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Magnetic particles are an actual tool which has multiple use in many subjects including industrial
processes, chemical separation, analytical chemistry and medicine. The major progress in this field has
been made in the last few years. In this mini review, specific field of electrochemical analyses is
surveyed and description of new methods where magnetic particles play a significant role is elucidated.
Discussion about the current electrochemical protocols written in the current literature and expectation
for the next development of biosensors construction, portable sensor systems and electrochemical
methods where magnetic particles are a vital part necessary for analyte isolation is given here.
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1. INTRODUCTION

Preparation of advanced materials is a highly actual part of the current research and results
from this effort have a broad impact on practical use and industry adapts perspective findings into
praxis. Regarding to micro and nanosized particles, there is a number of standard commercial products
and pre-production types described in the literature which can be entitled perspective for further
technological adaptation. They can serve in distant areas of human life like agriculture,
electrotechnology, material engineering, chemical analyses, clinical diagnostic, therapy including drug
delivery systems etc. Recent works on nanoparticles where they play a role as antimicrobial agents [1],
nutrition delivery agents [2,3], drug delivery systems [4-6], agents in imaging and diagnosis [7-9],
construction and electrotechnical materials [10-13] can be exampled. Nanoparticles in the analytical
chemistry are also an actual issue and many functional analytical systems like biosensors were
proposed in the past [14-17].
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In the field of electroanalysis, wide spectrum of advanced materials including micro and
nanoparticles has been developed as well. There is a number of promising materials discovered in the
recent time and lot of them exert unique electrochemical properties or other promising
physicochemical parameters making the electrochemical assay more competitive to the standard
analytical protocols. In this minireview, electrochemical methods that are based on magnetic particles
are surveyed and their promising parameters are introduced and discussed.

2. PRINCIPLE OF MAGNETIC PARTICLES

In the current literature, the term of magnetic particles is widely used though it does not
precisely indicate mechanism how the particles work. Magnetism is a phenomenon related to ability to
attract or repulse mass through magnetic field created by an electric or permanent magnet. The
magnetic field is a space where magnetism has its impact and it is described by vectors as the magnetic
field is polarized (magnetic polarization — North and South poles). To understand the principle, basic
terms should be explained. Magnetic field strength H in amperes per meters is proportional to the
electric current | going through the mass and it can be defined by formula:

I
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The material surrounding the source of magnetic field influences the real magnetic strength
which is called flux density B expressed in tesla (T) units and proportional to the magnetic field
strength and magnetic permeability p expressed in henry per meter (H/m). The magnetic permeability
is an ability of the matter exposed to a magnetic field to support or weaken the field. The relation
between magnetic strength H and flux density B is expressed in the formula:

B=uxH

The magnetic permeability p can be used for characterization of materials but frequently its
relative value i, considering the permeability of vacuum o is used:
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We can sort materials according the relative magnetic permeability to diamagnetic (ur <1),
paramagnetic (4 >1), and ferromagnetic (- >5). A paramagnetic and ferromagnetic materials actually
support or magnify the external magnetic field while the diamagnetic are an obstacle to it.
Ferrimagnetic materials can be mentioned as the last group. These materials keep their magnetism
even without presence of the external magnetic field and they can be also called permanent magnets.
Considering the definition of materials, the magnetic particles are most typically paramagnets. In some
cases, the nanoparticles can exert superparamagnetic properties which means that the magnetization
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fluctuates due to temperature and it can occur only in nanoparticles and the superparamagnetic
particles can acquire single domain and the magnetization does not variate in the mass of the
nanoparticle.

Magnetic force is calculated in compliance with the Lorentz Force Law that considers the
electric force caused by an electric field E and magnetic force onto a particle with a charge q and
velocity v. When there is a magnetic field only, the E is equal to zero. The Lorentz Force Law is
expressed by equation:

F=qXE+qXvXB
The Lorentz Force Law describes typical particles like charged molecules. Calculation of force

between magnetized surfaces can be done according equation considering flux density, permeability
and surface of area S where the interaction is done:

F_BZXS
-

Magnetic particles produced in limited series for research purposes and the commercially
available ones typically exert paramagnetic properties, but the both ferromagnetic and even
ferrimagnetic nanoparticles exist are frequently prepared in small amounts for research purposes and
became available. The magnetic particles can be manufactured from many materials from which iron
(11,111 oxide can be taken for a gold standard. The properties of iron oxides can be further improved by
adding of other materials. Nanoparticles prepared from iron (I1,111) oxide and titanium (1V) oxide [18],
nanocomposite of iron (I1,111) oxide/titanium (IV) oxide/silver silicate [19], cerium coated iron oxide
and magnetic silica — cerium [20], composite from iron oxide and calcium oxide [21], composite from
cobalt oxide — calcium oxide [21], Cr alloyed Nd> (Fe,Co)14 B permanently magnetic nanoparticles
[22], Nd2FeroB flake shaped permanently magnetic nanoparticles [23], and superparamagnetic
nanoparticles [24] can be introduced as functional examples. The use of magnetic particles can be
focused on various areas. Tomographic technique magnetic particle imaging [25], magnetic separation
of a wide number of compounds and cells [26-28] and analytical flow through and microfluidic
devices [29-32] are common areas of application. In the field of chemistry, the magnetic particles are
well suited for isolation of various compounds as the complex magnetic particle — analyte/another
target molecule can be easily separated by an external magnetic field.

3. SENSORS BASED ON MAGNETIC PARTICLES

The magnetic particles used in electrochemistry can be unmodified or modified on their
surface. The modification by macromolecules or other structures of biological origin are mentioned in
the next chapter. Organic and inorganic modifications of particles surface leading to a composite
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formation can further improve physical and chemical properties of magnetic particles but the
unmodified magnetic particles can also exert promising applicability.

The magnetic particles have some interesting physical and chemical properties that allow to
incorporate them as a vital part of an assay. Apart of the ability to be attracted by a permanent magnet,
they appear to exert some catalysing properties. In the past, pseudoperoxidase activity of iron oxides
and iron containing structures like haemoglobin was described [33]. The same is also valid for
magnetic particles containing the iron oxides. A colorimetric biosensor taking advantage of the
magnetic particles as a pseudoperoxidase was constructed for the determination of glucose [34]. In
another work, magnetic particles with Prussian blue as a modifier were interdigitated into a chitosan
membrane in order to determine hydrogen peroxide in a voltammetry technique on screen printed
electrodes [35]. The concept of magnetic particles performance like a catalyser was discussed in the
aforementioned papers and it was stated that replace enzyme hydrogen peroxidase in an assay and
would be interesting in the next development process where the assays will be introduced into praxis.
Because the production of magnetic particles became cheap and parameters of the particles are
standardized, use in a commercial device or analytical kit would be quite easy. Visualized
pseudoperoxidase reaction of magnetic particles is exampled in figure 1.

Figure 1. An example of pseudoperoxidase reaction by magnetic particles located on the bottom of a
standard 1 ml cuvette. The reaction is manifested by yellow color provided by o-
phenylenediamine dihydrochloride in the presence of hydrogen peroxide (increasing concentration
in the cuvettes from left to right). The picture comes from author’s unpublished experiments.
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Various materials are suitable for the surface inorganic or organic modification of magnetic
particles. In an overview, magnetic nanoparticles with surface covered by polydopamine and silver
were found to be able to reduce carcinogenic Cr (V1) to the less toxic Cr (I11) [36]. The authors were
motivated by an idea to prepare a decontamination tool but the electrochemical adaptation in a
chromium assay is possible in the future. Liu and co-workers prepared a tool for biodiesel production
which was based on iron oxide with modification by bamboo charcoal [37]. The particles can act
catalytically in the fuel production due to the charcoal and be easily separated by an external magnetic
field. In a consensus with the previous example, the application was not focused on electrochemistry
but an electrochemical application can be easily adopted in the future. Analytical application of
magnetic polymer was described in work by Syed et al [38]. They synthesized magnetic -cyclodextrin
with modification by toluene diisocyanate sporopollenin and it was further performed for nonsteroidal
anti-inflammatory drugs like indoprofen, ketoprofen, ibuprofen and fenoprofen isolation from water
samples. Desorption and identification by chromatography followed the isolation. This magnetic
material appears to be promising and would be employed in the next construction of an
electrochemical biosensor.

4. BIOSENSORS AND BIO-ASSAYS BASED ON MAGNETIC PARTICLES

The magnetic particles are readily to be modified on their surface by macromolecules of
biological origin like enzyme, antibody or receptor and the final modified particle can work together
with a sensor. The connection of both gives an analytical biosensor selectively determining analyte.
The principle of magnetic particles use in a specific electrochemical assay: voltammetry on screen
printed electrodes was widely reviewed in the cited paper [39]. When isolation of an analyte from
solution is intended, an antibody would be the first choice how to modify surface of the magnetic
particles. The antibodies can be prepared by several ways and there are typically available polyclonal,
monoclonal and recombinant antibodies on the market. The availability can differ for various analytes.
While the recombinant and monoclonal antibodies are sold relatively pure, the polyclonal antibody is
frequently provided as a serum or plasma from hyperimmunized animals containing other plasma
proteins including other antibodies [40]. The recombinant and monoclonal antibodies contain also
other proteins but there should be only one type of immunoglobulin. The impurities can be further
removed and immunoglobulins from medium purified prior to the biosensor construction. On the other
hand, any purification is a time-consuming process which increases the costs.

Combination of antibodies and magnetic particles was introduced in many papers. Some
interesting studies can be mentioned here. Lee and co-workers synthesized composite containing gold
and magnetic nanoparticle platform improved with graphene [41]. They further interdigitated
antibodies specific to norovirus and deposited them onto electrode. In a final step, norovirus mimetics,
a norovirus resembling particle, was measured by voltammetry where change in current response to
applied potential was measured and the particles in a concentration range 0.01 pg — 1 ng/ml with
calculated limit of detection 1.16 pg/ml were determined. In another study, magnetic particles were
cowered with monoclonal antibodies specific to microcystin-LR and just the microcystin was



Int. J. Electrochem. Sci., Vol. 13, 2018 12005

determined [42]. The modified magnetic particle reacted with either microcystin-LR or in a
competition with horseradish peroxidase labelled standard microcystin. The peroxidase reaction
mediated by 3,3",5,5 -tetramethylbenzidine was measured by colorimetry and further by voltammetry.
While the colorimetry provided limit of detection 3.9 ug/l, the electrochemistry exerted significantly
better limit of detection equal to 0.4 pg/l. In another study, an immunosensor for carcinoembryonic
antigen was developed by Tang and co-workers [43]. They immobilized a complex composed from
nanogold — protein A — antibody on surface of a carbon fibre microelectrode. The immobilized
antibody captured carcinoembryonic antigen from a sample when it was presented there. The
interaction was electrochemically visualized by magnetic gold nanospheres labelled with an antibody
against carcinoembryonic antigen and horseradish peroxidase. Just intensity of peroxidase reaction was
measured as a factor proportional to analyte concentration and the analyte was determined from the
concentration 0.01 ng/ml. Similar concept was accepted in the work by Tang and co-workers where
carbohydrate antigen 125 was measured by its capturing on silica nanoparticles containing horseradish
peroxidase and antibodies against the carbohydrate [44]. The assay had sandwich format and the other
used particles were the magnetic one cowered with an antibody. The whole complex was isolated by
an external magnet and activity of peroxidase in the complex was measured amperometrically in the
presence of hydrogen peroxide. Limit of detection 0.1 U/ml for carbohydrate antigen 125 was reached.
In a work by Cadkova and co-authors, magnetic beads electrochemical biosensor was described as an
analytical tool for ovalbumin assay [45]. The authors chosen similar concept as described in the
previous paper: the magnetic particle was covered by antibody specific to ovalbumin and the medium
contained second antibody against the ovalbumin labelled with horseradish peroxidase. The complex
was isolated using an external magnetic field and activity of peroxidase was measured
electrochemically on screen- printed platinum electrodes. The immunosensor was suitable for
quantification of ovalbumin in a range 11 to 222 nmol/l with limit of detection 5 nmol/l. Quite
interesting application of an immunosensor was developed for the measuring of protein fetuin in
saliva [46]. In this assay, magnetic multiwalled carbon nanotubes were conjugated with an fetuin
specific antibody and horseradish peroxidase. The presented fetuin was captured on the modified
nanotubes and the whole complex was interdigitated in the presence of fetuin on screen printed carbon
electrodes modified by complex of biotin-streptavidin-antibody. The determination of fetuin was done
by measuring of current arising from reduction of benzoquinone upon application of hydrogen
peroxide. The authors reported calibration range from 20 pg/ml to 2 ng/ml with limit of detection 16
pg/ml. The magnetic immunosensors are not of course connected with electrochemical sensors only
and there are also adaptations based on other physical methods of measurements like colorimetry [47].
The assays based on magnetic particles modified with antibodies and using principle of
electrochemical measurement can be considered as a replacement of standard immunochemical
methods like Enzyme-Linked- Immunosorbent Assay. The cited works represent a way how to provide
miniaturized, fast and simple immunochemical protocols which will be superior to the standard
immunochemistry.
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Table 1. Survey of bio-assays based on magnetic particles

Analyte Principle Limit of | Reference
detection

Norovirus Electrodes covered with composite from | 1.16 pg/ml [41]

particles magnetic nanoparticles, gold, graphene and an

antibody interact with the particles, change in
current response to applied potential was
measured

Microcystin-LR Competitive voltammetry assay: magnetic | 0.4 pg/l [42]
nanoparticles covered with antibody against
microcystin reacted with either analyte or
peroxidase labelled standard

Carcinoembryonic | Voltammetry based on peroxidase reaction, | 0.01 ng/ml [43]
antigen analyte was captured between carbon fiber
microelectrodes cowered with an antibody and
magnetic gold nanospheres cowered with
peroxidase and a specific antibody

Carbohydrate Amperometric determination of peroxidase | 0.01 U/ml [44]
antigen 125 activity in a sandwich complex isolated by an
external magnet; in the method, the analyte is
captured between two nanoparticles covered
with antibodies and one of them is magnetic
and the second contains peroxidase

Ovalbumin Ovalbumin was captured in a complex between | 5 nmol/I [45]
magnetic  particles covered with specific
antibody and another antibody labelled with
peroxidase, activity of peroxidase was
determined by electrochemistry

Fetuin Magnetic multiwalled carbon nanotubes were | 16 pg/ml [46]
conjugated with an fetuin specific antibody and
horseradish peroxidase and provided a complex
in presence of fetuin with antibody modified
electrodes

Glucose The composited particles contained magnetic | 0.2 mmol/Il [48]
core covered with gold and glucose oxidase,
Prussian blue served as a modifier, enzymatic
conversion of glucose was electrochemically
recorded

Magnetic particles can serve not only for affinity interaction but they can also act as carriers of
enzymes in various applications [49]. Production and synthesis of piperine [50] or interception of
enzyme naringinase serving in debittering of citrus products [51] can be exampled. In the previous
paragraph, there were described examples of affinity interactions and enzyme activity, if presented,
was a label only. Here, examples were the enzymatic activity convert analyte and is a vital part of the
assay are written down. Phosphatase containing sensor constructed on magnetic particles was
developed as an alternative to the immunosensor for microcystin-LR assay which was mentioned in
the previous text [42]. The phosphatase converted substrate p-nitrophenyl phosphate and the reaction



Int. J. Electrochem. Sci., Vol. 13, 2018 12007

was stopped by microcystin-LR. An enzyme in connection with magnetic particles was chosen by Jung
et al. for the measurement of glycemia, a glucose level in blood [48]. The authors selected gold
covered magnetic particles with comprehended glucose oxidase on their surface and used also Prussian
blue as a modifier. In the electrochemical assay, they were able to record signal of glucose in a range
wide from at least 0.2 mmol/l to 10 mmol/l. Comparing to the immunosensor, the electrochemical bio-
assays containing an enzyme interdigitated on magnetic particle are not such frequent and this area
deserves and more experiments on this issue and further development of platform outcoming from it.

5. CONCLUSION

Magnetic particles appear as a promising tool in the electrochemistry. Considering the methods
cited in this paper, they are readily for practical application where an antibody or enzyme is
immobilized on their surface. Such electrochemical assays were proved and can be taken for a reliable
platform. Economic impact of such methods can be expected in the near future. Physical properties of
magnetic particles with regards to their pseudocatalytical abilities and affinity to various compounds
are not fully utilized in the electrochemical analyses and primary research in this field is expected in
the next years.
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