. 2015, 66, 198–207. [CrossRef] [PubMed]

111. Benvidi, A.; Jahanbani, S.; Akbari, A.; Zare, H.R. Simultaneous determination of hydrazine and
hydroxylamine on a magnetic bar carbon paste electrode modified with reduced graphene oxide/Fe3O4

nanoparticles and a heterogeneous mediator. J. Electroanal. Chem. 2015, 758, 68–77. [CrossRef]
112. Bagheri, H.; Afkhami, A.; Hashemi, P.; Ghanei, M. Simultaneous and sensitive determination of melatonin

and dopamine with Fe3O4 nanoparticle-decorated reduced graphene oxide modified electrode. RSC Adv.
2015, 5, 21659–21669. [CrossRef]

113. Yang, X.; Wu, F.; Chen, D.Z.; Lin, H.W. An electrochemical immunosensor for rapid determination
of clenbuterol by using magnetic nanocomposites to modify screen printed carbon electrode based on
competitive immunoassay mode. Sens. Actuators B Chem. 2014, 192, 529–535. [CrossRef]

114. Wang, Y.; Guo, Z.; Ma, H.; Li, Y.; Cao, W.; Du, B.; Wei, Q. Magnetic electrode-based label-free electrochemical
impedance spectroscopy immunosensor for sensitive detection of human malignant melanoma markers
using gold nanoparticles functionalized magnetic graphene sheets as signal amplifier. RSC Adv. 2014, 4,
59106–59113. [CrossRef]

http://dx.doi.org/10.1016/j.jallcom.2016.07.101
http://dx.doi.org/10.1016/j.jelechem.2015.12.014
http://dx.doi.org/10.20964/2016.10.20
http://dx.doi.org/10.1039/C6RA18242A
http://dx.doi.org/10.1007/s00604-015-1721-3
http://dx.doi.org/10.1039/C6AY00836D
http://dx.doi.org/10.1002/elan.201500186
http://dx.doi.org/10.1039/C5RA20996J
http://dx.doi.org/10.1016/j.bios.2015.06.033
http://www.ncbi.nlm.nih.gov/pubmed/26120810
http://dx.doi.org/10.1039/C5AY01361E
http://dx.doi.org/10.1016/j.talanta.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25281114
http://dx.doi.org/10.1016/j.electacta.2015.10.174
http://dx.doi.org/10.1016/j.bios.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25460902
http://dx.doi.org/10.1016/j.jelechem.2015.10.008
http://dx.doi.org/10.1039/C4RA16802J
http://dx.doi.org/10.1016/j.snb.2013.11.011
http://dx.doi.org/10.1039/C4RA10773J


Nanomaterials 2017, 7, 406 32 of 33

115. Peik-See, T.; Pandikumar, A.; Nay-Ming, H.; Hong-Ngee, L.; Sulaiman, Y. Simultaneous electrochemical
detection of dopamine and ascorbic acid using an iron oxide/reduced graphene oxide modified glassy
carbon electrode. Sensors (Switz.) 2014, 14, 15227–15243. [CrossRef] [PubMed]

116. Lai, T.; Cai, W.; Du, H.; Ye, J. Fe3O4 microspheres and graphene oxide encapsulated with chitosan: A new
platform for sensitive determination of hydroquinone and catechol. Electroanalysis 2014, 26, 216–222.
[CrossRef]

117. He, G.; Yang, X.; Hu, Y.; Hu, Y.; Zhang, F. A sensitive and selective amperometric immunosensor for
chloramphenicol detection based on magnetic nanocomposites modify screen-printed carbon electrode as a
disposable platform. Int. J. Electrochem. Sci. 2014, 9, 6962–6974.

118. Hasanzadeh, M.; Pournaghi-Azar, M.H.; Shadjou, N.; Jouyban, A. A new mechanistic approach to elucidate
furosemide electrooxidation on magnetic nanoparticles loaded on graphene oxide modified glassy carbon
electrode. RSC Adv. 2014, 4, 6580–6590. [CrossRef]

119. Gan, T.; Sun, J.; Ji, L.; Shi, Z.; Liu, Y. Electrocatalytic oxidation and determination of synthetic food dyes at
iron/nickel oxide nanoparticles-graphene based sensor. Sens. Lett. 2014, 12, 75–83. [CrossRef]

120. Wang, Y.; Liu, Q.; Qi, Q.; Ding, J.; Gao, X.; Zhang, Y.; Sun, Y. Electrocatalytic oxidation and detection of
N-acetylcysteine based on magnetite/reduced graphene oxide composite-modified glassy carbon electrode.
Electrochim. Acta 2013, 111, 31–40. [CrossRef]

121. Luo, S.X.; Wu, Y.H.; Gou, H. Electrocatalysis and sensitive determination of Sudan I at Fe3O4/graphene
modified glassy carbon electrodes. Appl. Mech. Mater. 2013, 401–403, 775–778.

122. Han, J.; Zhuo, Y.; Chai, Y.; Yu, Y.; Liao, N.; Yuan, R. Electrochemical immunoassay for thyroxine detection
using cascade catalysis as signal amplified enhancer and multi-functionalized magnetic graphene sphere as
signal tag. Anal. Chim. Acta 2013, 790, 24–30. [CrossRef] [PubMed]

123. Yin, H.; Zhou, Y.; Ma, Q.; Ai, S.; Chen, Q.; Zhu, L. Electrocatalytic oxidation behavior of guanosine at
graphene, chitosan and Fe3O4 nanoparticles modified glassy carbon electrode and its determination. Talanta
2010, 82, 1193–1199. [CrossRef] [PubMed]

124. Yu, L.; Wu, H.; Wu, B.; Wang, Z.; Cao, H.; Fu, C.; Jia, N. Magnetic Fe3O4-Reduced Graphene Oxide
Nanocomposites-Based Electrochemical Biosensing. Nano-Micro Lett. 2014, 6, 258–267. [CrossRef]

125. Naghib, S.M.; Rahmanian, M.; Keivan, M.A.; Asiaei, S.; Vahidi, O. Novel magnetic nanocomposites
comprising reduced graphene oxide/Fe3O4/gelatin utilized in ultrasensitive non- enzymatic biosensing.
Int. J. Electrochem. Sci. 2016, 11, 10256–10269. [CrossRef]

126. Park, S.; Boo, H.; Chung, T.D. Electrochemical non-enzymatic glucose sensors. Anal. Chim. Acta 2006, 556,
46–57. [CrossRef] [PubMed]

127. Wilkins, E.; Atanasov, P. Glucose monitoring: State of the art and future possibilities. Med. Eng. Phys. 1996,
18, 273–288. [CrossRef]

128. Yang, H.W.; Hua, M.Y.; Chen, S.L.; Tsai, R.Y. Reusable sensor based on high magnetization carboxyl-modified
graphene oxide with intrinsic hydrogen peroxide catalytic activity for hydrogen peroxide and glucose
detection. Biosens. Bioelectron. 2013, 41, 172–179. [CrossRef] [PubMed]

129. Liu, Q.; Yan, Y.; Yang, X.; Qian, J.; Cai, J.; Wang, K. Fe3O4-functionalized graphene nanoribbons: Preparation,
characterization and improved electrochemical activity. J. Electroanal. Chem. 2013, 704, 86–89. [CrossRef]

130. Wu, D.; Li, Y.; Zhang, Y.; Wang, P.; Wei, Q.; Du, B. Sensitive electrochemical sensor for simultaneous
determination of dopamine, ascorbic acid and uric acid enhanced by amino-group functionalized
mesoporous Fe3O4@Graphene sheets. Electrochim. Acta 2014, 116, 244–249. [CrossRef]

131. Wang, C.; Li, T.; Liu, Z.; Guo, Y.; Li, C.; Dong, C.; Shuang, S. An ultra-sensitive sensor based on β-cyclodextrin
modified magnetic graphene oxide for detection of tryptophan. J. Electroanal. Chem. 2016, 781, 363–370.
[CrossRef]

132. Omidinia, E.; Shadjou, N.; Hasanzadeh, M. (Fe3O4)-graphene oxide as a novel magnetic nanomaterial for
non-enzymatic determination of phenylalanine. Mater. Sci. Eng. C 2013, 33, 4624–4632. [CrossRef] [PubMed]

133. Hasanzadeh, M.; Karimzadeh, A.; Shadjou, N.; Mokhtarzadeh, A.; Bageri, L.; Sadeghi, S.; Mahboob, S.
Graphene quantum dots decorated with magnetic nanoparticles: Synthesis, electrodeposition,
characterization and application as an electrochemical sensor towards determination of some amino acids at
physiological pH. Mater. Sci. Eng. C 2016, 68, 814–830. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/s140815227
http://www.ncbi.nlm.nih.gov/pubmed/25195850
http://dx.doi.org/10.1002/elan.201300444
http://dx.doi.org/10.1039/c3ra46973e
http://dx.doi.org/10.1166/sl.2014.3215
http://dx.doi.org/10.1016/j.electacta.2013.08.010
http://dx.doi.org/10.1016/j.aca.2013.06.025
http://www.ncbi.nlm.nih.gov/pubmed/23870405
http://dx.doi.org/10.1016/j.talanta.2010.06.030
http://www.ncbi.nlm.nih.gov/pubmed/20801318
http://dx.doi.org/10.1007/BF03353790
http://dx.doi.org/10.20964/2016.12.29
http://dx.doi.org/10.1016/j.aca.2005.05.080
http://www.ncbi.nlm.nih.gov/pubmed/17723330
http://dx.doi.org/10.1016/1350-4533(95)00046-1
http://dx.doi.org/10.1016/j.bios.2012.08.008
http://www.ncbi.nlm.nih.gov/pubmed/22959012
http://dx.doi.org/10.1016/j.jelechem.2013.06.025
http://dx.doi.org/10.1016/j.electacta.2013.11.033
http://dx.doi.org/10.1016/j.jelechem.2016.07.028
http://dx.doi.org/10.1016/j.msec.2013.07.023
http://www.ncbi.nlm.nih.gov/pubmed/24094169
http://dx.doi.org/10.1016/j.msec.2016.07.026
http://www.ncbi.nlm.nih.gov/pubmed/27524084


Nanomaterials 2017, 7, 406 33 of 33

134. Zhang, W.; Wang, L.; Zheng, X. Indicator-free electrochemical genosensing originated from the self-signal
of poly-xanthurenic acid enhanced by Fe3O4/reduced graphene oxide. J. Solid State Electrochem. 2014, 18,
2367–2373. [CrossRef]

135. Jahanbani, S.; Benvidi, A. A novel electrochemical DNA biosensor based on a modified magnetic bar carbon
paste electrode with Fe3O4 NPs-reduced graphene oxide/PANHS nanocomposite. Mater. Sci. Eng. C 2016,
68, 1–8. [CrossRef] [PubMed]

136. Liu, Z.M.; Jing, Y.F.; Wang, Z.L.; Zhan, H.J.; Shen, Q. Highly sensitive electrochemical biosensing of
methyl parathion pesticide based on acetylcholinesterase immobilized onto graphene-Fe3O4 Nanocomposite.
Sens. Lett. 2013, 11, 531–538. [CrossRef]

137. Wang, H.; Li, X.; Mao, K.; Li, Y.; Du, B.; Zhang, Y.; Wei, Q. Electrochemical immunosensor for α-fetoprotein
detection using ferroferric oxide and horseradish peroxidase as signal amplification labels. Anal. Biochem.
2014, 465, 121–126. [CrossRef] [PubMed]

138. Wang, H.; Li, S.; Si, Y.; Sun, Z.; Li, S.; Lin, Y. Recyclable enzyme mimic of cubic Fe3O4 nanoparticles loaded
on graphene oxide-dispersed carbon nanotubes with enhanced peroxidase-like catalysis and electrocatalysis.
J. Mater. Chem. B 2014, 2, 4442–4448. [CrossRef]

139. Wu, D.; Guo, Z.; Liu, Y.; Guo, A.; Lou, W.; Fan, D.; Wei, Q. Sandwich-type electrochemical immunosensor
using dumbbell-like nanoparticles for the determination of gastric cancer biomarker CA72–4. Talanta 2015,
134, 305–309. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10008-014-2487-y
http://dx.doi.org/10.1016/j.msec.2016.05.056
http://www.ncbi.nlm.nih.gov/pubmed/27523989
http://dx.doi.org/10.1166/sl.2013.2762
http://dx.doi.org/10.1016/j.ab.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25168193
http://dx.doi.org/10.1039/C4TB00541D
http://dx.doi.org/10.1016/j.talanta.2014.11.025
http://www.ncbi.nlm.nih.gov/pubmed/25618672
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Iron Oxides Nanostructures 
	Hematite (-Fe2O3) 
	Maghemite (-Fe2O3) 
	Magnetite (Fe3O4) 

	Preparation Methods of IONs 
	Hydrothermal Method 
	Coprecipitation 
	Sol-Gel 
	Microemulsion 

	Graphene 
	Electrochemical Sensors 
	Application 
	Glucose 
	Dopamine, Uric and Ascorbic Acid 
	Amino Acids 
	Deoxyribonucleic Acid 
	Pesticides 
	Miscellaneous 

	Conclusions 

