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Abstract: Magnetic nanoparticles (MNPs) have attracted growing interest as versatile materials
for the development of analytical detection and separation platforms for food safety monitoring.
This review discusses recent advances in the synthesis, functionalization and applications of MNPs
in bioanalysis. A special emphasis is given to the use of MNPs as an immobilization support for
biomolecules and as a target capture and pre-concentration to increase selectivity and sensitivity
of analytical platforms for the monitoring of food contaminants. General principles and examples
of MNP-based platforms for separation, amplification and detection of analytes of interest in food,
including organic and inorganic constituents are discussed.

Keywords: magnetic nanoparticles; surface functionalization; immobilization support; separation
probe; analytical platform; food safety

1. Introduction

Nanotechnology provides a broad range of opportunities for designing nanomaterials with unique
physicochemical characteristics offering new and unique capabilities for designing analytical platforms
for detection, separation and tracking of food constituents. Magnetic nanoparticles (MNPs) with
sizes ranging from 10-100 nm consisting of magnetic elements such as iron, manganese, chromium,
gadolinium, cobalt, nickel, and their alloys have found a broad range of applications in sensors,
diagnostics, biomedical devices and in the food sector [1]. The reduction of material dimensions
form macro to nanoscale changes their optical, electrical and magnetic characteristics. MNPs of
sizes typically below 30 nm exhibit superparamagnetic properties with zero coercivity and hysteresis.
The application of an external magnetic field causes magnetization of MNPs. When MNPs are
functionalized with specific biorecognition molecules, for example, antibodies (Ab), application of
a magnetic field enables facile separation and pre-concentration of target analytes from complex
matrices such as food. Therefore, the MNPs’ location and motion can be controlled by an externally
applied magnetic field and visualized by using magnetic resonance imaging (MRI). The toxicity and
biocompatibility of MNPs is dependent on the nature, particle size, coating and the core material of the
magnetically responsive component (Fe, Mg, Mn, Ni, Co).

The most commonly employed MNPs are iron oxides such as magnetite (Fe30O4) and its oxidized
form, maghemite (y-Fe,O3). These particles have been explored for biomedical and food applications
owing to their biocompatibility, non-immunogenic and non-toxic characteristics and the ability to
prepare them in small particle sizes [2]. Ferrous oxide NPs are the only United States Fodo and Drug
Administration (US FDA) approved MNPs that retain zero magnetism after removal of an external
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magnetic field [1]. MNPs based on other materials, such as cobalt and nickel, despite a high magnetism
have received little interest due to their toxicity and tendency to rapidly oxidize at the surface [3].
The magnetic behavior of individual NPs arise from their narrow, finite-size and surface effects, which
all affect their properties [4]. MNPs can be used in bare form, surface coated or functionalized with
molecular recognition sites for specific binding to enable applications in bio-separation, biosensing,
information storage, catalysis and diagnostic imaging [1]. The physicochemical characteristics of NPs
depend on the size, surface area, effective sedimentation rate and dispersity [1,5].

In the food sector, MNPs can be used as colorants and sources of bioavailable iron. MNPs modified
with immunorecognition reagents have been used to improve detection of food borne pathogens [6].
MNPs are commonly used in magnetic solid-phase extraction for the recovery of analytes in the
preparation of biological, environmental and food samples [7]. The use of MNPs can simplify the
extraction process and increase sensitivity of measurements by providing selective isolation and
enrichment of analytes using an external magnetic field. In this article, we discuss the synthesis,
structure, properties and applications of MNPs in the development of analytical assays and sensors for
food monitoring and highlight the advantages and limitations of MNPs for sample pre-treatment and
pre-concentration in the food sector. Several examples of magneto-switchable devices with controlled
sensing and actuation properties are provided.

2. Synthesis of MNPs

Various forms and sizes of MNPs are available and can be purchased from several companies or
they can be prepared using established procedures [8-10]. Methods to synthesize MNPs (iron oxide,
metal, metal alloys, magnetic composite materials) include biomineralization, physical and chemical
methods [11-13]. Biomineralization involves the use of living organisms to prepare magnetic particles.
MNPs fabricated by biomineralization are prepared as natural magnetosomes (nanosized magnetic
iron oxide crystals coated with protein) involving magnetotactic bacteria. Magnetosomes of 20 to
45 nm have been synthesized in laboratory under simulated environment of bacterial anaerobic habitat.
There is significant research focusing on the development of chemical methods which emulate the
biomineralization process to synthesize MNPs [14-16].

Physical methods for MNPs synthesis can be either “top down” or “bottom up” procedures.
Top down methods employ the size reduction of coarse macroscopic magnetic materials to the
nanometer range by milling. The main limitation of this method is the difficulty to control the
particle size and shape [15]. Bottom up techniques rely on condensation of NPs from their liquid or
gaseous phase. An example if the laser evaporation technique employed for the synthesis of MNPs in
which coarse particles of metal oxides are temperature treated to evaporate the solvent, followed by
condensation and nucleation resulting in synthesis of 20-50 nm particles [15,17,18].

Wet chemical methods for the preparation of MNPs can be distinguished as (a) high-temperature
thermal decomposition and/or reduction, (b) co-precipitation and (c) template synthesis in the interior
of micelles [1]. Other methods are template-directed and can involve micro emulsion, thermal
decomposition, solvo-thermal, solid state, spray pyrolysis, self-assembly, lithography, sono-chemical,
microwave assisted, carbon arc techniques or glycothermal synthesis, among others [19,20]. The most
common chemical method employed for MNPs synthesis involve co-precipitation and nucleation of
particles from ions in solution. During the co-precipitation process, a super saturation stage followed
by a burst nucleation occurs with formation of nuclei which gradually grow in size and cause the
monodisperse particles to diffuse from solution into solute. The co-precipitation principle to achieve
monodisperse particles is represented by the La Mer-Dinegar model [18] of homogeneous precipitation
shown in Figure 1. In general, the co-precipitation method requires low temperatures and metal salts
and the properties of MNPs can be tailored by controlling the reaction pH, temperature, stirring speed
and metal ion concentration.
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Figure 1. Mechanism of La Mer’s nucleation condition. Reprinted with permission from Reference [18]
Copyrights 1950, American Chemical Society.

MNPs synthesis can also be achieved by thermal decomposition of the chemical structure of
organometallic compounds at elevated temperatures by cleavage of chemical bonds. This method is
mostly employed for organometallic compounds (acetyl acetonates) in organic solvents (benzyl ether,
carbonyls and Ethylene diamine) with surface active agent such as oleic acid, oleyl amine, polyvinyl
pyrrolidone (PVP), cetyltrimethyl ammonium bromide (CTAB) and hexadecyl amine. Morphology
and size of MNPs can be controlled by varying the precursor composition (Figure 2) [21]. The thermal
decomposition method is used to synthesize MNPs with good crystallinity, controlled morphology and
size distribution (445 nm) [22,23]. For example thermal decomposition of FeCups (Cup: N-nitroso
phenyl hydroxyl amine) at elevated temperatures of 250 °C-300 °C allowed fabrication of maghemite
nanocrystals with a size range of 3-9 nm. The method can also be used to synthesize MNPs of transition
metals (Co, Ni and Fe) [24]. To obtain the 3D MNPs, hot solutions of metal precursor and surfactant
is mixed with a reducing agent. The morphology of the MNPs shown in Figure 2 was controlled by
controlling the decomposition time. A shorter duration of (2—4 h) resulted in spherical particles while
longer decomposition time (10-12 h) resulted in cubic MNPs [21,24].

Figure 2. Ttransmission electron microscopy (HR TEM) images of monodisperse (a) nanosphere,
(b) nanocubes by thermal decomposition method. Reprinted with permission from reference [21]
Copyrights 2008, American Chemical Society.
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Excellent control of particle size and shape can be achieved by hydrothermal synthesis.
This procedure involves the synthesis of MNPs at high vapor pressure and high boiling point. During
this reaction, phase separation occurs at the solid-liquid interface resulting in monodisperse Fe30O4 and
MFe;O4 nanocrystals [25]. This synthesis method has been used to fabricate a variety of metal, rare
earth, fluorescent, polymeric and magnetic metallic nanocrystals at different reaction conditions [26-28].
High MNPs yield with short reaction times was achieved bv microwave radiation. Wang et al. [6]
reported the synthesis of a highly crystalline cubical spinel MpFe,O4 (M = Co, Mn, Ni) structure by
exposing the precursors to microwave radiation for 10 min. The fabrication of magnetite (Fe304) and
hematite (x-Fe,O3) particle by microwave radiation involved the use of FeCls, polyethylene glycol
and NpH4.H,O precursors. The final condition of Fe;O, was controlled by controlling the quantity of
N,H4.H,O [6]. Another method to prepare MNPs involves a multistep template assisted fabrication
which requires the use of a base template tailed by subsequent deposition of a magnetic material. MNPs
nuclei grow at the hole and defects of the template resulting in MINPs of a morphology tailored to the
template. The physical properties (size, morphology) of MNPs can be controlled by the selection of a base
template of desired properties. This technique allows fabricating MNPs of complex structure (nanotubes,
nanorods, nanocubes, hexagonal and octahedrons) with controlled size and morphology [29].

3. Surface Modification of MNPs

To enhance solubility, stability and biocompatibility and achieve target specificity, MNPs are
generally modified with surface ligands. MNPs which are hydrophobic in nature can be functionalized
by ligand exchange [25,27] or encapsulated within a phospholipid bilayer to make them hydrophilic [6,28].
Other methods involve encapsulation within materials that have affinity for the iron oxide core such as
gold [30,31], SiO; [31,32] or carbon [33] which enhances their surface properties while maintaining the
magnetic functions for applications [19].

Modification of super paramagnetic NPs (Fe;O3, 13.5 nm in diameter) with lactoferrin or
ceruloplasmin protein enabled stabilization of MNPs at room temperature and prevented non-specific
adsorption. To achieve target specificity through the attachment of antibodies commercial tosylated
polystyrene MNPs (Fe,O3) were coated with a gold layer. Other methods involve coating with polymers,
silica [34] or organic layers [17]. MNPs modified by charged layers facilitated adsorption of biomolecules
by electrostatic interactions. Matsunaga et al. [35] devised a technique for electrostatic-based
DNA extraction in which negatively charged DNA is extracted by electrostatic interaction of
positively charged NH,;-MNPs. MNPs coated with a dense amino layer using an aminosilane
reagent, 3-[2-2-aminoethy(amino)-ethylamino-propyetrimethoxysilane] in toluene solution enabled
fabrication of NH,-functionalizaed MNPs. [35]. Polyamidoamine dendrimer remodified [36] and
aminosilane-coated MNPs [37] were also used in adsorption-based DNA extraction techniques. For such
applications, the MNPs surface was chemically modified with carboxyl and amino groups that were
further used to covalently immobilize biomolecules. In addition to surface stabilizers, the coatings
can include fluorescent labels [38] such that the particles can be manipulated through the use of an
external magnetic field and simultaneously visualizing their position through fluorescence methods.
Surface modification can also be achieved through physical means via encapsulation and sorption [39].
Various natural (gelatin, dextran, starch chitosan) and synthetic polymers (PVA, PEG, PMMA, PLA,
PANI etc.) have been used to functionalize the surface of MNPs to prevent the agglomeration and
enhance the selectivity for specific target. [39].

4. Applications of MNPs in Bioanalysis

4.1. Enzyme Immobilization Support

Owing to their biocomptability and magnetic properties, MNPs have various applications in the
food industry as enzyme immbolization support and separator for protein purification. Modification
of the MNPs with bioactive molecules tipically involves surface modification with hydroxyl -OH,
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carboxyl -COOH and amino -NH, functional groups [40]. Most food applications invloves catalytic
enzymes such as, that is, carbohydrase, protease, lipase, lysozymes and oxidoreductase. Free enzymes
are unstable to changes in pH, temperature and ionic solutions and are difficult to recycle if they are
used in solution. Their stability and reuseability can be improved by immobilization [41] on various
supports throug organic and inorganic linkers [42-45]. MNPsprovide a large surface area with a
high enzyme loading capability. Enzyme immobilized on MNPs offers lower diffusion coefficient in
solution [46]. Immobilized enzyme @ MNPs can be collected with ease and at low cost from enzyme
complex mixture with the aid of external magnetic field [47,48].

Enymes immobilization on MNPs can be carried out by physical adsorption and covalent bonding.
Covalent bonding provides strong enzyme adherence to MNPs surface but limits the enzyme activity,
as this immobilization involves strong covalent interaction between the surface of MNPs and the
functional groups of the enzymes [49]. The physical adsorption method is based on simple enzyme
adhesion through weak ionic, H-bonding and van der Waals forces between the surface-modified
MNPs and enzymes. Physically-immobilized enzymes on MNPs are more succeptable to changes
in temperature, pH and ionic strength [49]. Immobilization though (strept)avidin-biotin affinity
bonds can also be used for protein immoblization (Figure 3). The high specificity and binding affinity
(Kq ~ 1071 M) of (strept)avidin and biotin makes this approach appealing for protein immobilization

applications [50].
Target protein (

)
Biotinylation \_ HT)M&H__\“\/\)OLOH
< S

process L
H Biotin

= / ) @ﬂ T

7 (strept)avidin
@ > @ ———» (5)
Iron magnetic Protein
nanoparticles immobilization

Figure 3. The (strept) avidin-biotin method for protein immobilization onto iron magnetic nanoparticles.
Reproduced with permission from Reference [50], MDPI, [2014].

In order to enable protein binding on MNPs, the particles are first functionalized with amino or
carboxyl functional groups. An example is the use of organic (lauric acid C1,H407) and inorganic
(silicone dioxide 5iO;) materials. Covalent cross-linking involves coupling agents (e.g., glutaraldehyde)
which provide the aldehyde group for covalent interaction between MNPs and enzymes. Enzymes
immobilized via covalentbonding are more stable than those immobilized by physical adsorption [51,52].
However, covalent bonding can cause conformational changes and possible alteration of the enzyme
active site reducing the activity of the immobilized enzyme. It was reported that when the concentration
of the coupling agent was <0.4% the effect on the recovered enzyme activity is minimal. However greater
concentrations (>4%) were found to reduce the enzyme activity due to confrmational changes induced
by the interaction with the coupling agent for example, (glutraldehyde) [53,54]. Huang et al. [55]
reported a simple method for the immobilization of lipase enzyme via direct bounding to MNPs by
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), which enhanced its
specific activity. It was reported that the specific activity of immobilized lipase was enhanced up to
1.41 times than the free form [55]. In a similar way, Liu et al. [56] immobilized lipase on lauric acid
stabilized-MNPs by using EDC as a coupling agent; the specific activity of the immobilized lipase was
1.8 times higher than that of the free enzyme. A number of studies concluded that enzymes activity
can be enhanced by immobilization on functionalized MNPs [56].
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4.2. MNPs as Pre-Concentration and Capture Probe

Sample preparation is a critical step in almost all analytical procedures and directly influences
the accuracy of measurements. Inappropriate sample preparation can cause contamination, loss of
analyte, erroneous compositional data and so forth, particularly in environmental, biological or food
samples in which the analytes are present in trace or ultra-trace levels or when samples are complex.
Therefore, isolation or pre-concentration of analyte before analysis is a necessary step for achieving
accurate qualitative and quantitative analysis. Isolation of an analyte from the primary matrix is meant
to reduce the effect of interfering species but the conventional separation methods are high cost, time
consuming and involve laborious procedures.

Separation of analytes from food samples can be achieved by solid phase extraction (SPE) that
provides rapid enrichment of the analyte using an economical and simple procedure. MNPs represent
an alternative approach and can be used to concentrate and then magnetically separate a large amount
of analytes by virtue of their large surface area and magnetic properties [57]. Integration of MNPs
in conventional SPE was the basis for the development of an advanced, automated and time saving
extraction technique [58]. In this combined use, called magnetic-dispersive solid phase extraction
(M-DSPE), the MNPs served as a sorbent in SPE. Contrary to conventional SPE where the sorbent is
always packed into cartridges, the M-DSPE utilize MNPs that are directly placed into the sample which
after extraction are isolated by applying an external magnetic field. Such magnetic isolation of MNPs
after analyte adsorption eliminates post centrifugation or filtration processes. The analyte-sorbent
interaction mainly depends on the surface chemistry of the MNPs and the tailoring of their properties
to selectively interact with the analyte of interest. In general, the interaction between the sorbent and
the analyte are polarity-based, ionic, van der Waals, hydrophobicity based, dipole-dipole, pi-pi and
dipole induced dipole type interactions. Due to irreversibility, chemical bonding is usually avoided in
MSPE. After the extraction step, the analyte is eluted from the surface of the magnetic sorbent by using
a suitable solvent and thus the sorbent is regenerated and can be reused (Figure 4). The quantity of
extract depends on the strength of interaction between sorbent and analyte and the elution strength of
the solvent.

R
+i+ ﬂz::%(z
MNPs ‘ Functionalized

MNPs

Magnetic
Separation

Figure 4. Schematic illustration of magnetic solid phase extraction.

In such applications, the magnetic core of the sorbent is mainly composed of nickel, cobalt, iron
and their oxides. Pure iron oxide, for example, magnetite and maghemite are most commonly used
but MNPs based on these oxides tend to be highly reactive and prone to aggregation. Therefore,
surface modification with stabilizing groups is usually required. The major challenges associated
with the use of MNPs are: the acquisition of high magnetic gradient to control transport properties
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of the MNPs present inside the matrix, poor dispersibility, strong aggregation tendency, inadequate
stability in aqueous/acidic media and low selectivity for a specific target and so forth. Some of these
challenges have been addressed by tuning the MNPs surface with appropriate functional groups in
order to make them stable and selective for the analyte of interest, enabling them to be used as capture
probes. As an example of application in the food sector, a magnetic nanocomposite composed of
iron oxide NPs and polythionine was used as a sorbent in MSPE to capture and enrich the cobalt I
ions [59]. The procedure enabled extraction and concentration of Co ions by 50 folds, with a limit of
detection (LOD) of 0.3 ng L™!. Similarly, a Schiff base/magnetite/silica nanocomposite was used as
magnetic sorbent to pre-concentrate trace metals including Pb, Cu, Cd in biological and environmental
samples [60]. Table 1 summarizes MNPs-based procedures for sample pretreatment.

Apart from being used as sorbent in MSPE, modified MNPs are also being used directly as capture
probes. A nanoprobe based affinity mass spectrometry NBAMS technique was developed by Lin et al.
to capture and analyze small molecule targets. MNPs served dual function, at first as capture probe to
extract and enrich the analyte from a complex matrix and secondly as a solid laser desorption to detect
the analyte from nanoprobe. The technique enabled separation and preconcentration of mefenamic
acid, salicylamide, flufenamic acid, ketoprofen, prednisolone, mannose and sulindac. Chen et al.
designed an immunoassay to capture proteins from a matrix using antibody conjugated iron oxide
NPs. Analyte capturing and detection efficiency of the antibody-modified MNPs were compared with
superparamagnetic microbeads, demonstrating higher performance of MNPs for such applications [61].
Alumina coated iron oxide NPs were also used to capture viruses. Iron oxide NPs modified with
nitrilotriacetic acid (NTA), acting as a chelating agent for transition metals such as Zr(IV), GA(III) and
Ni(Il) and so forth, formation of MNP-NTA-metal ion complexes were efficiently utilized to capture
protein molecules [62].
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Table 1. Application of silica modified magnetic nanoparticles (MNPs) as capture probe for pre-concentration of analytes.

8 of 20

Magnetic Detection Amount of Sample LOD Enrichment AdSOl‘p!:lOIl Precision Recovery
. Analytes . Sorbent Volume _ Capacity o o Ref.
Nanomaterial Technique (ng L-1) Factor ~ (RSD, %) (%)
(mg) (mL) (mg g
Cd 0.024 45.2 6.7
Fe304-Si0;-y- Cu 0.092 56.8 9.6
MPTMS Hg ICP-MS 50 250 0107 500 838 83 94 [63]
Pb 0.056 70.4 3.7
Cr(III) 150 39.9 4.0
. Cu(Il) 220 39.8 3.1 )
Fe304-Si03-SA Ni(IT) FAAS 110 4 270 200 278 29 - [64]
Cd(In 110 17.3 3.3
Fe3 O4-Si02-]/-
MPTMS Te(IV) ICP-MS 50 160 0.079 320 10.1 7.0 88-109 [65]
Pb(I) 140 14
Fe304-SiO;-L Cd(I) FAAS 130 350 190 - - 1.6 97.8-102.9 [60]
Cu(I) 120 1.8
Fe304-SiO2-MIL-101 PAHs HPLC-PDA 0.6+1.0 20 2.8-27.2 101-180 - 3.1-8.7 81.3-105 [66]
Fe304-SiOz-diphenyl ~ PAHs GC-MS 25 0.8 - - - - 88-97 [67]
Fe304-SiO2-AAPTS As(V) ICP-MS 50 150 0.21 3001 13.1 6.8 104.1 [68]
Cd(m) 0.16 45.1 48
Fe304-Si0-IDA Mn(II) ICP-MS 40 100 0.26 200 30.5 4.6 95-106.6 [69]
Pb(II) 0.26 73.1 74
. Cr 43 9 8.6 35
];iz?t’nolft-hsilool-zl-l Cu ICP-OES 100 100 58 95 5.3 4.6 90-104 [70]
Pb 85 87 9.4 37
Cd(II) 4.0 59.3 3.6
U Cr(II) 2.6 27.8 45
Fe304-Si0,-TiO; Mn(Il) ICP-MS 40 50 16 100 154 40 100-109 [71]
Cu(Il) 23 33.2 41
Am‘“atgid(')C°Fezo4' Cd(1n HG-AFS 20 50 3.15 50 5.0 49 98.0-100.4 [72]
2
Fe304-Si03-Zincon Pb GFAAS 20 100 10 200 215 7.8-9.2 84-104 [73]
. BPA 20.0
Fe304-Si0z-3-CD DES HPLC 100 250 23.0 100-390 - <7 80-105 [74]
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Magnetic Detection Amount of Sample LOD Enrichment AdSOl‘p!:lOIl Precision Recovery

. Analytes . Sorbent Volume _ Capacity o o Ref.

Nanomaterial Technique (ng L-1) Factor . (RSD, %) (%)

(mg) (mL) (mg g?
Fe304-SiO> Sudan dyes UFLC 40 4 82-120 500 - 1.93-8.11 87.10-111.4 [75]
. Cu(Il) 140 45 2.3

Fe304-Si02-DAPD Zn(Il) FAAS 10 100 220 125 3 36 97-104 [76]
Fe304-Si02-DPC Hg(II) AAS 100 200 160 100 - 2.2 97.5 [77]
Fe304-HMS DDT GC-MS 10 35 - - - - - [78]

DCP 1,5-diphenylcarbazide, HMS hexagonal mesoporous silica, HPLC-PAD High performanace liquid chromatography-photodiode array detection, ICP-OES Inductively coupled plasma

optical emission spectroscopy, HG-AFS Hydride genreation atomic fluorescence spectroscopy.
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Protein separation and purification is highly demanded in food, biosciences and biomedical
applications. Precipitation, co-precipitation, chromatography, filtration, ultrafiltration, centrifugation
and dialysis are the most commonly used methods for protein bioprocessing. However, these methods
suffer limitations such as time consuming, the need for sample pre-treatment and skilled operators and
so forth, which could be overcome through magnetic separation. MNPs-based magnetic separation
is a powerful technique for such applications requiring protein isolation and purification. Figure 5
presents the different stages involved in the magnetic separation of proteins using MNPs modified
with ligands having high affinity for targeted proteins. Ligand-functionalized MNPs are designed
to specifically recognize and capture the target protein followed by magnetic separation. Separation
using an indirect approach is also possible, in which ligands are first added into the crude sample, to
form make complexes with corresponding proteins. Meanwhile, MNPs functionalized with suitable
functional groups recognize the ligand-protein complex and will be separated by applying an external
magnetic field. Subsequently, separated proteins are eluted from the surface of MNPs after several
rounds of magnetic separation and washing.

Ligand functionalized Sample containing
magnetic NPs Target Protein

¥ O
o*

(o]
{:)Aﬂvv

Target protein
captured on MNPs

l Washing

¥

v
-
Elution

vy
¢ Vvy
v

MNPs Target protein

Figure 5. Schematic illustration of magnetic affinity separation of proteins.

The selection and design of the ligand and its binding to MNPs are the most important steps in
order to obtain a high yield of purified protein. A good ligand must have high physical and chemical
stability, low cost, high specificity for target and high bonding capacity. Several ligands are being
used in magnetic affinity separation of proteins such as enzymes, antibodies, DNA and aptamers [79].
Such ligands offer high specificity but are expensive and some have low stability and bonding capacity.
As an alternative, pseudo affinity ligands [80] and ion exchange groups [81] having well defined
chemical structure have been designed to capture proteins. There are basically three classes of such
ligands—amino acids, metal chelates and triazine dyes [82]. These ligands possess relatively low
specificity but have higher physical and chemical stability, are easy to elute, have low cost and high
bonding capacity. In general, pseudo affinity ligands are preferable over ion exchange groups due to
their higher bonding capacity and greater specificity towards targeted proteins. Triazine dyes such as
Cibacron Blue F3GA and some metal ions have been widely used as pseudo affinity ligands due to
their high selectivity for large number of proteins [83].

Elution methods and buffer conditions used for the separation of proteins from ligand-immobilized
MNPs are equally important to obtain high yields. The basic principle of elution is to change the pH
or salt concentration of buffer that changes the surface charge of protein, which causes weakening of
the interaction between the ligand and the protein. In this way, MNPs are regenerated and ready to



Magnetochemistry 2019, 5, 63 11 of 20

be used for the next cycle of protein purification. Two buffers 0.05 mol/L glycine NaOH (pH 11) and
0.05 mol/L citrate (pH 3) have been reported to desorb IgG protein from modified MNPs with elution
rates 35% and 64%, respectively [84]. The protein recoveries were satisfactory; however, extreme pH
values significantly decreased the bioactivity of protein. Likewise, an increase in salt concentration
reduces the electrostatic interaction between protein and ligands. Therefore, buffers containing higher
salt concentration are good eluting reagents that can completely desorb proteins. Proteins that could
not easily desorb from the surface of ligand-functionalized MNPs due to strong interaction between
ligand and protein require specific elution such as affinity elution to displace the adsorbed proteins.
A summary of different MNP-based protein purification procedures is provided in Table 2.

Table 2. Protein purification using functionalized MNPs.

Binding
Protein Magnetic Carrier Ligand Elution Method Capacity ~ Reference
(mg/g)
Lipase FesO;-PAA —COOH Phosphate buffer 605 [85]
(pH9)
Fe304-gum o . Citrate buffer (pH 3)
Antibody Arabic-Artificial Ar??c%all I;roiel.n }A:/ and Glycine NaOH 16353 [84]
Protein artihicial Frotein buffer (pH 11)
Superoxide o o Potassium phosphate
dismutase Fe304-IDA-Cu IDA-Cu containing NH,Cl n/a (86
Bovine Fe;04-510,-GPS-
haemgélobin ’ ISA—IZrZﬁZ IDA-Zn*2 n/a 207.2 [87]
Lactoferrin szﬁgj(ifﬁ_ Heparin NaCl Solution 164 [88]
His-Tagged 42 42 Sodium phosphate,
Protein Fe304-PMIDA-Ni PMIDA-Ni imidazole and NaCl n/a [80]
. Phosphate buffer
Bromelain Fe;04-PAA -COOH containing NaCl 476 [89]
Magnetic .PHEMA Cibacron Blue Tris/HCI buffer
beads-Cibacron F3CA containing NaCl 342 [90]
Lysozyme Blue-F3GA
Fe304-PEG-CMCTs -COOH PBS + NaCl 256.6 [91]
Fe304-PAA -COOH PBS + NaSCN 224 [92]
Fe304-Si0,-GPS-Tris Tris 108.6 [81]

PAA polyacrylic acid, IDA iminodiacetic acid, PHEMA poly(2-hydroxyethyl methacrylate, PGMA polyglycidyl
methacrylate, PMIDA N-phosphonomethyl iminodiacetic acid, CM-CTS carboxymethyl chitosan, PEG polyethylene
glycol, GPS 3-glycidoxypropyltrimethoxysilane.

5. Food Analysis Using MNPs

Food analysis, and the need to develop analytical methods for the analysis of food samples, has
gained significant attention during the past decades. The presence of chemical contaminants in food
poses a major concern affecting the food safety and security for public health. The main application of
MNPs in food analysis is for sample pre-concentration and analyte extraction, typically for inorganic and
organic contaminants. Other uses have been reported in the development of emerging electroanalytical
methods in which MNPs are used as electrode modifier. In most cases, MNPs are stabilized using
silane chemistries, which can be further functionalized with specific ligands selected to capture their
corresponding analyte. For enhancing specificity and detection capabilities of food contaminants,
magnetic extraction methods are coupled with instrumental techniques such as spectrophotometry
or chromatography, for example, High Performance Liquid Chromatography ( HPLC), Polymerase
chain reaction (PCR), immunoassays, Gas Chromatography (GC)/ Liquid Chromatography- mass
spectrometry (LC-MS) and so forth, Enzyme immunoassays and aptamer-based assays are commonly
used in food analysis to detect different immunogenic (antibody-antigen based) and biochemical
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reactions. MNPs have been integrated with these techniques to increase the efficiency. Contaminants
such as mycotoxins, pesticide residue and food allergens and so forth, have been analyzed by using
MNPs integrated immunoassays. Immunomagnetic separation (IMS) using antibody functionalized
magnetic particles has been used successfully in a number of studies for affinity capture of targets
and subsequent enzyme-linked immunosorbent assay (ELISA) or real-time polymerase chain reaction
(PCR) detection. Speroni et al. reported a magnetic particle-based ELISA assay for detection and
quantification of a peanut allergen. PAMAM-sodium, carboxylate modified magnetic micro-particles
were used as a solid support to immobilize antibodies. Afterwards, these antibody coated magnetic
microparticles were suspended in a sample solution to capture and detect the Ara h3/4 peanut allergen
in food matrices. The limit of detection (LOD) obtained using this method was 0.2 mg/Kg with good
precision and reliability [93]. PCR is generally used for the pathogens detection. The reliability of PCR
depends on the purity and amount of target DNA in the sample. In the presence of various inhibitors
in the food matrix, rapid enrichment of target DNA is mandatory to yield the full strength of PCR [94].
MNPs are the best pre-concentrator in this regard. Yang et al., used submicron sized superparamagnetic
anion exchangers to pre-concentrate bacteria for multiplexed PCR-based detection. By integrating
MNPs in PCR, the LOD was lowered from 10° CFU/mL to 102 CFU/mL using Agrobacterium tumefaciens
and Escherichia coli as model bacteria [95]. Integration of superparamagnetic anion exchangers has also
been studied in freshly produced samples and a slight change in LOD (i.e., 10> CFU/mL) was observed.
Furthermore, integration of MNPs in chromatographic detection techniques such as HPLC, LC-MS
and optical methods have been reported for detection and extraction of contaminants for example,
mycotoxins and veterinary medicines and so forth. Fe;O3 NPs based magnetic molecularly imprinted
polymers (MIPs) were used for the extraction of 3-lactam antibiotics from milk. Subsequently, the
antibiotic was detected by LC-MS with LOD and recovery valued of 1.6-2.8 ng/mL and 71.6-90.7%,
respectively [96].

An area of continuous development is the biosensors field which holds promise for fast and easy
detection of different compounds. MNPs have been integrated in biosensors to increase sensitivity.
Varshney et al., reported a MNPs-antibody based impedimetric biosensor for the detection of E. coli
demonstrating a 35% increase in sensitivity due to incorporation of MNPs. The developed biosensor
was based on interdigitated array microelectrode (IDAM) coupled with magnetic nanoparticle-antibody
conjugates (MNAC). MNACs were prepared by immobilizing biotin-labeled polyclonal goat anti-E.
coli antibodies onto streptavidin-coated magnetic nanoparticles, which were used to separate and
concentrate E. coli O157:H7. The sensor had a LOD of 7.4 x 10* CFU/mL in pure culture and
8.0 X 10° CFU/mL in ground beef samples, requiring a total assay time of 35 min [97]. The same
biosensing design can be applied for the detection of other pathogens by changing the type of
immobilized antibodies [98]. Another MNP based biosensor has been developed for the detection of
an herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). The biosensor is based on immobilized alkaline
phosphatase (ALP)-MNPs and the reaction of ALP with ascorbic acid 2-phosphate (AA2P). Fe304
nanoparticles and ALP were incorporated into a sol gel/chitosan biosensor membrane which led to an
enhancement of the biosensor response. Using the inhibition property of the ALP, the biosensor was
applied to the determination of the 2,4-D. The use of MNPs gives a two fold increase in sensitivity
(LOD 0.3-0.4 pg/L with 95-100% recoveries) but the method suffered from interferences from heavy
metals such as Hg* Cu* Pb* and Ag* and ° forth [99]. Similarly, MNPs have been incorporated in
glucose biosensors for the detection of glucose in food samples. Kaushik et al. developed a Fe,O3
NPs-chitosan composite based glucose biosensor. MNPs were dispersed in chitosan (CH) solution to
fabricate a nanocomposite film on an indium-tin oxide (ITO) glass plate. Glucose oxidase (GOx) was
immobilized onto this CH-MNPs nanocomposite film via physical adsorption. The incorporation of
MNPs increased the stability of the oxidase enzyme and subsequently the shelf life of the biosensor
to up to 8 weeks under refrigeration conditions. This biosensor demonstrated a good linear range
between 0.1-4 mg/mL, a sensing time of 5 s and a LOD of 9.3 x 1072 mA/(mg mL cm?) [100].



Magnetochemistry 2019, 5, 63 13 of 20

5.1. Analysis of Inorganic Species in Food Using MNPs

Metals such as lead, cadmium, mercury, silver and gold and so forth, have been analyzed in food
samples using bare and functionalized MNPs. Functionalization normally increases the efficiency and
selectivity of MNPs for different analytes. Mirabi and coworkers used sodium dodecyl sulfate (SDS) to
functionalize MNPs with diphenylcarbazone enabling extraction of Cd through MDSPE with a LOD of
1 ng L1 [101]. Huang achieved a lower LOD by using y-mercaptopropyl trimethoxysilane (MPTMS)
functionalized MNPs where the -SH group interacted more efficiently with the metal ions [63]. Pirouz
et al. functionalized calcium ferrite NPs with (3-Aminopropyl)triethoxysilane (APTES) and phthalic
anhydride PA, reporting higher selectivity and stability for these modified particles [102]. To improve
performance, ionic liquids (ILs) have been used as an MNPs modifier for enhancing selectivity for
extraction of food contaminants such as metal ions (Cd, Pb, Cu), synthetic dyes and pesticides [103,104]
and so forth. ILs can be used in two different ways to enhance extraction of metal ions: modification of
MNPs with ILs and using the ILs as ferro-fluid carriers.

Mahdinia et al. [105] reported the use of tricaprylmethyl ammoniumchloride thiosalicylate
(Aliquat®336, [A336] [TS]) modified Fe304 MNPs for the isolation of cadmium from fruits (apple,
orange, banana) and water samples by DMSPE with a pre-concentration factor of 50. The thiol groups
present in Aliquat®336 increase the selectivity of the functionalized MNPs for Cd. After optimization of
all the important parameters of DMSPE, a quantification range of 2.5-260 ng mL~! and a LOD of 0.5 ng
mL~! was achieved using atomic absorption spectroscopy as detection method. Soylak et al. developed
a method based on the complexation of Cd?* with pyrrolidine dithiocarbamate used as chelate,
which was then extracted by adding fine droplets of an ionic liquid (1-butyl-3-methylimidazolium
hexafluorophosphate) with subsequent acid elution of Cd?*, quantified using flame atomic absorption
spectroscopy, with a LOD of 0.32 ng mL~! and a preconcentration factor of 80. The method was applied
to determine the amount of Cd?* in spinach leaves and other fruits and vegetables [106]. Comparing
these two methods for Cd analysis, the one reported by Soylak and Yilmaz (2015) showed good
sensitivity and reliability based on the LOD and enrichment factors reported by the authors. A similar
methodology was adopted for Cu analysis, in which Cu was complexed with diethyldithiocarbamate,
followed by extraction of the chelate with ILs mixed with MNPs. Cu ions were then eluted from the
surface of MNPs by acid digestion. Several ILs were tested for the extraction of chelates and a maximum
recovery (90%) was found with 1-hexyl-3-methylimidazolium tetrafluoroborate [Hmim][BF,] [107].
Table 3 summarizes representative work for the analysis of metals in food using functionalized MNPs.

Table 3. MNPs-based analysis of metals in food samples.

Magnetic Detection LOD Recovery
Analyte Samples Functionalized Material =~ Technique Eluent (ng mL-1) % Reference
Hg Fish Fe3O4-11P ICP-OES EDTA 0.03 98.4-102.4 [108]
Water, milk, canned
Pb tuna fish, parsley and ~ CaFepO4-5i0,-NH;,.PA FAAS HNO;3 0.78 91.3-100 [102]
canned tomato paste
Ag 0.07 96.2
Cu . . 0.09 99.8
cd Rice, turlla fish and tea Fe304-5i0,.5H I((j:\l/’—AOfg Thiourea 0.06 98.4 [109]
Pb caves i 0.08 95.4
Hg 0.01 97.1
Green tea. Lettuce,
cd ginseng, rice, spice Fe304-SDS-carbazone FAAS HCL 3.71 NR [101]
and carrot
cd 2x107° 97
Cu . . 9x107° 96
Milk powder Fe304-Si0,.SH - 63
Hg P Rt 1CP-MS HCL 11x 104 104 (631
Pb 6x107° 97
Pb X . Fe304-Si0,-3-(4- 0.14 97.8-102.9
Tuna fish, d 34 2
cd O e methoxybenzylidencamino)-  FAAS ~ MeOH-HNO; 019 98.7-101.4 [60]
Cu P 2-Thioxothiazolodin-4-One 0.12 98.6-102.6
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5.2. Analysis of Organic Species in Food Using MNPs

MNPs have also been used as a solid support in the extraction and analysis of organic food
contaminants, including drugs such as sulphonamides (sulfisoxazole, sulfadoxine, sulfamethizole,
sulfamethoxazole and sulfamerazine) in milk and honey samples, f-agonists in meat, different hormones
for example, estrogens (estrone, estradiol and diethylstilbestrol) and cytoquinine. Other applications
include the extraction of various bioactive compounds such as chlorogenic acid, phenolic acid and
gallic acid and so forth. Selective analysis of gallic acid was achieved by Hao et al. who designed a
magnetic molecularly imprinted polymer (MIPs) consisting of magnetic carbon nanotubes (CNTs)
acting as a carrier and branched polyethylineimine as a functional monomer [110]. Extraction and
detection of chlorogenic acid by using MNPs -MIPs was also reported, with a LOD and a linear range
of 0.01 ug mL~! and 0.05-100 ug mL~! respectively. For the preparation of the MIP polymer, PEI was
used as a functional monomer and NH; functionalized MNPs as carriers while chlorogenic acid was
used as template. Application of this methodology was demonstrated for the analysis of chlorogenic
acid in apples, peaches and grape juice [111].

MNPs have also been used to extract synthetic food dyes such as sudan IV, allura red and safranin T.
Si02-MNPs coupled with [Hmim][PFg] as ionic liquid were used for the fluorimetric analysis of safranin
T in tomatoes and tomato sauce. Later, the ionic liquid and safranin T were recovered from the surface
of magnetic NPs using ultrasound and an organic solvent. The optimized method was characterized by
a linear range between 5-300 ng mL~! with a LOD of 0.48 ng mL~! [112]. Piao and Chen reported the
extraction of Sudan dyes from chili powder by using magnetic MIPs. These imprinted polymers were
composed of silica modified Fe;O04 NPs, methacrylic acid as a functional monomer and ethylene glycol
dimethacrylate as cross-linking agent. The LOD reported by using this method was 6.2 ng g~! with a
linear range between 25-5000 ng g~! [113]. Moreover, polystyrene covered MNPs were also tested
for the extraction and analysis of Sudan food dyes from wine and grape juice and vinegar. In other
applications, phathalates and bisphenol-A which are present in packaging of food and beverages were
analyzed using functionalized MNPs. CNT functionalized magnetite NPs were used to extract phthalic
esters from juices, carbonated beverages and mineral water. The excellent adsorption capability of
these magnetic CNTs towards hydrophobic compounds was utilized to capture the organic target.
The LOD and linear range obtained by using these MNPs were 0.013 ng ML~ and 0.2-50 ng mL~!
respectively [114].

6. Conclusions

Magnetic NPs have found a large number of applications in the development of analytical
platforms for food analysis because of their unique physical, magnetic and chemical properties. MNPs
are characterized by a large surface area, rich functionalities and magnetic properties enabling their
easy separation upon the application of an external magnetic field. This review paper summarized
recent efforts dedicated to the synthesis and surface functionalization of MNPs and their application
as capture probes and target amplifiers in a variety of analytical assays for the detection of organic
and inorganic species. It was shown that the surface of MNPs can be modulated with other materials
and linkers to perform a variety of functions. The functionalization of their surface was shown to
enhance and improve the analytical features of the MNPs. Moreover, controlled modification is of
vital importance to retain the original features of the particles, while imparting other characteristics.
This review also summarized applications of MINPs such as support for bimolecular immobilization,
protein purification and capture probes. The integration of MNPs in an analytical platform for food
safety is widely explored to improve the food technology and this area is expected to continue.
However, the potential risk of MNPs to human health and their impact on the environment should
also be considered in future research.
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