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Résumé

L’objectif de ce travail de recherche est de remplacer les procédés longs et fastidieux
comme la filtration et la centrifugation qui sont généralement utilisées dans le diagnostic
biomédical in-vitro par I'utilisation de particules de latex magnétique. Ces particules
magnétiques apreés fonctionnalisation sont également utilisées non s eulement comme
support de biomolécules, mais aussi pour améliorer le signale 1ors d’utilisation en
biocapteurs.

Les particules de latex magnétiques et submicroniques en taille sont préparées en utilisant
une ¢émulsion huile (ferrofluide organique) dans I’eau. La réalisation d’une étude
systémique en fonction de la composition chimique (ratio styréne/ divenylbenzene, nature
chimique d’amorceur) a conduit aux conditions d’obtention de particules a coeur
magnétique et écorce polymere (morphologie core-shell). La fonctionnalisation de ces
particules a été réalisée en utilisant soit un amorceur de polymérisation fonctionnel 4, 4'-
azobis acide cyanopentanoique (ACPA) oua [I’utilisation d’un monomeére fonctionnel
comme I’acide méthacrylique. Ces particules de latex magnétiques sont utilisées par la
suite comme support de biomolécules chimiquement greffées.

Ces particules de latex magnétiques sont utilisées comme support de biomolécules apres
greffage sur un substrat aminé pour la détection de I’Ochratoxine A qui existe dans les

produits alimentaire séchés. La détection a été mise en évidence en utilisant des anticorps
anti-Ochratoxine A fluorescents. Les particules magnétiques sensibilisées par 1’anticorps
(Ab155) spécifique al ’antigéne (SA2BSA) sont également utilisées pour augmenter la
sensibilité du biocapteur spécifique a 1’antigéne préalablement greffé a la surface d’un
substrat en Or.



II.

IL1.

1L.2.

IL.3.

11.4.

I11.

1.1

I11.2

I11.3

111.4

Iv.

VI

TABLE OF CONTENTS

General Introduction

Bibliography

Ferrofluids: From Preparation to Biomedical Applications

Soft Hybrid Nanoparticles: from Preparation to Biomedical Application
Characterization methodologies TGA and Magnetization

Magnetic particles: From preparation to lab-on-achip, biosensor microsystems
And microfluidics applications

Experimental Part

Elaboration of submicron hybrid magnetic latex particles

Carboxylic magnetic latex particles and enhacement with Methacrylic acid

Ochratoxin A detection with Carboxylic magnetic latex particles

Magneto-biosensor for Sulfaperidine detection

Discussion and Conclusion

Perspective

Publications

11

30

63

76

99

102

112

124

144

156

160

163



PART I
GENERAL INTRODUCTION



General Introduction and AIM

Nanotechnology is the scientific study of particles of a substance at the scale of one billionth of
a meter (i.e., 10 ° m = 1 nm). In principle, it is the scientific discipline which deals with matter
at the atomic and molecular levels. With the passage of time, nanotechnology has introduced
several diversified fundamental and applied aspects, such as nanobiotechnology,
bionanotechnology, surface-enhanced Raman scattering (SERS), quantum dots and applied
microbiology, in materials science and engineering'. Nanoparticle is a nano-sized entity
which may be crystalline (a nanocrystal), amorphous or non-crystalline array (a cluster, such as
a fullerene)’. It is the integral component in the manufacture of a nanostructure. It is more
infinitesimal than ordinary objects that are governed by Newton’s laws of motion; however,
larger than atoms or simple molecules that follow quantum mechanics. A nanoparticle is any
sort of particle with at least one dimension less than 500 nm. Nanoparticles profoundly affect a
number of areas encompassing pharmaceuticals, advanced materials, environmental detection
and monitoring etc.
In general, nanoparticles can be categorized into two groups as engineered or nonengineered.
Engineered nanoparticles are deliberately designed and manufactured with specific physical
characteristics aimed to cater the requirements of particular applications. Such nanoparticles
can be the end products of themselves, as in the case of pharmaceuticals or quantum dots, or
they can be the substances later incorporated into other separate end products such as carbon
black in rubber products. In any way, the physical characteristics of nanoparticles are of
utmost significance to their performance and the working of any other product into which they
are finally incorporated. In converse, nonengineered nanoparticles are naturally generated
particles, for example, atmospheric nanoparticles created during combustion. Physical
properties also have a significant role in the case of nonengineered nanoparticles as they
determine whether or not ill effects will appear as a consequence of the existence of these
nanoparticles. On the basis of application of interest, nanoparticles may possess several
alternate and commercial names such as particulate matter, aerosols, colloids,
nanocomposites, nanopowders and nanoceramics. On the basis of biomedical applications,
nanoparticles can be grouped as organic and inorganic. Both of these classes include
biodegradable and non-biodegradable nanoparticles. For instance, biodegradable organic
nanoparticles consist of micelles, liposomes, lipid nanoparticles, polymeric nanoparticles etc.
On the other hand, non-biodegradable organic nanoparticles consist of polymeric substances
such as poly (styrene), poly (ethylene), poly (methyl methacrylate), polyamides etc. Likewise,
biodegradable inorganic nanoparticles consist of iron oxide, magnetism, zinc oxide, calcium
phosphate etc. while non-biodegradable inorganic nanoparticles consist of carbon nanotubes,
quantum dots, gold, silver, nickel, aluminum, talc, cerium oxide, copper, manganese, bismuth
and titanium etc. Nanoparticles have performed a substantial role in drug delivery, imaging,
tissue engineering, detoxification and theranostics'~.

Colloidal particles offer very convenient diagnostic solutions, with consistent results through
effective screening approaches for numerous maladies. These encompass cell sorting,

immunoassay, nucleic acid capturing and detection etc’. During the last ten years, several

colloidal particles have been fabricated and extensively investigated for medical purposes’.
For instance, colloidal particles containing different functional groups, such as sulthydryl



group (—SH), amine group (—NH2), carboxylic group (-COOH) etc., and dendrimers have
been developed to covalently bind biomolecules in order to be employed as a solid support for
the specific capture of targets and imaging. This has enabled incorporation of diverse
functionalities as well. Even though various types of particles have been embraced for their
potential aptness in biomedical science, yet the most alluring of them are the hybrid particles
containing both the magnetic attributes and the capability to functionalize with important
functional groups on drug molecules and biomolecules. Such a functional colloidal particle
usually reveals soft hybrid core-shell morphology, which is engineered in such a fashion that
the core is made up of an inorganic substance whereas the peripheral shell consists of a soft
organic material®. Moreover, gold nanoparticles can capture light over a broad spectral range,
from the visible to near-infrared, and can be employed for diagnosis as optically tuneable
carriers because of their shape and size’. Hybrid nanoparticles carry both organic and
inorganic moieties simultaneously. They also exhibit interesting optical, magnetic and
mechanical features® °. Several techniques such as adsorption of polymers on ¢ olloidal
particles'®, adsorption of polymers via layer-by-layer self-assembly'', adsorption of
nanoparticles on colloidal particlesu, chemical grafting of preformed polymersB,
polymerization from and on to colloidal particles'?, click chemistry'*, atomic-transfer radical
polymerization (ATRP)", reversible addition-fragmentation chain-transfer radical (RAFT)
polymerization'®, nitroxide-mediated polymerization (NMP)'” and conventional seed radical
polymerization'® have been established for the fabrication and characterization of soft hybrid
core-shell colloidal particles.

Since the last decade, magnetic nanoparticles (superparamagnetism) have played an
imperative role in in-vitro and in in-vivo biomedical science. Synthetic methodologies, such
as separation of iron salts from aqueous solutions by precipitation, thermal decomposition of
iron precursors in organic or aqueous media and water-in-oil (w/0) microemulsion, have been
engaged for the development of homogenous and monodisperse superparamagnetic iron oxide
nanoparticles (SPION). In particular, magnetic colloidal particles have contributed remarkable
applications in a number of biomedical and therapeutic diagnostic applications. These

particles are employed as solid support for biomolecules such as bacteria, viruses etc. in order

to improve the sensitivity of in-vitro biomedical diagnosis'”.

On the basis of magnetic particles, bionanotechnology has various promising applications. In
the past, magnetic particles have been exploited for their outstanding applications in different
fields such as controlled drug delivery, catalysis, nucleic acid isolation, imaging, bacteria and
viruses detection, sensing and targeted drug delivery, magnetic resonance imaging, cell sorting,
recognition of fluorescent antibody, specific bacteria and viruses separation, determination of
titer of nucleic acid, as a vaccine carrier and in-vitro diagnosis. The utilization of colloidal
particles as a solid support demands several tedious and time consuming isolation techniques
such as filtration and centrifugation which hinder the automation of diagnostic procedures
resulting in prolonged diagnosis. On the other hand, magnetic particles provide advantage by
circumventing these problems. The chief advantage provided by magnetic particles is
associated with quick particle isolation upon applying even low magnetic field”. Thus, the
magnetic particles facilitate the process of automation, thereby, lessening time delays.

Now-a-days, the key emphasis in biomedical diagnosis is to improve the specificity and
sensitivity and to minimize time consumption. One way to achieve this goal is to increase the

3



concentration of captured targets such as antigen, viruses, bacteria and nucleic acid prior to
the detection step. In the previous decades, magnetic latex nanoparticles have been
grabbing enormous attention owing to their superparamgnetic characteristics originating
from their nano-sizes®'. The have contributed several outstanding applications in different
industrial and biomedical diagnostic fields, for instance, rapid separation upon applying
even low magnetic field, purification and detection of biomolecules etc”’. A number of
methodologies have been put forward for the fabrication of magnetic latex particles for
diagnostic purposes. These methods are based on classical polymerization in dispersed
media like emulsion®, suspension23, miniemulsion®*, dispersionzs, combination of different
polymer-based process™ and inverse emulsion’’; however, all these techniques leads to
unwanted limitations such as low magnetic content, heterogenous distribution of magnetic
nanoparticles, low magnetic separation under magnetic field etc’*. The pioneer work
regarding the preparation of magnetic latexes and their use for biomedical diagnostic
purposes was coined by Ugelstad”®. Recently, Montage et al*' has reported a process for
obtaining highly magnetic submicron magnetic latex particles. This process is called seed
emulsion polymerization. Previously, magnetic latex particles have been employed for
capturing of biological samples, for nucleic acid extraction and purification, specific
antigen detection, in monitoring of protein adsorption and desorption”’.

Microfluidic systems are devices that deal with sub-Nano liter volumes of fluids™.
These devices possess reduced dimensions and together with colloids play an important role
in the development of monodispersed colloidal particles in a continuous mode®".
Microfluidic reactors are employed for the formation of nanoparticles. The flow process has
an important role in these devices. This flow can be regulated by the application of force
motion of colloidal micro particles in micro-channel. Regarding biology of human body, the
molecular events play a significant role in biomedical diagnosis®> which can be
accomplished by executing various biological tests in specific laboratories. These tests
involve multi-step and intricate processes, such as sample collection, preparation and
specific identification of biomolecules, requiring both labor and prolong duration.

In recent years, considerable advancement has been made in microfluidic technology. It

possesses numerous promising applications in pharmaceutical industry, life science and

chemical researches. It deals with miniaturization and combination of molecular-level

biological tests into high-performance and ultrafine systems that can integrate miniaturized

laboratory functions (such as separation and analysis of components of a mixture) on a

single microprocessor chip using very minute fluid volumes from nanoliters to picoliters in

an organized fashion. Based onm icroelectromechanical technology, microfluidic

technology integrates and miniaturizes the separating reaction and mixing devices in

general laboratories onto a very tiny chip called Lab-on-a-chip system also known as a

micro-total-analytical system (u TAS) or microfluidics device’. These devices are very

convenient due to  their exclusive properties such as reduction of solvent, reduction of
sample collection, improvement of mass and heat transfer owing to a high surface-to-

volume ratio. These microdevices have certain merits, such as less time consumption,

inexpensiveness and improved reproducibility, essential to routine biological samples®.



Magnetic latex particles are generally used in microfluidics and for environmental content.
Our aim is to investigate how these magnetic latex particles can be used to enhance sensitivity
or how to functionalize surface of biosensor.

In order to target such objective our aim is to prepare submicron magnetic latex particles by
using seed emulsion polymerization having magnetic core and polymer shell (core-shell) to
protect iron oxide inside perfect polymer shell, with specific properties such as
superparamagnetic in nature, high magnetic content, good colloidal stability, good chemical
stability (there is no degradation of particles) and with almost narrow size distribution.
Functionality of these particles was done with carboxylic groups for immunoassay.

This thesis is divided into two main parts. The first parts deals with the state of art or literature
review. This literature survey is necessary to highlight in a comprehensive way. First review
gives different preparation methodologies for ferrofluids and their applications in biomedical
field. Second review gives information regarding development and preparation methods of
soft hybrid particles especially their preparation with convential seed radical polymerization
and applications in biomedical field. Third review explains characterization properties to
measure magnetic content and magnetization for magnetic hybrid particles. Fourth review
provides the readers with encapsulation of magnetic particles, more interestingly their usage
in lab-on-a-chip, microfluidics, microsystems and biosensors.

The second part of thesis deals with experimental studies. Firstly, different polymerization
experiments are performed in order to get desired morphology with submicron magnetic latex
particles. Secondly, functionalization and enhancement of these magnetic latex particles is
done with carboxylic groups. Finally, these particles are used in biosensor to increase
sensitivity and also for specific antibody detection.
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Introduction
In the past, colloidal particles have been utilized to furnish very useful diagnostic solutions

and standardized results through effective screening methods for numerous diseases. Soft
hybrid core-shell morphology bearing particles or hybrid particles are employed for optical
examinations of biological interactions. Their other characteristics which affect these results
considerably encompass super Para magnetism, fluorescence and biodegradability. A lot of
techniques have been devised for the formation and characterization of soft hybrid core-shell
colloidal particles. These include adsorption of polymers on colloidal particles, adsorption of
polymers via layer-by-layer self-assembly, adsorption of nanoparticles on colloidal particles,
chemical grafting of preformed polymers, polymerization from and on to colloidal particles,
click chemistry, atomic-transfer radical polymerization (ATRP), reversible addition-
fragmentation  chain-transfer radical (RAFT) polymerization, nitroxide-mediated
polymerization (NMP) and conventional seed radical. Soft hybrid nanoparticles have been
fabricated to target specific biomedical applications and to accomplish required therapeutic or
diagnostic functions. Since the last decade, a number of colloidal particles have been
fabricated and thoroughly studied for medical purpose. Magnetically responsive hybrid iron
oxide colloidal nanoparticles have super paramagnetic features and are extensively employed
in bio-imaging to deliver high diagnostic accuracy in the detection of atherosclerosis, cancer,
arthritis and various diseases.

On the basis of magnetic particles, bionanotechnology has various promising applications. In
the past, magnetic particles have been exploited for their outstanding applications in different
fields such as controlled drug delivery, catalysis, nucleic acid isolation, imaging, bacteria and
viruses detection, sensing and targeted drug delivery, magnetic resonance imaging, cell sorting,
recognition of fluorescent antibody, specific bacteria and viruses separation, determination of
titer of nucleic acid, as a vaccine carrier and in-vitro diagnosis. The utilization of colloidal
particles as a solid support demands several tedious and time consuming isolation techniques
such as filtration and centrifugation which hinder the automation of diagnostic procedures
resulting in prolonged diagnosis. On the other hand, magnetic particles provide advantage by
circumventing these problems. The chief advantage provided by magnetic particles is
associated with quick particle isolation upon a pplying even low magnetic field. Thus, the
magnetic particles facilitate the process of automation, thereby, lessening time delays.
Now-a-days, the key importance in biomedical diagnosis is to improve the specificity and
sensitivity and to reduce time consumption. One way to reach this goal is to increase the titer
of captured targets such as antigen, viruses, bacteria and nucleic acid prior to the detection
step. In the previous decades, magnetic latex nanoparticles (MNPs) have been grabbing
enormous attention owing to their superparamgnetic characteristics originating from their
nano-sizes. They have contributed several outstanding applications in different industrial and
biomedical diagnostic fields, for instance, rapid separation upon applying even low magnetic
field, purification and detection of biomolecules etc.

In recent years, considerable advancement has been made in microfluidic technology. It deals
with miniaturization and combination of molecular-level biological tests into high-



Performance and ultrafine systems that can integrate miniaturized laboratory functions
(such as separation and analysis of components of a mixture) on a single microprocessor
chip using very minute fluid volumes from nanoliters to picoliters in an organized fashion.
Based on m icroelectromechanical technology, microfluidic technology integrates and
miniaturizes the separating reaction and mixing devices in general laboratories onto a very
tiny chip called Lab-on-a-chip system also known as a micro-total-analytical system
(microTAS) or microfluidics device. These devices are very convenient due to their
exclusive properties such as reduction of solvent, reduction of sample collection,
improvement of mass and heat transfer owing to a high surface-to-volume ratio. These
microdevices have certain merits, such as less time consumption, inexpensiveness and
improved reproducibility, essential to routine biological samples.

A number of methodologies have been put forward for the fabrication of magnetic latex
particles for diagnostic purposes. These methods are based on classical polymerization in
dispersed media like emulsion, suspension, miniemulsion, dispersion, commination of
different polymer-based process and inverse emulsion; however, all these techniques lead
to unwanted limitations such as low magnetic content, heterogenous distribution of
magnetic nanoparticles, low magnetic separation under magnetic field etc. Submicron
magnetic latex particles containing magnetic core and polymeric shell are obtained by
forming a magnetic emulsion which is subsequently used as a seed in the process called
seed emulsion polymerization. For rapid separation and biomedical applications, magnetic
latex n anoparticles with high saturation magnetization are necessary; therefore, high
magnetic content is desired. The magnetic latex particles have narrow size distribution
(homogeneous) and provide high specific area for immobilization of large amount of
biomolecules. These particles furnish surface functionality for covalent grafting of
biomolecules and high iron oxide (super paramagnetic) content for rapid separation under
applied magnetic field. The morphology of these magnetic latex nanoparticles significantly
determines their ultimate utilization. The core-shell structure of the colloidal magnetic
nanoparticles is the most appropriate for biomedical diagnosis. This morphology also
prevents from modification of their biological properties. Surface modification or
attachment of specific functional groups like sulfate, carboxyl, amine and hydroxyl is
required to diversely utilize magnetic particles as carrier of biomolecules (e.g. antibody,
antigen, virus, bacteria, etc.) and then to design a Lab- on-Chip system using the same
magnetic latex particles and consequently exploring the immobilization of antibodies for
diagnostic uses. Magnetic latex particles are employed efficiently as carrier of biomolecules
in microsystem.
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CHAPTERIII.1

Ferrofluids: From Preparation to Biomedical
Applications

1"



Summary

Ferrofluids are stable magnetic dispersions comprised of ferromagnetic nanoparticles with
approximately 10nm size dispersed in aqueous or organic medium. Preparation of these particles
is performed at two levels that is synthesis of magnetic nanoparticles and their subsequent
dispersion in aqueous or organic medium. The stabilization of ferromagnetic particles is done by
two methods; either by using polymer or surfactant or by creating charges on s urface of
nanoparticles. The magnetization properties are related directly to their composition. In general,
metallic particles at nanometric size range have a long range of magnetostatic interaction causing
their agglomeration and sedimentation and hence necessitating their stabilization as described
above. Currently, ferrofluids are available for various applications like magnetic inks, paints, and
also in biomedical applications.

The preparationof ferrofluids involves maghemite and magnetite.Several methods have been
used for their preparation include size reduction, chemical synthesis (co-precipitation, thermal
decomposition and microemulsion methods) electrodecomposition techniques, evaporation of
metal in liquids and carrier liquid exchange. Size reduction and Chemical Synthesis methods are
frequently employed.

Properties of ferrofluids are a crucial area for their ultimate use in applications. Ferrites are iron
oxides having spine type crystal structure. The crystallographic structure of the maghemite is
identical to that of magnetite with the exception of certain deformities associated with oxidation
reduction. Mossbauer spectroscopy is thus for proved to be a method of choice to identify exact
nature of iron oxides.

Morphology, Size and Size Distribution Analysis is done by using atomic force microscopy
(AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Morphology and shape of particles mainly depend upon preparation process.

With regards to electrokinetic properties, being amphoteric in nature,iron oxides possess
negative charge in basic medium while they are positive in acidic medium. Therefore, their state
of dispersion depends on the surface charge density. Several ligands have been studied resulting
in stable ferrofluids at different pH ranges.Apart from mechanism of stabilization at specific pH,
their stability depends largely on the nature of ligand functional groups involved in complexation
reaction.

Colloidal stability is achieved by surfactant or polymer modification of the magnetic
nanoparticles. Magnetic properties also are important determinant for their applications.
Magnetic nanoparticle’s response to applied magnetic field depends on the size of particles
(typically between 10-20nm depending on the material) as well as its state.

Surface Functionalizationis based ont wo main techniques i.e. physical chemistry based
approachand chemistry based process. Physical chemistry based approaches include surface

12



Immobilization and polymers adsorption, while the most widely used chemistry based
approach is silica coating of iron oxide nanoparticles.

Magnetic ferrofluids have been successfully tried in numerous applications including their
use in industry, magnetic inks, sealing, paints for recording tapes and recently in biomedical
applications like magnetic resonance imaging (MRI), bio-separation, diagnostics and as
carrier for cancer chemotherapeutic agents. The magnetic properties of ferrofluids have
been widely exploited in data storage like tapes for audio visual recording, magnetic cards,
data storage devices and informatics. Furthermore, Magnetic particles possessing good
stability have a promising role in catalysis and biocatalysis assisting separation of catalysts,
nuclear wastes and biochemical products. Biocatalytic process often requires the full
recovery of catalyst to gain economic benefits and to avoid waste disposal. Ferrofluids have
been successfully tried to achieve this goal.

Functionalization of ferrofluids with suitable functional group to avoid bio-incompatibility
has opened new avenues in biomedical applications. Their quick response to magnetic field
enables them to act as excellent separation and extraction markers. The interaction between
particles and target molecules (biomolecules, cells, bacteria and viruses) that are sensitive
to environmental conditions like pH, salinity, and temperature can help adsorb and desorb
these molecules. On the same lines, nucleic acids can be separated and extracted using
ferrofluids making them excellent candidates in diagnostics possessing rapidity, sensitivity
and sensibility. Ferrofluids have also been successfully employed as contrast agents for
MRI. This application requires not only biosafety of nanoparticles but also their
functionalization with specific target such as an antibody. Recent studies suggest their
effectiveness in achieving these marks.

Hyperthermia using nanotechnology based nanoparticles has attracted significant attention
recently in cancer therapy. Cancer is treated through magnetic field modulated cell
membrane damage exploiting ferrofluids that emit heat upon exposure to altering external
magnetic field. The produced heat can effectively kill cancer cell and spares the
neighboring normal cells, a feature very much desired in cancer therapy. In cancer therapy,
obtaining high specific loss power (SLP) is a necessity to ensure effectiveness of therapy
and an area for further exploration. Significant work is required to address this hot area of
research. Very recently, magnetic emulsions (a new form of ferrofluids) have been
developed that hold great promise in further biomedical applications.
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1. INTRODUCTION

Magnetization or magnetic susceptibility is a value which
indicates the magnetization degree of a magnetic mate-
rial under the effect of an external magnetic field. The
material response to magnetic field depends on its size

*Author to whom correspondence should be addressed.
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meaning that there is difference between the magnetic
behavior of bulk and nanoparticles under the magnetic
field. Nanoparticles with a radius below 150 A belong
to “single domain particle,” which remains in a state of
uniform magnetization at any magnetic field.! Moreover,
both particle shape and size are greatly considerable fac-
tors when discussing the magnetic properties of particles.?
Consequently, the nanoparticles have also paramagnetism
property which means that they possess magnetic proper-
ties only when they are exposed to an external magnetic
field. Iron oxide nanoparticles are found to have superpara-
magnetic properties, which allow using these nanoparticles
for wide range of applications.

Ferrofluids are stable magnetic dispersions comprised of
ferromagnetic nanoparticles with a diameter of approxi-
mately 10 nanometers dispersed in an aqueous or organic
liquid carrier. Rosensweig has described them for the first
time in 1966.3 The preparation of a magnetic fluid is gen-
erally performed in two main stages, including: (i) the
synthesis of magnetic nanoparticles, and then (ii) the dis-
persion of these particles in a solvent or in a liquid phase
by the aid of a surfactant capable of generating repul-
sive interactions between the particles. The stabilization
of ferromagnetic particles in the continuous phase can be
achieved by using two methods, in the first, the nanopar-
ticles are stabilized by a surfactant or polymer, it is called
ferrofluid nanoparticles bearing surfactant; in the second,

doi:10.1166/jcsb.2014.1080 3
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the stabilization of nanoparticles is provided by creating
charges on the surface of nanoparticles. This type of stabi-
lization is obviously not possible in the aqueous medium,
and the obtained dispersion is called “ionic ferrofluid.”

The originality of the ferrofluids is their behavior when
subjected to a magnetic field. Indeed, the strong interac-
tion between the nanoparticles and the solvent molecules
provides a magnetic behavior for the entire fluid, which
then acts as a “single phase” liquid. This unique property
of the magnetic fluids can be exploited in many potential
applications in various fields.

A magnetic fluid “ferrofluid” belongs to colloidal sus-
pensions family and consists of stable colloidal fine
nanoparticles in a carrier liquid. The magnetization prop-
erties are related to the nanoparticle composition, which
is essentially consisting of iron oxides. As a general
tendency, metallic particles at nanometric size possess
a long-range of magnetostatic attraction leading to their
agglomeration and sedimentation. Therefore, when the
particle size is less than 10 nm, a stabilizing agent is
required to enhance the colloidal stability by reducing the
attractive forces and raising the repulsive forces between
the particles. In this regards, oleic acid is widely used as a
stabilizing agent and many carrier liquids are employed in
order to achieve a stable ferrofluid. Nowadays, ferrofluids
are commercially available to serve the different applica-
tions in several fields such as magnetic inks,*> paints,
and more interestingly in biomedical applications.’

This review highlights the ferrofluids synthesis meth-
ods, emphasizing the two most important methods,
the physical size reduction and chemical coprecipita-
tion, as well as properties and the applications based

J. Colloid Sci. Biotechnol. 3, 3—18, 2014
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on ferrofluids. Industrial applications including magnetic
recording media, magnetic inks and sealing by ferroflu-
ids are described. More interestingly, the newly adapted
in vivo and in vitro biomedical applications such as mag-
netic resonance imaging (MRI), therapeutic application,
biological cells separation and nucleic acid extraction are
reported. Moreover, the new form of ferrofluids, i.e., mag-
netic emulsion is also discussed.

2. PREPARATION METHODS

Magnetite (Fe;O,) and maghemite (y-Fe,O5) are the most
commonly ferrites used for preparation of ferrofluids.
However, according to the magnetic properties desired,
the ferrofluid can also consist of mixed oxides containing,
iron, cobalt, manganese, barium or nickel. Magnetic fluid
or ferrofluid could not be prepared by melting the ferro-
magnetic metals such as iron, cobalt and nickel, because
the ferromagnetic materials lose their strong magnetic
properties when heated above its Curie temperature. More-
over, for all known ferromagnetic materials this tempera-
ture is always below their melting points.® Therefore, to
prepare a good and useful ferrofluid, it is necessary to coat
the synthesized fine ferromagnetic particles with a stabiliz-
ing layer of surfactant, followed by dispersion in a suitable
liquid.

Regarding to preparation of magnetic nanoparticles,
there are several methods (physical and chemical) used to
produce ferromagnetic nanoparticles, e.g., size reduction,
chemical synthesis (coprecipitation, thermal decomposi-
tion and microemulsion methods), electro-decomposition
techniques, evaporation of metal in liquid, and carrier
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liquid exchange.” '° In the next section, size reduction and
chemical synthesis methods are described in details.

2.1. Physical Based Method (Size Reduction)

Size reduction method is a physical based process related
to grinding of the permanent magnets or ferromagnetic
metals for more than 20 days in presence of oleic acid and
organic solvent (heptane).!! The obtained particles have
an average size from 50 to 200 A and such suspension is
considered as an apparently magnetically responsive con-
tinuous liquid. Ostensibly, the ferrofluid is a homogenous
liquid but in reality it is composed of very small magnetic
particles suspended in a carrier solvent. Despite the long
time and hard work needed by this technique it was widely
used to synthesize ferrofluids. Rosensweig and coworkers
used Papell’s grinding method to prepare the ferrofluids
and they extensively studied their physical, thermal and
hydrodynamic properties.'>™'® Kaiser et al.'” published his
work on the preparation and the properties of stable fer-
rofluid prepared by the same technique. In this paper they
cited the most important works described the grinding pro-
cess to prepare ferrofluids. Furthermore, due to the impor-
tance and number of applications based on ferrofluids,
the research and development in ferrofluids are drastically
increased in this field as indicated from the number of
papers and patents published (more than 1,000 patents and
1,900 papers) in the period of 1986-1990.!% The ferroflu-
ids obtained by size reduction method have good colloidal
stability in solvent carriers with fine particle size in the
range of 150 A. However, this technique requires very long
time and consumes high energy. In addition, particle size
and particle size distribution of the obtained magnetic par-
ticles are large as compared with those obtained by using
other methods.

2.2. Chemistry Based Processes

Due to the considerable interest of ferrofluids and their
wide applications, it is necessary to improve their syn-
thesis methods. Thus, the chemical synthesis, including
precipitation from iron salt solution and thermal decom-
position of metal carbonyls, is considered as a good, fast,
simple, cheap and controllable technique for ferrofluids
production. Practically, ferrofluid preparation consists of
two main steps: (i) nanoparticles preparation and (ii) their
dispersion in a carrier liquid.

2.2.1. Coprecipitation Method

Chemical coprecipitation is the most conventional method
used to prepare magnetic nanoparticles (MNPs). This can
be attributed to the high yield of the magnetic ferrofluid
which can be obtained; in addition to that this method
is simple and cost-effective. Moreover, the reaction tem-
perature and time consumed to complete the reaction are
lower than other methods, e.g., thermal decomposition and
hydrothermal techniques.

6

Generally, this procedure begins with a mixture of FeCl,
and FeCl, solution in water and then coprecipitation is
performed by the addition of a base, typically ammonium
or sodium hydroxide. This reaction can be summarized as
follow:

2FeCl, + FeCl, + 8NH,0H — Fe;0, +4H,0 + 8NH,CI

This process involves two stages: (i) a short burst of
nucleation when the concentration of the species reaches
critical supersaturation and (ii) a slow growth of the nuclei
by diffusion of the solutes to the surface of the crys-
tal. In order to produce monodisperse MNPs, the nucle-
ation should be avoided during the period of growth.!” The
coprecipitation is affected by different parameters such as
the type and concentration of salts (e.g., chlorides, sul-
fates or nitrates), temperature, pH and the addition rate
of the alkali solution.'*?* According to thermodynamics
of this reaction, the precipitation of Fe;O, should be per-
formed at pH between 8 and 14 with a stoichiometric
ratio (Fe*™:Fe?*) of 2:1 under inert atmosphere at room
temperature or at elevated temperature. Usually, ferromag-
netic particles produced by this technique have an aver-
age size larger than 20 nm and they are composed of
mixture of y-Fe,O; and Fe;0, depending on the reaction
conditions.”

Preparation of magnetic fluids by coprecipitation of fer-
ric and ferrous salts in aqueous solution was first reported
by Reimers et al.>* The reactants ratio (FeCl,:FeCl,) was
fixed at 2:1 and NH,OH was used to precipitate the iron
oxide nanoparticles. After the co-precipitation, the iron
oxide nanoparticles were subjected to surfactant stabiliza-
tion for improving their colloidal stability in the dispersion
medium by using fatty acid derivatives to stabilize iron
oxide nanoparticles either in organic or aqueous medium.
Oleic acid (OA) is the most commonly dispersant agent
used as water insoluble adsorption layer, thus OA-coated
nanoparticles can be easily and highly dispersed in organic
solvent.” At alkaline pH, the carboxyl groups at the chain
end of oleic acid will be ionized enhancing its binding onto
the nanoparticle surface, while the aliphatic chain forms
the hydrophobic layer that helps the nanoparticles to dis-
perse in non-polar solvent. Scheme 1 presents the main
chemical reactions used to prepare ferrofluids.

To use the ferrofluid in hydrophilic media, one needs
to coat the ferromagnetic nanoparticles by ionic layer.
Massart et al.**? prepared aqueous ferrofluids without
surfactants in acidic medium (nitric acid) to have ionic iron
oxide nanoparticles. Furthermore, it was found that the
size of precipitated particles can be controlled by adding
the citrate ions or sodium dodecyl sulfate to the reaction
medium.?® 3" These ions, at a specific ratio, can control
the particle size by inhibiting the growth process so rais-
ing the number of nucleation. It was also reported that
the addition of chelating organic anion stabilizer and/or
reducing agents (carboxyl or hydroxyl carboxylate ions,
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Scheme 1. Chemistry based ferrofluid preparation methods.*!

e.g., citric, gluconic or oleic acid or polymer surface com-
plexing agents (e.g., dextran, carboxydextran, poly(vinyl
alcohol) or starch) during the formation of magnetite can
help to control the size of nanoparticles.!”?* The chela-
tion of organic ions on the magnetic particles surface
either prevents nucleation and then leads to larger particles
or inhibits the growth of crystal nuclei, leading to small
nanoparticles.

However, the particles prepared by this technique tend to
be polydisperse. The control of particle size distribution is
quite limited because only kinetic factors affect the crystal
growth.

In the case of ionic ferrofluids, the iron oxide nanoparti-
cles are negatively or positively charged depending on the
pH of the medium. The overall neutrality of the colloidal
solution is provided by the counter-ion of the base used
in the coprecipitation reaction. According to the polariz-
ing counter-ion power, the dispersion of nanoparticles of
iron oxide in water is more or less effective. For example,
the synthesis of iron oxide in ammonia medium results in
aggregated nanoparticles due to the high polarizing power
of NH** cation which reduces interaction between water
molecules and the particles. Then, it is necessary to sub-
stitute the ammonium cation in order to induce charges
on the particles surface. The use of tetramethylammonium
hydroxide (N(CH;),OH) or perchloric acid (HCIO,) pro-
vides stable anionic or cationic ferrofluid, respectively as
shown in Scheme 2.

Ionic ferrofluids can also consist of mixed oxides.
Indeed, depending on the final properties desired for the
ferrofluid, the magnetic nanoparticles might contain man-
ganese (MnFe,0;), cobalt (CoFe,0,), or more complex
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alloys (Ni,Zn Fe O,, with x +y+z = 3). In this case, the
preparation method remains similar, but the preparation of
mixed oxides requires performing the coprecipitation reac-
tion at higher temperatures.

2.2.2. Thermal Decomposition Method

To obtain MNPs with narrow size distribution, thermal
decomposition is needed. Generally, thermal decom-
position of organometallic compounds followed by
oxidation in high-boiling temperature organic solvents
containing stabilizing surfactants can lead to highly
monodisperse MNPs. The process usually requires
relatively higher temperatures and a complicated
operation.?®* The organometallic compounds include
Fe(cup); (cup = N-nitrosophenylhydroxylamine),**
Fe(acac); (acac;acetylacetonate),”® or Fe(CO)s (iron
pentacarbonyl).’® For instance, monodisperse 7y-Fe,O,
nanocrystallites with size of 4-16 nm were prepared
by thermal decomposition of Fe(CO); in the presence
of oleic acid at 100 °C by controlling the experimen-
tal parameters.’® The resulting iron nanoparticles were
transferred to monodispersed 7y-Fe,O; nanocrystallites
by controlling oxidation using trimethylamine oxide as a
mild oxidant. Although ferrofluid MNPs with controlled
size and shape are obtained by thermal decomposition
method, the resulting nanoparticles are generally dissolved
only in nonpolar solvents, which is the drawback of this
method.

3. PROPERTIES

For the vast majority of ferrofluids, whether aqueous or
organic, the magnetic properties are provided by ferrite
nanoparticles. More rarely, magnetic fluids composed of
metal nanoparticles are also found. This latter case will
not be discussed in this review.
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3.1. Chemical Structure Analysis (X-Ray, Mossbauer)
Ferrites are metal oxides, which have a crystal structure
of spinel type and whose main component is iron. Fer-
rites MFe,O, kind (where M is a divalent cation) belongs
to the family of ferromagnetic compounds. In the spinel
structure, the O>~ ions form a face-centered cubic lattice.
The divalent cations (M>*) and Fe®* are located in the
octahedral or tetrahedral cavities formed by the network
of O’ ions. It is the particular arrangement of ions that
give the material its magnetic properties. The spinel type
crystal structure is shown in Scheme 3. Half of the octa-
hedral sites are occupied by Fe** cations (site B) and the
eighth of the tetrahedral sites by M>* cations (site A).

Magnetite (Fe;O,) is a mixed oxide of iron II and iron
III, which has an inverse spinel structure. In this type of
structure, a quarter of the octahedral sites are occupied by
Fe’* cations, another quarter is occupied by Fe?* cations,
and the eighth of the tetrahedral sites is occupied by Fe**
cations. Maghemite (y-Fe,0;) is formed by oxidation of
magnetite according to the following reaction:

1
2Fe;0, + 502 — 37y-Fe, 0,

The crystallographic structure of the maghemite is iden-
tical to that of magnetite, with the exception of certain
deficiencies caused by the iron oxidation reaction.

The crystallographic structure of iron oxide nanoparti-
cles in its powder state was generally examined by X-ray
diffraction technique. The typical spectrum of magnetite
(Fe;0,) and maghemite (y-Fe,0;) is shown in Figure I.
This spectrum shows six major diffraction peaks relatively
well defined, suggesting the formation of highly crystalline
iron oxide.’”-3 The characteristic diffraction peaks of mag-
netite (Fe;0,) and maghemite (y-Fe,0O;) are also shown
in the experimental spectrum.

To facilitate comparison with the more probable crys-
tallographic structures of iron oxide, the experimental
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Scheme 3. Crystallographic structure of iron oxide Fe,0,.!
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Fig. 1. X-ray diffraction pattern of synthesized nanoparticles confirms
the existence of magnetite (Fe;O,) and maghemite y-Fe,O;. Reproduced
with permission from [38], N. Tran, et al., Int. J. Nanomedicine 5, 277
(2010). © 2010, Dove Medical Press Ltd.

of crystal planes {hkl} are calculated from the Bragg’s
equation:
nA =2dsin6

where n is an integer, A is the wavelength of incident radi-
ation (CuKa = 1.5418 A), d is the spacing between the
planes in the atomic lattice, and 6 is the angle between
the incident ray and the scattering planes. The determined
experimental distances (d,,,) are then compared with the
values reported in the ASTM (American Society for Test-
ing and Materials) for pure magnetite and maghemite, as
represented in Table 1.3}

As clearly seen in Figure 1, the diffraction spectra of
magnetite and maghemite are very close, since these two
oxides have a crystallographic structure of inverse spinel.
Furthermore, when the sample is composed of a heavy
element such as iron, a portion of the incident radiation
may be absorbed, which causes a shift of all the peaks
of the spectrum. To confirm X-ray results, iron oxide was
generally analyzed using Mossbauer spectroscopy. This
technique allows measuring the hyperfine magnetic fields
around iron cores. These fields are due to the electronic
environment of the iron and thus to determine precisely
the degree of oxidation. Indeed, in the maghemite, iron is

Table I. Comparison between the experimental distances (d.,,) of iron
oxide nanoparticles derived from XRD with the standard data of mag-
netite and maghemite in the ASTM (American Society for Testing and
Materials).

Plane {hki} dy, (A) d (Fe,0,) (A) d (y-Fe,0,) (A)
(220) 2.955 2.967 2.953
(311) 2.522 2.532 2518
(400) 2.091 2.099 2.089
(422) 1.706 1.714 1.704
(511) 1.608 1.616 1.607
(440) 1.478 1.484 1.476
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Fig. 2. Mossbauer spectrum of iron oxide nanoparticles: Experimen-
tal (O) and calculated (line) at 7 = 4.2 K. Reproduced with permis-
sion from [37], F. Montagne, et al., J. Magn. Magn. Mater. 250, 302
(2002). © 2002, Elsevier.

present in the oxidation state (3) while it is in the oxida-
tion state (8/3) in the magnetite. Therefore, this technique
proves to be a method of choice to identify the exact nature
of the iron oxide.

A typical Mossbauer spectrograph for iron oxide is pre-
sented in Figure 2. Mdssbauer parameters are generally
obtained using two methods of calculation; the first to
determine the hyperfine parameters (6, I" and H) sites of
iron. The values of isomer shifts § are then used in a sec-
ond calculation method (method of Hesse and Riibartsch)
to determine the distribution of iron between the different
sites in the crystallographic structure. The general Moss-
bauer experimental parameters are 6 (the isomer shift), I'
(the width at half-height), H (the magnetic hyperfine field),
and S1 and S2 (the two octahedral sites of the inverse
spinel structure). The deep analysis of these parameters
leads to confirm the exact crystallographic structure of the
analyzed magnetic material.’’

3.2. Morphology, Size and Size Distribution Analysis
The morphology analysis of particles is generally inves-
tigated using various techniques such as atomic force
microscopy (AFM), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). In the case
of iron oxide nanoparticles, the morphology and shape of
the particles mainly depend on the preparation process. For
instance, the coprecipitation process can be performed in
batch continuous phase or in inverse microemulsion. In the
case of inverse microemulsion, the morphology was found
to be affected by the presence of polymer in the inter-
nal phase, whereas, in the case of classical coprecipitation
process, the morphology of the obtained particles is not
really spherical as illustrated by TEM image (Fig. 3).%’
By considering the particles spherical, the polydispersity
index (Ip = Dw/Dn) can be calculated from the number
average diameter (Dn) and the weight average diame-
ter (Dw). Generally, it was found to be > 1, revealing
the polydispersity of the particles prepared by coprecipi-
tation process.*® As a general tendency, the hydrodynamic

J. Colloid Sci. Biotechnol. 3, 3—18, 2014

Fig. 3. Transmission electron microscopy image of iron oxide nanopar-
ticles prepared via classical coprecipitation process. Reproduced with per-
mission from [37], F. Montagne, et al., J. Magn. Magn. Mater. 250, 302
(2002). © 2002, Elsevier.

particle size is around 20 nm with large size distribution,
as below illustrated in Figure 4.

3.3. Electrokinetic Properties

In the case of ionic ferrofluids prepared by Massart, the
repulsive electrostatic interactions are derived from the
nature and surface charges originating from oxygen atoms
of the metal oxide. Iron oxides have an amphoteric behav-
ior, they are negatively charged in basic medium (anionic
ferrofluid) and positively charged (cationic ferrofluid) in
the acidic medium (Fig. 5). Consequently, the state of dis-
persion depends on the charge density on the surface of
the particles.

In a pH range between 6 and 10, the charge density is
near to or equal to zero (at approximately pH 7.5), or at
least not sufficient to ensure the stability of the ferrofluid
particles leading to their flocculation. As an indication,
approximately 2% of iron sites are protonated at pH 2.7;
it is the iron present on the surface of nanoparticles. The
zone of instability can be moved to low pH by changing
the nature of the surface charges. Indeed, by replacing the
hydroxyl groups with a ligand such as citric acid (HOOC-
C(OH)-(CH,-COOH),), the ferrofluid obtained is stable at
pH > 4. Therefore, the pH range in which the ferrofluid
become stable is a key element for any applications.

Several ligands have been studied (Table II) leading to
stable ferrofluids at different pH ranges.>! These ligands
are adsorbed on iron oxide nanoparticles in their protonated
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Fig. 4. Size distribution of iron oxide nanoparticles prepared via copre-
cipitation process. Reproduced with permission from [39], S. Ghoshal,
et al., Nanoscale Res. Lett. 6, 540 (2011). © 2002, Springer.
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Fig. 5. Surface charge density of iron oxide nanoparticles as a function
of pH of the dispersion medium. Adapted with permission from [40],
J.-C. Bacri, et al., J. Magn. Magn. Mater. 85, 27 (1990). © 1990, Elsevier.

form (OH*") leading to complexation reaction. The stabil-
ity of the magnetic nanoparticles mainly depends on the
nature of ligand functional groups (carboxylic, hydroxyl or
thiol) involved in the complexation reaction, in addition to
the mechanism of stabilization at a specific pH.

3.4. Colloidal Stability

Colloidal stability is an essential parameter to be taken into
account for future applications of magnetic nanoparticles.
For ferrofluids, the magnetic nanoparticles do not remain
naturally dispersed but they tend to settle because of their
high density (about 5 g/cm®) which is much higher than
that of conventional solvents. Moreover, if the particles
have sufficiently small size (about 10 nm), then Brown-
ian motion maintains the homogeneity of the ferrofluid.
Of course, the only thermal agitation is not sufficient to
ensure the colloidal stability of the dispersion. In fact,
it is also necessary to prevent the formation of aggregates,
which enhance the settling phenomena and may cause irre-
versible stabilization of the dispersion. For the surfactant

Table II. Different types of ligands used to stabilize the ferrofluids in
aqueous medium.

Ligand Formula Stability area

Tartaric acid OH O pH >4

HO (anionic ferrofluid)
OH
O OH

Gluconic acid OH O pH <4
Ho\i/?\/[k (cationic ferrofluid)

Y Y OH pH> 7.5
&H OH (anionic ferrofluid)

pH>3

Dimercaptosuccinic H
acid H%C\'y,i,; (anionic ferrofluid)
; OH

§H

Arginine NH [o} pH <38
A /\/\'/“\0 (cationic ferrofluid)
HN™ N H
H NH pH> 11
(anionic ferrofluid)
10

free ferrofluid dispersion, two types of attractive forces
induce the formation of aggregates; the first is Van der
Waals forces, which act at a short distance and are more
important for particles with large size. The second is the
attractive magnetic dipole—dipole interactions, which arise
from the alignment of magnetic moments of the particles
when a magnetic field is applied. In order to compensate
the attractive forces and to avoid irreversible aggregation
phenomena, it is necessary to introduce repulsive interac-
tions between the particles. These repulsive (electrostatic
or steric) interactions can be achieved by surfactant or
polymer modification of the magnetic nanoparticles, as
above discussed.

In the case of surfactant containing ferrofluids, the sur-
factant is adsorbed on the surface of the nanoparticles in
the form of a single protective monolayer for organic fer-
rofluid dispersions and under double layer in the case of
aqueous ferrofluid. In the latter case, the repulsive forces
are electrosteric in nature. The electrostatic part arising
from the polar heads of the surfactant, forming the sec-
ond layer, is oriented towards the aqueous phase and also
contributes to the stabilization of the dispersion.

3.5. Magnetic Properties

In the most of the great interest applications, the parti-
cles perform best when the size of the nanoparticles is
below a critical value, which is typically around 10-20 nm
depending on the material. Moreover, the MNPs response
to an applied magnetic field depends on its state. The
characteristics of MNPs are usually displayed as shown
in Figure 6. The magnetization (M) of superparamagnetic
material (curve 2) depends on the external or applied mag-
netic field (H), in addition to its remnant magnetization
(M.,) (the residual magnetization after removing the mag-
netic field) and coercive force (the external field required
to reduce the magnetization back to zero) (H,) which are

M

Fig. 6. Magnetization curves of (1) ferromagnetic and (2) superparam-
agnetic materials. M, is saturation magnetization, H, is coercive force, H
is the applied magnetic field, M is induced magnetization, and M, is rem-
nant magnetization. Reproduced with permission from [41], U. Jeong,
et al., Adv. Mater. 19, 33 (2007). © 2007, John Wiley and Sons.
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negligible. The magnetization curve of this type of mate-
rial lacks of the hysteresis loop. In addition, the mag-
netic moment of the particle in its superparamagnetic state
reverses at time shorter than the experimental time scales.
On contrary, the magnetic dipoles inside the ferromagnetic
material always exist in absence and presence of an exter-
nal field and produce a hysteresis loop (curve 1).*!

Generally, the saturation magnetization (M) values
found in nanostructured materials are usually smaller than
the corresponding bulk phase, when assume that no change
in ionic configuration occurs. Accordingly, experimental
M value of ferromagnetic nanoparticles has been reported
to span the 30-50 emu - g~! range, lower than that of the
bulk (90 emu-g~!).3 In addition, an important parame-
ter to describe superparamagnetic colloids is the block-
ing temperature, a transition point at which the thermal
energy is comparable to the energy of magnetic anisotropy
or the energy barrier for spin re-orientation. Below block-
ing temperature, the anisotropy of the particle blocks the
free movement of the moment. Above the blocking tem-
perature, the moment is free to align in an applied mag-
netic field and appears superparamagnetic. Figure 7 shows
the behavior of ferrofluid in presence and absence of
a magnetic field.?! Hyeon et al.*? reported the blocking
temperature of the monodisperse 7y-Fe,O; nanocrystal-
lites obtained by the thermal decomposition method which
was 25, 185 and 290 K for particle diameter of 4, 13
and 16 nm, respectively. Mehdaoui et al.** synthesized
cubic shape of Fe(0) ferromagnetic nanoparticles of par-
ticle diameters 16 and 11 nm. The M, of bulk iron and
iron nanoparticles were 200410 and 178 &9 emu-g~' at
300 K, respectively. At 300 K, the H, of the Fe(0) nanopar-
ticles having particle diameter of 16 and 11 nm were 16
and 5 mT, respectively.

One interesting phenomenon is the generation of ther-
mal energy when the magnetic nanoparticles (ferrofluid)
is exposed to a fast switching (alternating) magnetic
field.*** The frictions caused by the physical rotation
of nanoparticles, Brownian relaxation, and magnetization
reversal within nanoparticle (Neel relaxation) lead to the
loss of magnetic energy and generation of thermal energy.
The power released by the nanoparticles is assessed by
their specific adsorption rate (SAR). The increase in SARs

(@) ®)

Fig. 7. Behavior of the ferrofluid in absence (a) and presence (b) of a
magnetic field.”!

J. Colloid Sci. Biotechnol. 3, 3—18, 2014

above 1 W-g~! could be beneficial for several aspects
of the hyperthermia applications.*® The SAR measured on
16 and 11 nm nanocubes was 1, 6904 160 and 1, 320+
140 W-g~! at 300 kHz and 66 mT, respectively. Although
very large SARs on ferromagnetic nanoparticles were
obtained, the efficiency of magnetic nanocubes for hyper-
thermia applications was limited due to the presence of
magnetic interactions.

4. SURFACE FUNCTIONALIZATION

Generally, the functionalization of magnetic nanoparticle’s
surfaces is based on two main approaches: (i) physical
chemistry based approach and (ii) chemistry based pro-
cess. These two processes are below described and illus-
trated and only the most used approaches are described.

4.1. Physical Chemistry Based Processes

Physical chemistry based approach is basically related to
surface modification of nanoparticles via adsorption pro-
cess such as surfactant immobilization, polyelectrolytes
adsorption or even small molecules immobilization. Then
in this part, two processes will be presented; surfactant
immobilization and polyelectrolyte’s adsorption.

4.1.1. Surfactant Immobilization

Oleic acid is the most commonly used surfactant for sur-
face modification of iron oxide nanoparticles. The car-
boxylic groups of this surfactant are chemically complexed
with iron oxide surface leading to the formation of non
aqueous (hydrophobic) dispersible particles. That is why
oleic acid has been widely used to prepare organic fer-
rofluid. However, the excess use of oleic acid leads to the
formation of a double surfactant layer on the surface of
iron oxide nanoparticles and then gives rise to water dis-
persible particles as below illustrated in Scheme 4.

4.1.2. Polymers Adsorption

Polymer adsorption onto solid surface has been largely
examined and various adsorption mechanisms have been
reported as a function of polymer properties, surface nature
and adsorption medium. The most investigated system
is based on attractive electrostatic interaction. Regarding

>

\ ~
Ay
Olelc acid \ Oleic acid (excess ff/ §
| } 1IN
(

Iron oxide nanoparticle One layer of surfactant

(organic ferrofluid)

Double layer of surfactant
(aqueous ferrofluid)

Scheme 4. Schematic illustration for surface modification of iron oxide
nanoparticles via oleic acid layers adsorption.

11

M3IAN3H



REVIEW

Ferrofluids: From Preparation to Biomedical Applications

Bitar et al.

D Biotin-maleimide \K\N
@ Dyes/drugs N~y
@ Porphyrins

@™ Protein/antibody
@ Alkyl/aryl 2 2 %%
CODNA/SIRNA %’%

@ Biotin 5 T—Q%

a = trialkoxy silane-polymer/PEG/PEI

b = w-bromo/iodo acetic ester, then hydrolysis
¢ = 3-aminopropyl tri(m)ethoxysilane

d = chloro/bromoalky! tri(m)ethoxysilane

e = 3-mercaptopropyl tri(m)ethoxysilane

f = bromo-/chloro- acetyl bromide/chloride

g = porphyrin-functionalized tri(m)ethoxysilane

h = alkyl bromide/iodide+base
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j = SOCl,, then protein/biotin/antibody/DNA
k = acid halide/isocyanate/anhydride

| = Biotin/DIC

m = carboxylic acid+DIC/base

n = protein/peptide/DNA/siRNA+EDC/DIC

m o = acid halide/isocyanate/anhydride

p = biotin succinimide/maleimidosuccinimide,
and then protein/DNA/antibody/siRNA
succinimide-dye conjugates/drugs

q = biotin+base

r = sodium azide followed by click reactions

s = thiols of hydrocarbons/Cgy/gold/QD, etc.

t = thiolated DNA/siRNA/protein/polymer

u = maleimide-biotin/dye/protein, etc.

v = liquid ammonia

w = tetrabutyl ammoniumfloride
+hexamethyldisilathiane

Scheme 5. Most commonly used methods for functionalization and bioconjugation onto silica-coated magnetic nanoparticles. Reproduced with per-
mission from [47], V. Biju, Chem. Soc. Rev. 43, 744 (2014). © 2014, Royal Society of Chemistry.

the surface modification of iron oxide nanoparticles, the
adsorption of polyelectrolytes on oppositely charged iron
oxide nanoparticles has been investigated as reported by
Mouaziz et al.*® In this work, the adsorption of amine con-
taining dextran polymer on negatively charged iron oxide
has been investigated. It has been reported that the adsorp-
tion process leads incontestably to aggregated particles and
at the same time to positively charged modified nanopar-
ticles. The reported aggregation has been attributed to
bridging flocculation of the used polyelectrolyte. Such phe-
nomena can be reduced when the adsorption is performed
in highly diluted dispersion medium. The final cationic
particles derived from this work have been used for non-
specific nucleic acids adsorption.

4.2. Chemistry Based Approaches

The surface modification of iron oxide nanoparticles using
supported chemistry has been investigated using various
approaches. The most widely reported method is based on
silica coating of iron oxide nanoparticles. The use of sol
gel approach leads to well-defined magnetic core and silica
shell. These silica particles can be easily removed by apply-
ing simple magnetic sorting. The obtained magnetic silica
particles are then easy to be functionalized by inducing
amine, carboxylic or any classical chemical group by using
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well appropriate functional tetracthyl orthosilicate (TEOS)
derivative,*” as illustrated in Scheme 5.

5. APPLICATIONS

Ferrofluids and their synthesis techniques were the focus
of attention of scientists soon after the first synthe-
sis in 1960s. Few years later, in 1980s, all published
papers and patents talked about the ferrofluids synthesis
and properties, !+ 14-16:17.24.26.27.48-50 The real applications
of ferrofluids started in 1980s including magnetic inks,*
paints for recording taps,’' sealing,’?> and more recently in
biomedical applications*’ such as in bioseparation, mag-
netic resonance imaging (MRI),>*3* and as therapeutic
agents for cancer treatment.** %36

5.1. Industrial Applications

The combination of liquid and magnetic properties
expands the potential applications of ferrofluids in several
different areas. Indeed, the work developed over the last
twenty years leads nowadays to elaborate a wide range of
magnetic fluids (aqueous, organic in various solvents and
various chemical structures). The magnetic properties of
ferrofluids were widely applied in data saving field, tapes
for audio and video recording, magnetic cards, computer
storage and informatics.’!*%” Primarily, magnetic pigments
were produced using iron oxide’*® and then magnetic

J. Colloid Sci. Biotechnol. 3, 3—18, 2014
23



Bitar et al.

Ferrofluids: From Preparation to Biomedical Applications

inks® and paints were prepared from these pigments. The
strong point in using magnetic inks is that the magnetic
characters can be recognized digitally and magnetic ink
character recognition (MICR) technology is adapted to
read this type of characters.! Consequently, using this
technique provides a high secure environment of work
especially for banking and magnetic cards uses. Moreover,
it saves time and effort to transfer information into digi-
tal form. Recording media are mainly based on magnetic
films techniques,®> which are produced from magnetic
fluids to record and playback the information. Further-
more, the informatics developments nowadays need high
capacity of storage and speed of data transfer, thus devel-
oping the magnetic recording media is drastically raised
last years.®36

Sealing and bearing by using ferrofluids was invented
by Furumura et al.> It was depended on the filling of
engraved grooves on the surface of cylindrical magnet
by ferrofluid, which was retained in the gap between
the magnet and rotary shaft. Then, the use of ferroflu-
ids was commonly and extensively studied.®®”! Recently,
this technique is widely applied in industrial pumps, vac-
uum systems, computer hard disk drives’' and as valves
in microfluidics devices,” in which an organic ferrofluid
was used to generate up to 5 kPa in a device composed of
a pump and two valves as shown in Figure 8.

5.2. Biocatalysis

Magnetic nanoparticles with good stability have promising
future in catalysis and biocatalytic applications. Such mag-
netic nanoparticles can be very useful to assist an effective
separation of catalysts, nuclear wastes, and biochemical
products.” In pharmaceutical and chemical industries, bio-
catalytic processes often require a full recycling of biocat-
alysts to optimize economic benefits and minimize waste
disposal. Immobilization of biocatalysts onto particulate
carriers has been widely explored as an option to meet
these requirements. More interestingly, the immobilization

airintake
Va|Ve Va'Ve LA pressure
|~ sensor
) @

=

piston l )

Fig. 8. Pumping system used ferrofluid and permanent magnets as a
pump and valves. Adapted with permission from [72], H. Hartshorne,
et al., Sensors Actuators B Chem. 99, 592 (2004). © 2004, Elsevier.
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Fig. 9. Catalytic activity of penicillin G acylase (PGA) immobilized
on magnetic cellulose porous microspheres. Reproduced with permis-
sion from [76], X. Luo and L. Zhang, Biomacromolecules 11, 2896
(2010). © 2010, American Chemical Society.

of these active species on solid magnetic support make the
recovery of catalysts in a liquid-phase reaction by an exter-
nal magnet much easier than by cross-flow filtration and
centrifugation, especially when the catalysts are in the sub-
micrometer size range. Consequently, such small and mag-
netically separable catalysts could combine the advantages
of high dispersion and reactivity with easy separation.”* 7

In pharmaceutical industries, for instance, Penicillin
G acylase (PGA) is a major industrial biocatalyst used
in the enzymatic production of 6-aminopenicillanic acid
(6-APA), which is world widely used for production of
antibiotics. Luo and Zhang have reported the immobiliza-
tion of penicillin G acylase (PGA) in the magnetic cel-
lulose porous microspheres for production of 6-APA.”
The immobilized PGA exhibited highly effective catalytic
activity (Fig. 9), thermal stability, and enhanced tolerance
to pH variations. Furthermore, the cellulose microspheres
loaded with this enzyme could be removed and recov-
ered easily by introducing a magnetic field, leading to an
acceptable reusability.

Recently, magnetite nanoparticles, prepared through
coprecipitation method, were coated with alkyl silanes
of different alkyl chain lengths to modulate their surface
hydrophobicity. Candida rugosa lipase was then directly
immobilized onto the modified nanoparticles through
hydrophobic interaction. Enzyme activity was assessed by
catalytic hydrolysis of p-nitrophenyl acetate. The activity
of immobilized lipase was found to increase with increas-
ing chain length of the alkyl silane. After 7 recycles,
the activity of the lipase immobilized on C18 modified
nanoparticles retained 65%, indicating significant enhance-
ment of lipase stability through hydrophobic interaction.
In addition, the alkyl silane modified magnetite nanoparti-
cles exhibited high efficiency for enzyme immobilization
enabling efficient enzyme recovery and recycling.”’

Furthermore, Karaoglu et al. have prepared piperidine-
4-carboxylic acid (PPCA) functionalized Fe;O, nanopar-
ticles as a novel organic—inorganic hybrid heterogeneous
catalyst.”® The catalytic activity of Fe;O,~PPCA was
probed through one-pot synthesis of nitro alkenes through
Knoevenagel reaction in CH,Cl, at room temperature
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Fig. 10. Schematic representation for (A) Preparation of Fe,O,~PPCA
nanoparticles, (B) Nitro-aldol condensation reaction using Fe;O,—-PPCA
nanoparticles as magnetically separable catalyst. Reproduced with per-
mission from [78], E. Karaoglu, et al. Mater. Res. Bull. 47, 2480
(2012). © 2012, Elsevier.

(Fig. 10). The heterogeneous catalyst showed very high
conversion rates (97%) and could be magnetically recov-
ered easily and reused many times without significant loss
of its catalytic activity.

5.3. Biomedical Applications

Nanotechnology is drastically developed in the last decade
and it is widely applied in biomedical fields, especially
for diagnosis and hyperthermia. On the other hand, the
techniques of molecular biology are well known and
developed. Thus the association between the nanotechnol-
ogy and molecular biology created high preferment nano-
structures that show characteristics improvement such as
rapidity, specificity and sensibility.

Ferrofluids, at their industrial form, are not tolerant to
be in contact with biological systems due to the cyto-
toxicity of magnetic fluids.” Therefore, coating of the
magnetic nanoparticle surfaces with biocompatible poly-
mers or biomolecules, e.g., dextran®*®? or albumin %
were applied to expand their use borders in the biomedical
domain.

5.3.1. In Vitro

Ferrofluids are characterized by their speed response to
the magnetic field and this property satisfies the exigency
of separation and extraction makers. Biomolecules extrac-
tion and separation, which based on the classical methods
such as DNA and RNA extraction by phenol-chloroform,
was too difficult, and consumed long time. In addition,
the use of high quantities of organic solvents is against
the environmental concerns. Nowadays, magnetic fluids
with numerous types of micro- and nanostructures act as
magnetic responsive solid supports to create biomolecules
extraction and separation tools.’® MNPs were also used as
solid support for enzymes®” and antibodies®® in immunoas-
say. As a general method for these applications, MNPs
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were coated with molecules that can interact with bimolec-
ular targets, like antibodies or anti-bacteria to catch the
bacteria. Then, MNPs were separated by an external mag-
netic field with captured targets, which can be separated
from MNPs by changing the pH or ionic strength of the
dispersion medium. Furthermore, MNPs can be coated by
fluorophores that can emit fluorescence in case of contact
with the target molecules.

5.3.1.1. Cell and Bacteria Separations. This technique
used submicron magnetic structures that can adsorb and
desorb the biomolecules, cells, bacteria and viruses.®* The
key of this technique is the interaction between particles
and target molecules, which is sensitive to the environ-
mental conditions such as pH, salinity and temperature.
Superparamagnetic particles are prepared and then biotiny-
lated for specific cells sorting.® Likewise, Sestier et al.”
prepared MNPs coupled with enzymes or antibodies and
measured the particles electrophoretic mobility by laser-
Doppler velocimetry, as a technique to follow the charge
surface modifications. Bacteria can be also captured and
magnetically separated by using functionalized MNPs.%!
FePt nanoparticles attached with the vancomycin (Van),
a spectrum antibiotic, can bind to the terminal peptide
D-Ala-D-Ala on the cell wall of gram-positive bacterium
via hydrogen bonds. Figure 11 illustrates the bacteria sep-
aration using Van-coated MNPs.

More recently, Joo et al.®? reported a sensitive method to
separate and quantify the pathogenic bacteria (salmonella).
They used antibody-conjugated magnetic nanoparticles
(MNPs) and antibody-immobilized TiO, nanocrystals. The
first MNPs for capturing and magnetically separating the
bacteria and TiO, nanocrystals to quantify the bacteria
number by UV spectrophotometry (Fig. 12). The detection
limit of salmonella in milk was found to be more than
100 cfu ml~!.

5.3.1.2. Nucleic Acid Extraction and Separation.
Extraction of nucleic acids (DNA and RNA) based
on MNPs realized for the first time by Uhlen.”* The

Fig. 11. Capture and separation of gram-positive bacteria by using Van-
coated MNPs. Reproduced with permission from [91], H. Gu, et al., J.
Am. Chem. Soc. 125, 15702 (2003). © 2003, American Chemical Society.
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Fig. 12. Schematic illustration for separation and detection of the
pathogenic bacteria using magnetic nanoparticles and optical nanoprobes.
Reproduced with permission from [92], J. Joo, et al., Analyst 137, 3609
(2012). © 2012, Royal Society of Chemistry.

particles need a surface treatment step before nucleic acid
extraction.”* Since the interaction between the particles
and nucleic acids is typically electrostatic, thus the parti-
cle surface should has an opposite charge to the DNA and
RNA molecules. Since silica nanoparticles can reversibly
adsorb/desorb DNA,” silica-coated MNPs are created and
applied for extraction and separation of nucleic acids.”®'%3
In addition, another treatment for magnetic particles to be
suitable for nucleic acids separation is based on the poly-
merization; the magnetic fluids were coated by a polymer
shell, magnetic latex,'™'%® and used to extract DNA and
RNA.!1%-112 Moreover, magnetic latex based on ferrofluids
was used also for in vitro proteins separation.'!® 4

5.3.2. In Vivo Applications

5.3.2.1. In Vivo Diagnostic. To apply the magnetic
nanoparticles for in vivo diagnosis, such as MRI con-
trast agents,!'>!'!® a special attention for the synthesis to
reduce the nanoparticles toxicity to the lowest level is

Fig. 13. 7, enhancement of contrast in kidneys and spleen of Sprague
dawley rats (a) MR image before and (b) after 1 hour and 15 min of injec-
tion of magnetic iron oxide emulsion. Reproduced with permission from
[122], N. Ahmed, et al., J. Biomed. Nanotechnol. 9, 1579 (2013). © 2013,
American Scientific Publishers.
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Tumour
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| l

Fig. 14. Hyperthermia of tumor cells using magnetic iron oxide
nanoparticles under the effect of an alternating external magnetic field.
Reproduced with permission from [123], A. Andrade, et al., Biomed-
ical Engineering-Frontiers and Challenges, edited by R. Fazel, InTech
(2011). © 2011, InTech.

needed. In addition, surface functionalization of the MRI
contrast agents with a specific target such as an antibody
is required.?> 1212 Weissleder et al.''” reported the trans-
gene expression in vivo by MRI in which MNPs were
synthesized and coated with dextran and transferrin. The
engineered transferrin receptor (ETR) was used to study
gene focusing on its over expression accompanied with
more uptakes of nanoparticles by cells.

In a recent study, o/w magnetic emulsion of colloidal
particle size 250 nm stabilized by poly(ethylene oxide)
surfactant was highly diluted and administered intra-
venously to the Sprague dawley rats to be tested as con-
trast agent for in vivo MRI. In this preliminary study,
MRI images showed significant enhancement in con-
trast, especially for 7, (relaxation time) contrast enhance-
ment, indicating the distribution of magnetic colloidal
nanoparticles within organs, like liver, spleen and kid-
neys of the Sprague dawley rats (Fig. 13). In addition,
it was found that 500 uL of the highly diluted magnetic
emulsion (0.05 wt.%) was found to be adequate for MR
imaging.'??

5.3.2.2. In Vivo Therapeutic. Cancer treatment by mag-
netic fluid (hyperthermia) is one of the innovative appli-
cations of the ferrofluid in medicine. The cancer cell
treatment by ferrofluid is achieved through magnetic field
modulated cell membrane damage. Upon exposure to an
alternating external magnetic field, the magnetic nanoparti-
cles continuously emit heat.**>> The produced heat is suf-
ficient to kill tumor cells, which are highly sensitive to the
increase in temperature, as compared with its surrounding
normal cells (Fig. 14).'%

The therapeutic effect mainly depends on two mecha-
nisms; the compromised integrity of the cell membrane
and promoted apoptosis. These mechanisms are in con-
trast with the more common magneto-thermal effect,
which requires a high-frequency oscillating magnetic field
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(52 kA-m™") to achieve high magnetic saturation. For
practical therapeutic applications with minimized side
effects, it is critically important to obtain optimum heat-
ing efficiency to reach the desired hyperthermia temper-
ature at 41-46 °C during a few hours. In this regard, it
was reported that the use of (Zn,,Mn,,)-Fe,0, nanopar-
ticles with high specific loss power (SLP) in cancer cell
treatment led to the death of 84.4% of HeLa cells after
the application of the AC magnetic field for 10 min. As
compared with the conventional treating agent Feridex
(dextran-coated MNPs), 13.5% of those cells were died.*®
In cancer cell treatment, the nanometer size ferrofluid pro-
vided high penetration depth. Such therapeutic capabil-
ity is dependent on the SLP. The strategy for enhancing
SLP has been important, since high SLP can bring
better efficacy with a lower dosage level of magnetic
nanoparticles.

6. CONCLUSION

Magnetic fluids or ferrofluids are stable dispersion of
MNPs in organic or aqueous media. Synthesis of ferroflu-
ids have been extensively studied and developed. Chemical
coprecipitation is the commonly used method to synthesize
ferrofluids. The obtained nanoparticles have average diam-
eter varied from 3 to 20 nm, in addition to the superpara-
magnetic properties and high colloidal stability in aqueous
and organic media, which are highly need for various
industrial and biomedical applications.

For industrial applications, ferrofluids are widely used
in magnetic recording media, which highly answer the
daily increasing in electronic data size in the internet and
informatics sciences. Furthermore, they were applied in
magnetic paints and inks that provided high-speed reading,
treatment and archiving the information. In the biomedical
field, ferrofluids have found promising in vivo applications
as MRI contrast agents and in chemotherapy. In addition,
they were used in vitro, especially for separation, extrac-
tion and reconcentration of biomolecules, bacteria and
viruses. More recently, a new form of ferrofluids (water
stable dispersion) called “magnetic emulsions” has a sig-
nificant attraction in the future applications.
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Summary

Hybrid particles are a class of materials that include both organic and inorganic moieties at the
same time and also possess interesting magnetics, optical and mechanical properties. Other
properties that make them suitable for plethora of biomedical applications are
superparamagnetism, biodegradability and fluorescence. Extensive research efforts are
undergoing to explore the effectiveness of these particles for not only in therapeutics but also in
diagnostic technology. Although, variety of nanoparticles have been employed for their potential
applications in biomedical field, yet most interesting of them are the hybrid particles having both
the magnetic properties and the ability to functionalize with important drug moieties and
biomolecules. Many methods have been developed for the synthesis and characterization of soft
hybrid core-shell colloidal particles including polymer immobilization on preformed particles,
adsorption of polymers on colloidal particles, adsorption of polymers via layer-by-layer self-
assembly, adsorption of nanoparticles on c olloidal particles, chemical grafting of preformed
polymers, polymerization from and onto colloidal particles, click chemistry, atomic-transfer
radical polymerization (ATRP), reversible addition-fragmentation chain-transfer radical (RAFT)
polymerization, nitroxide-mediated polymerization (NMP) and conventional seed radical
polymerization.
In order to develop and find uses for soft hybrid core-shell colloidal particles, there is always a
need to incorporate certain characteristics to meet the specific demands of desirable biomedical
application. Each method and technique has its own merits that are mainly dependent on the
nature of particles, safety considerations, composition, size distribution etc. The softness of such
nanoparticles is attributed mainly to the soft polymer shell. Such materials can be prepared using
different processes starting from easy to more complex approaches. The first and easiest method
is basically the adsorption of polymer layers on hybrid nanoparticles. The adsorption can be
performed in one step or multiple steps such as random sequential adsorption of oppositely
charged polymers. It is interesting that the adsorption process leads to the presence of some
aggregated particles due to the bridging flocculation phenomenon. Consequently, this adsorption
approach was discarded. Chemical grafting has been widely studied to avoid the problems
associated with adsorption. This is done by using batch grafting of reactive polymers, ’grafting
from’ or ’grafting to’. The chemical grafting approach involves the immobilization of preformed
polymers or using chemical synthesis approaches, including mainly conventional seeded
polymerization process “from” or “onto” the colloidal particles. However, conventional
polymerization leads to layers of heterogeneous thickness and to an uncontrolled degree of
polymerization of the formed brush soft layer.
Polymerization methods such as ATRP, RAFT and NMP have been studied to control the
microstructure and the soft shell part. Another interesting polymerization based on c lick
chemistry has also been investigated and showed promising results but RAFT polymerization
remains the most credible approach and leads to a well-controlled soft layer.
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Soft hybrid colloidal particles are designed to control surface functionality, morphology and
chemical composition to evaluate them in variety of medical fields at different levels. For
example, they have been examined as a solid support for sample preparation and in
biotechnology as in rapid diagnostics. Newer diagnostic techniques require minute samples
and are also required to be less invasive, safe, quick and with the highest possible accuracy
in terms of detection. Soft hybrid colloidal particles have showed significant promise in this
regard. Hairy- like colloidal particles bearing end chains and containing desired functional
groups (mainly carboxylic acid groups in the surface) are generally being utilized for
chemical grafting of biomolecules in order to enhance the capture efficiency of a target
analyte. In this regards, these particles have been extensively and successfully examined.
Highly charged tentacles on the surface of these particles are effectively being exploited for
the extraction of biomolecule via adsorption, The main purpose of biomedical applications
is to enhance sensitivity and specificity, but in the area of nucleic acid probes, problems
such as level of sensitivity is the most encountered issue and can be efficiently solved using
soft hybrid nanoparticles. Extraction of nucleic acids can be done either by non-specific
capture or by specific capture. On the same lines, proteins have been extracted from the
given samples using soft hybrid nanoparticles and this provides a great mean for the quick
and efficient diagnosis of variety of diseases and biomarkers. For protein denaturation and
irreversible adsorption, polystyrene has been used as a solid phase when applied in
diagnostic field. The use of thermosensitive microgel particles with low critical solution
temperature (LCST) is of great interest in the biomedical field, because their
physicochemical properties and the adsorption of proteins can be controlled by changing
pH, the salinity of the medium and the temperature.

The extraction of hemorrhagic viruses such as Lassa and Ebola is a recent diagnostic
method for developing countries. Soft hybrid nanoparticles owing to their characteristic
properties showed a significant promise for not only the detection but quantification of the
viruses for the diagnosis of diseases. Colloidal particles and especially the soft hybrid
nanoparticles have potential and promising applications, particularly in the biomedical
diagnostic domain. The fascinating features of such colloidal particles make them good and
suitable candidate for rapid conjugation and sensitive detection of various biomolecules
even with minute volume of analytes.

Functionalized soft nanoparticles are used for sample preparation in which the extraction of
biomolecules such as proteins, nucleic acids, viruses and bacteria are of paramount
importance in order to enhance the sensitivity of in-vitro medical diagnostics. Since, the
discovery of biotechnology, special attention has been dedicated to the elaboration of
multifunctionalized and stimuli-responsive soft hybrid nanoparticles for use not only as
solid supports for the immobilization of biomolecules, but also for transport and even
detection in microsystems combining microfluidic and lab-on-a-chip technology.

32



Downloaded by Université Claude Bernard Lyon 1 on 27/11/2015 10:56:29.
Published on 18 June 2014 on http://pubs.rsc.org | doi:10.1039/9781782625216-00312

CHAPTER 9

Soft Hybrid Nanoparticles:
from Preparation to
Biomedical Applications

TALHA JAMSHAID,*® MOHAMED EISSA,** NADIA ZINE,?
ABDELHAMID ERRACHID EL-SALHI,® NASIR M. AHMADY AND
ABDELHAMID ELAISSARI*?

# University of Lyon, 69622 Lyon, France; University of Lyon-1,
Villeurbanne, CNRS, UMR-5007, LAGEP-CPE; 43 boulevard 11 Novembre
1918, 69622 Villeurbanne, France; ° Institut des Sciences Analytiques (ISA),
Université Lyon, Université Claude Bernard Lyon-1, UMR-5180, 5 rue de la
Doua, 69100 Villeurbanne, France; “ Polymers and Pigments Department,
National Resaerch Centre, Dokki, Giza 12622, Egypt; dPolymer and Surface
Engineering Laboratory, Department of Materials Engineering, School of
Chemical and Materials Engineering (SCME), National University of
Sciences and Technology (NUST), Islamabad-44000, Pakistan

*Email: elaissari@lagep.univ-lyon1.fr

9.1 Introduction

Colloidal particles provide highly useful diagnostic solutions and stand-
ardized results through efficient screening processes for several diseases.'™
Furthermore, newer diagnostic techniques require minute samples and also
need to be less invasive, safe and quick and with the highest possible ac-
curacy in terms of detection.” In this context, various types of functional
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colloidal particles have been developed and explored for their biomedical
applications. Among the key features of such functional colloidal particles
are their soft hybrid core-shell structures, which are engineered in such a
way that the core consists of an inorganic material whereas the shell is
composed of a soft organic substance.® In other words, hybrid particles are a
class of materials that include both organic and inorganic moieties at the
same time and also possess interesting magnetic, optical and mechanical
properties.”'® These particles are used for optical investigations of biological
interactions and their other significant properties such as super-
paramagnetism, biodegradability and fluorescence."' These particles also
have the ability to occupy space much more efficiently, allowing the dis-
persed phase to reach much higher volume fractions than random close
packing of spheres.'” These materials have potential applications in areas
such as gas separation, catalysis, storage and, most importantly, bio-
materials for diverse biomedical applications. Their unique characteristics
make them suitable materials for developing desirable patterns or functions
by exploiting nanoscale phenomena through build-up via atom-by-atom or
molecule-by-molecule methods (top-down) or through self-organization
(bottom-up)."*

Extensive research efforts are being made to develop and explore the
biomedical applications of soft hybrid nanoparticles."™® In addition, nu-
merous types of the soft hybrid nanoparticles have been developed to target
specific biomedical applications and to perform desirable diagnostics or
therapeutic functions. For example, with current rapid advances in nano-
medicine, colloidally engineered particles are gaining immense importance
in biomedical fields such as cancer and gene therapy,'*"” disease diag-
nosis'® and bioimaging.'”*" During the past decade, numerous colloidal
particles have been created and widely investigated for medical use.**
Innovations in development have been able to incorporate diverse function-
alities, and colloidal particles bearing reactive groups (e.g. ~-COOH, -NH,,
-SH) and dendrimers have been developed for the covalent binding of bio-
molecules in order to be used as a solid support for the specific capture of
targets and imaging. Colloidal particles are also designed in such a way that
they have suitable particle size, hydrophilic-lipophilic balance (HLB), size
distribution and surface reactive groups for the target diagnosis.”® The at-
tachment of many macromolecules (e.g. polysaccharides, proteins, lecithins,
antibodies, glycoproteins) can be non-covalent and generally probes such as
gold acquire the properties of attached macromolecules. Their stability upon
storage is also very good.>” Furthermore, gold nanoparticles can absorb light
over a wide spectral range, from the visible to near-infrared, and can be used
for diagnosis as optically tuneable carriers because of their shape and size.*
Soft hybrid nanoparticles of calcium phosphate/hydroxyapatite and meso-
porous silica particles have been employed to carry drugs and DNA to
intracellular organelles by interaction with cells.””™*" Polymer-based latexes
have been widely used as carriers for antigen and antibody reactions in
immunoagglutination assays and were first used to detect rheumatoid
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factor.>” Various other core materials have also been employed for diag-
nostics and bioimaging, such as quantum dots (QDs), silver nanorods to
separate viruses, bacteria and microscopic components of blood samples
(allowing the identification of these parameters in less than 1 h) and carbon
nanotubes (CNTs), which are used in sensors to detect proteins specific to
oral cancer.?® Other very interesting types of colloidal particles are based on
magnetically active inorganic particles in the core to introduce magnetic
properties, which enhances the concentration of the targeted biomolecules
and consequently the sensitivity of the biomedical diagnostic. Magnetically
responsive hybrid iron oxide colloidal nanoparticles have super-
paramagnetic properties and are extensively used in bioimaging to provide
high diagnostic accuracy in the detection of atherosclerosis, cancer, arthritis
and many other diseases.’**® owing to their magnetic character, which can
be controlled through the application of an external magnetic field, mag-
netic particles and latexes are extensively used in biomedical diagnosis such
as in molecular biology, bacteria and virus isolation, immunoassays, nucleic
acid extraction (NAE) and cell sorting.>” Dual magnetic and luminescent
properties which help in different types of diagnosis and the incorporation
of functional groups on soft hybrid colloidal nanoparticles have also been
developed and many biomolecules have been immobilized for selective or-
ganelle labelling used in the detection of polynucleotides'**® (DNA, RNA).

9.2 Development of Soft Hybrid Core-Shell
Nanoparticles

Many methods and techniques have been developed to synthesize and
characterize soft hybrid core-shell colloidal particles, as discussed else-
where."**>* Each method and technique has its own merits that are mainly
dependent on the nature of the particles, safety considerations, com-
position, size distribution, etc. Keeping in mind the importance of de-
veloping soft hybrid nanoparticles, a few important methods are discussed
below to provide an overview of the state of the art in this important area.

9.2.1 Polymer Immobilization on Preformed Particles

In order to develop and find uses for soft hybrid core-shell colloidal par-
ticles, there is always a need to incorporate certain characteristics to meet
the specific demands of desirable biomedical applications. These charac-
teristics include a certain degree of hydrophilicity, composition, archi-
tecture, surface energy and stimuli-responsive character. For this purpose,
the immobilization of polymers provides perhaps the most powerful tool for
tuning the surface properties of the shell without much affecting the char-
acteristics of the core particles. In this direction, extensive research work has
been carried out and an attempt is made below to outline concisely some of
these techniques.
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9.2.2 Adsorption of Polymers on Colloidal Particles

Adsorption is a process that mostly occurs at the surface of an adsorbent.*”
In the case of polymers, when these interact with colloidal particles, their
adsorption on the surface of particles takes place through specific inter-
actions of functional groups present in the chains. The stabilization of col-
loidal particles can be controlled through various parameters at the solid/
liquid interface.*>*' A scheme of the adsorption of polymer chains on col-
loidal particles is illustrated in Figure 9.1. Adsorption of polymers on solid
particle surfaces takes place because of either electrostatic (Coulombic)
interactions or others, such as polar or non-polar forces or weaker van der
Waals forces.** It is also possible that weaker or incomplete adsorption leads
to the aggregation of particles. Colloidal dispersions are generally stable only
if there is no aggregation and this stability develops only in the presence of
some repulsive forces, the nature of which can be electrostatic or steric.
Particles having surface charges play an important role in electrostatic sta-
bilization. Diffuse adsorbed layers that start to overlap induce an electro-
static repulsive force and produce stable dispersions because the range of
this repulsive force is greater than the van der Waals attraction.

Polymer adsorption on the particle surface plays an important role in
steric stabilization because the thickness of the polymer layer protects par-
ticles from aggregation due to van der Waals forces. Adsorbed polymer
chains have part of their segments in contact with the surface, but they do
not constitute rigid structures and continually change their conformation.
When polymer chains change the relative position of their adsorbed seg-
ments, they retain a large degree of their conformational freedom. In other
words, the segments in contact with the surface continually exchange their
position with non-adsorbed segments. Two surfaces with adsorbed polymers
tend to confine these polymers in approaching each other, so this process is
not entropically favourable and can eventually cause repulsion between

g L
®: «- ¥
i i

Electrostaticstabilzation

s ¥
W~

Steric stabilization

Figure 9.1 Top: electrostatic contribution to colloid stability, two like-charged
particles repelling each other. Bottom: steric contribution to colloid
stability, polymer chains being pushed together and confined are
repelled owing to the unfavourable decrease in entropy.
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them. Among the various polymers, perhaps diblock copolymers are the
most widely used owing to the different advantages of steric stabilization.
In fact, steric stabilization offers more advantages than charge stabiliza-
tion.** Hence the use of adsorbed polymers either to stabilize or to flocculate
plays an important role in applications such as colloidal stabilization, lu-
brication and adhesion.**™°

9.2.3 Adsorption of Polymers via Layer-by-Layer
Self-Assembly

This method provides a versatile approach to tuning the properties of col-
loidal particles by adsorption of polyelectrolytes.*” The adsorption generally
takes place through electrostatic Coulombic interactions between oppositely
charged polyelectrolytes and colloidal particles. Generally, irreversible elec-
trostatic attraction helps polyelectrolyte adsorption at supersaturating bulk
concentrations. There are also other types of interaction that can be utilized
for assembly in layer-by-layer (LBL) systems, namely van der Waals and
hydrophobic interactions and hydrogen bonding. The important features
that need to be considered in the LBL method include control of the number
of layers, thickness, functionalities, roughness, morphology, composition,
surface energy and many more. Furthermore, desirable surface properties on
the colloidal particles or templates of almost any topography (spherical or
others) can be incorporated by simply varying different parameters such as
pH, salt concentration, type of polyelectrolyte (weak or strong) and solv-
ent.>*® The formed polyelectrolyte-coated colloidal particles can be further
adsorbed with additional oppositely charged nanoparticles of various types
including gold and molecular precursors to give ultrathin multilayers films
of molecular precursor layer and nanoparticles,*® as shown in Figure 9.2.*
Similarly, by employing the LBL technique, oil-in-water submicron magnetic
emulsions have also been obtained, as presented in Figure 9.2(iii).>°

9.2.4 Adsorption of Nanoparticles on Colloidal Particles

There are many techniques that can be employed to adsorb polymer nano-
particles including (but not limited to) various polymerization methods,
physiochemical LBL methods and stepwise heterocoagulation.”’™> In the
stepwise heterocoagulation method, electrostatic interactions are exploited
to induce the coating of relatively small particles on the larger ones. One of
the pioneering examples included the adsorption of small polystyrene (PS)
particles with cationic charges particles on large PS particles with anionic
charges.”’ The heterocoagulation driven by electrostatic interaction pro-
duces a monolayer of smaller particles on the larger particles through an
adsorption process resulting in the formation of core-shell colloidal par-
ticles. By applying the heterocoagulation method, several types of soft
core-shell colloidal particles with well-controlled morphologies have

37



Downloaded by Université Claude Bernard Lyon 1 on 27/11/2015 10:56:29.
Published on 18 June 2014 on http://pubs.rsc.org | doi:10.1039/9781782625216-00312

View Online

Soft Hybrid Nanoparticles: from Preparation to Biomedical Applications 317

(i)

(ii)

. . Colloidal particles

lli_Poncation adsorption

My
2-Polyanion
adsorption ‘ - -

+
Core-shell particles

(iii) (1) Adsorption ~
of polycation =
(2) Adsorption of
polyanion &

Magnetic emulsion

Magnetic latex

Figure 9.2 (i) Schematic illustration of LBL adsorption on a particle surface
through self-assembly. (ii) Polyelectrolyte multilayers via LBL adsorp-
tion. (iii) LBL adsorption on a magnetic emulsion using a polycation
and a polyanion.

been reported, including the adsorption of magnetic nanoparticles on sub-
micron-sized PS latex particles.”’ In order to stop any release of magnetic
nanoparticles, the encapsulation of the magnetic layer can be carried out via
polymerization to form a cross-linked shell.’" In order to overcome low
sedimentation rates and specific areas for non-specific or specific binding
with biomolecules for such larger sized particles, various modifications to
the stepwise heterocoagulation have been proposed. For example, sub-
micron highly magnetic particles and also fluorescent polymer particles
were designed based on innovative stepwise heterocoagulation processes, as
shown in Figure 9.3. The synthesis of polymer core-shell particles by stepwise
heterocoagulation has typically used smaller coating particles with low glass
transition temperatures, T,. This low T, was exploited and used as a model to
develop the heterocoagulates, which were obtained by heating at a temperature
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Figure 9.3 Stepwise heterocoagulation processes to form magnetic particles.
Adapted from Refs. 54 and 55.

lower than the T, of the larger particles, but above the T, of the smaller
film-forming nanolatex particles to form a homogeneous polymer shell.>>
Therefore, such a process does not require any additional (or final) polymer-
ization step to encapsulate the adsorbed nanoparticles via polymerization.”*>

9.2.5 Chemical Grafting of Preformed Polymers

Grafting, in the context of polymer chemistry, refers to the addition of
polymer chains to a surface.”®” The grafting is a useful tool for altering the
physical and/or chemical activity or interaction of the surface through pro-
cesses of grafting ‘to’ and ‘from’. Ultrathin (end-) grafted polymer layers are
well known to affect dramatically the surface properties of substrates such as
adhesion, lubrication, wettability, friction and biocompatibility. The layers
are frequently used to modulate the surface properties of various materials,
39
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Figure 9.4 Grafting processes: (i) an overview of the grafting process; (ii) ‘grafting
from’ and ‘grafting to’ a surface.

including colloidal particles, without altering their bulk performance. The
chemical grafting of polymers can be accomplished by ‘grafting to’ or
‘grafting from’ methods. According to the ‘grafting to’ technique, end-
functionalized polymer molecules react with complementary functional
groups located on the surface to form tethered chains. The ‘grafting from’
technique utilizes the polymerization initiated from the substrate surface by
initiating groups usually attached by covalent bonds. Most of the grafting
methods developed - ‘to’ and ‘from’ - require the attachment of (end-)
functionalized polymers or low molecular weight substances (e.g. initiators)
to the substrate for the synthesis of the polymer brush. Usually the coupling
methods are relatively complex and specific for certain substrate-(macro)
molecule combinations.

A schematic overview of these two different grafting processes is presented
in Figure 9.4 and discussed below.

9.2.6 Polymerization from and on to Colloidal Particles

Soft hybrid core-shell colloidal materials can be made by either the ‘grafting
to’ or the ‘grafting from’ mechanism.’® The mechanisms and advantages of
these grafting processes are different and widely used to prepare colloidal
particles bearing a polymer shell as shown in Figures 9.5 and 9.6. These two
processes adopt two possible conformations known commonly as mush-
room and polymer brush.

In the ‘grafting to’ mechanism, a preformed polymer chain is adsorbed on
a surface from solution. Because prepolymerized chains used in this
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Figure 9.5 Possible conformations of ‘grafted from’ polymers from a surface in
brush form and surface grafted in the mushroom shape in a good
solvent. The conformation of ‘grafted to’ polymer in a poor solvent is
also shown. R, is the radius of gyration of the polymer chain and H is its
thickness.””

Grafting from

. :

Nanopartice  Anchor

ey

Monomer

Soft hybrid core-shell
colloidal particles

Figure 9.6 Schematic representation of the ‘grafting from’ and ‘grafting to’
systems to form a shell on the core surface to develop soft hybrid
core-shell colloidal particles.”®

mechanism have a thermodynamically favoured conformation in solution
(an equilibrium hydrodynamic volume), their adsorption density is self-
limiting. The radius of gyration of the coil polymer chain is therefore the
limiting factor in the number of polymer chains that can reach the surface
and adhere. In the ‘grafting from’ mechanism, an initiator is adsorbed on
the surface followed by initiation of the chain and propagation of monomer
via surface-initiated polymerization. As shown in Figure 9.7, various poly-
merization methods have been developed to carry out the ‘grafting from’
process. Specifically, these include various control radical polymerization
(CRP) techniques such as atom-transfer radical polymerization (ATRP), re-
versible addition-fragmentation chain-transfer polymerization (RAFT) and
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Figure 9.7 Various polymerization methods that can be used to form a shell on the
core of different materials including colloidal particles to develop soft
hybrid core-shell colloidal particles.

nitroxide-mediated radical polymerization (NMP). The CRP techniques have
attracted much attention as they represent a facile approach to making end-
grafted polymers with flexibility on the surface of various nanoparticles.
Currently, CRP is regarded as the essential means to synthesize polymers
with well-controlled functionality, composition, structure and architecture.

The ‘grafting from’ method has the advantage of allowing higher grafting
densities than the ‘grafting to’ process. As shown in Figures 9.5 and 9.6, the
‘grafting to’ mechanism generally results in a ‘mushroom regime,’ to adhere
to the surface of either a droplet or bead in solution. Owing to the larger
volume of the coiled polymer and the steric hindrance that this causes, the
grafting density is lower for ‘grafting to’ than for ‘grafting from.” In contrast,
the ‘extended conformation’ of the polymerized monomers from the surface
of the bead means that the monomer must be in the solution and therefore
be lyophilic in nature. This results in a polymer that has favourable inter-
actions with the solution, allowing the polymer to form a more linear
structure. ‘Grafting from’ therefore has a higher grafting density since there
is greater access to chain ends. Peptide synthesis provides an example of a
‘grafting from’ synthetic process. In this approach, an amino acid chain is
grown by a series of condensation reactions from a polymer bead surface.
This grafting technique allows excellent control over the peptide com-
position as the bonded chain can be washed without desorption from the
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Figure 9.8 Schematic representing the formation (a-d) and function (e-h) of
surface-grafted polymer systems generated by post-polymerization
modification (PPM) protocols.””

polymer. Polymeric coatings are another area of application of grafting
techniques. In the formulation of water-borne paints, latex particles are
often surface modified to control particle dispersion and thus coating
characteristics such as viscosity, film formation and environmental stability
(UV exposure and temperature variations). Owing to such unique charac-
teristics, grafting processes have been extensively applied to tune the surface
properties of materials without much influencing the bulk characteristics.
The grafting systems of both ‘grafting from’ and ‘grafting to’ have found
extensive applications in various important areas, as shown in Figure 9.8.

9.2.7 Click Chemistry

Click chemistry can be defined as a concept of reactions for the rapid syn-
thesis of new compounds through heteroatom links (C-X-C).*° Typical ex-
amples of click chemistry include the Cu(I)-catalysed azide-alkyne-‘click’
(CUAAC) reaction between terminal azides and alkynes,”"® cycloaddition
click reactions® and the thiol-ene click reactions.”’ Two approaches in click
chemistry involve ‘grafting to’ and ‘grafting from’ mechanisms. In the
‘grafting to’ method, the azide- or alkyne-functionalized polymer is grafted
to the corresponding functionalized nanoparticles (NPs).”””*> For example,
SiO, NPs have been modified with PS and polyacrylamide through the
CuAAC reaction using the ‘grafting to’ method, as shown in Figure 9.9.”°
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Figure 9.9 Modification of SiO, NPs with polystyrene via ‘grafting to’”" and
‘grafting from’®*>®' methods based on click chemistry employing
RAFT polymerization.
Adapted from Ref. 76.

y71

Other NPs such as Fe,0;,”” Pt’® and Au”® have also been grafted with various
polymers. In this direction, the ‘grafting from’ approach has found useful
applications.®*®' For example, first a RAFT initiator clicked on the surface
of SiO, NPs and polymerization was initiated, as shown in Figure 9.10.
Low molecular weight monomers having high diffusibility and high grafting
density are used in the ‘grafting from’ method, whereas, the ‘grafting to’
approach involves the use of the preformed high molecular weight whole
polymer chain that restricts the polymer diffusibility.”®

9.2.8 Atom-Transfer Radical Polymerization (ATRP)

Different methods have been used for grafting polymers to various sub-
strates.®*®° To tune the properties of core-shell colloidal particles, surface-
initiated polymerization via the ‘grafting from’ approach is the most widely
employed technique owing to its capability to impart good functionality
control, molecular weight of polymer brushes and grafting density.'?® Fur-
thermore, among the various polymerization methods, ATRP has been used
extensively to modify the properties of various substrates.®* " ATRP has also
been used to produce hydrophilic polymer layers having remarkable thick-
ness and surface density.””™” Similarly, various functional and stimuli-
responsive polymers have also been incorporated on particle surfaces using
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Figure 9.10 Graft polymerization of N,N-dimethylacrylamide (DMA) from PS par-
ticle surface based on the aqueous ATRP.
Adapted from Ref. 101.

ATRP. For example, in an interesting study, a controlled synthesis of poly(N-
isopropylacrylamide) (PNIPAM) brushes was carried out from a PS particle
surface using ATRP (see Figure 9.10)."""

This process is based on several steps. First, PS latex particles were syn-
thesized through surfactant-free emulsion polymerization of styrene
monomer. Second, by the use of potassium persulfate (KPS) as an initiator,
the polymerization of styrene and (2,2’-chloropropionato)ethyl acrylate
(HEA-CI) was performed to form the shell on the core PS seed particles.
Third, aqueous ATRP polymerization of N-isopropylacrylamide (NIPAM)
monomer from the preformed seed latex particle in the presence of
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Figure 9.11 Formation of poly[2-(dimethyl amino)ethyl methacrylate] (PDMAEMA)
brushes on the surface of colloid particles by employing ATRP.
Adapted from Ref. 104.

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA)-CuCIl-CuCl, pow-
der under continuous stirring at room temperature was carried out.
Similarly, different temperature-sensitive brushes such as PNIPAM, PMEA-
b-PNIPAM, poly(N,N-dimethylacrylamide)'®>'® and poly[2-(dimethylami-
no)ethyl methacrylate] (PDMAEMA) (see Figure 9.11) have been also grafted
on the surface of colloidal particles.'®* Such grafting via ATRP clearly dem-
onstrates the potential of this polymerization technique to confer desirable
characteristics on the hybrid soft core-shell colloidal particles.

9.2.9 Reversible Addition-Fragmentation Chain-Transfer
Radical (RAFT) Polymerization

RAFT polymerization is among the most widely used controlled radical
polymerization techniques. In RAFT processes, the polymerization con-
ditions are similar to those in conventional radical polymerization except
that they involve the addition of a specific chain-transfer agent (CTA).'*>'%°
RAFT polymerization employs a CTA in the form of a RAFT agent based on
thiocarbonylthio compounds such as dithioesters, xanthates and thio-
carbamates to mediate the polymerization. A typical CTA generally used in
RAFT processes is shown in Figure 9.12."'° Here the Z group serves to
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Figure 9.12 Chain-transfer agents used in RAFT polymerization. R and Z groups
are described in the text.
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Figure 9.13 Grafting a polymer to the surface of silica by the ‘grafting through’
method using RAFT polymerization.
Adapted from Ref. 118.

activate or deactivate the reactivity of the C=S bond towards the addition
reaction and the R group forms a stable free radical. RAFT polymerization
via a reversible chain-transfer process is capable of generating polymer
particles with low polydispersity indexes and a prechosen molecular weight
during the free-radical polymerization.

Among the distinctive features of RAFT polymerization is its tolerance to
different kinds of reaction conditions such as a large range of solvents in-
cluding water in a wide temperature range. It is also suitable for different
functional monomers and does not require highly rigorous removal of oxy-
gen and other impurities.'’>'*®'""™'% Owing to such advantages, RAFT
polymerizations can be used to design polymers of complex architectures,
such as linear block copolymers, comb-like and star polymers, dendrimers
and also polymer brushes. In the last case, RAFT polymerization has been
employed to graft polymers to the surface of various substrates, including
colloidal particles. For example, RAFT polymerization was used to graft
polymers to silica particles by using either ‘grafting to’*'*'" or ‘grafting
from’''®'"” methods. In a more recent study, a new ‘grafting through’
method was used to graft polymer chains to the surface of silica by using
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Figure 9.14 Synthetic route to polymer-grafted silica particles using the Z group by
RAFT polymerization.
Adapted from Ref. 124.

RAFT polymerization as illustrated in Figure 9.13.""® This method has also
been used to graft a polymer on silica without the use of RAFT polymer-
ization.''*"'** However, the ‘grafting from’ approach has been widely used to
synthesize silica nanocomposites by employing different types of RAFT
agents that utilized the Z group to attach the RAFT agent to the silica surface,
as shown in Figure 9.14,"** and other typical RAFT methods used the R
group by attaching the RAFT agent to the surface of a substrate.""*'"”

9.2.10 Nitroxide-Mediated Polymerization (NMP)

NMP is another controlled living free radical polymerization process like
ATRP and RAFT polymerization. NMP makes use of a compound known as
an alkoxyamine initiator, which is viewed as an alcohol bound to a secondary
amine by an N-O single bond as shown in Figure 9.15."*°

The typical NMP reaction is controlled by reversible capping and decap-
ping of growing (radical) polymer chains by the nitroxide radical. This re-
sults in a decrease in the concentration of growing radicals and also slows
the polymerization. Consequently, the radical chain grows at a controlled
rate to generate polymers of well-defined molecular weight, polydispersity
index and architecture. The NMP process allows a relative lack of true ter-
mination, which in turn allows polymerization to continue as long as there
is available monomer. Because of this, the NMP is said to be ‘living’ in
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Figure 9.15 Commonly used alkoxyamine nitroxide initiating agents for NMP."**
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Figure 9.16 Synthesis of ZnS@SiO,-PS particles by a surface-initiated nitroxide-
mediated polymerization process.'*°

nature and almost all of the growing chains are ‘capped’ by a mediating
nitroxide. This consequently results in the dissociation and growth of chains
at very similar rates to generate a largely uniform polymer chain length
and structure. Because of such unique characteristics, the NMP process has
been successfully employed to carry out surface-initiated polymerization
(SIP) to alter the characteristics of particle surfaces. For example, a fairly
recent study involved the synthesis of hybrid colloidal ZnS@SiO,-PS par-
ticles by surface-initiated nitroxide-mediated polymerization as shown in
Figure 9.16.'*° Here the procedure involved various steps including the
synthesis of monodisperse ZnS particles by a homogeneous precipitation—
aggregation process and then covering through uniform layer formation of
SiO, particles. These ZnS@SiO, particles were subsequently functionalized
with alkoxyamine moieties to initiate the surface polymerization via the
NMP process. The SIP via NMP of styrene in DMSO solvent using S-TEMPO
as sacrificial initiator was achieved with relatively good control over the
molecular weight and molecular weight distribution of the grafted polymer,
and polymer brushes of various molecular weights and high graft density
were synthesized.
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9.2.11 Conventional Seed Radical Polymerization

The conventional seed radical polymerization process offers another versa-
tile approach to developing soft hybrid core-shell colloidal particles. In this
method, free-radical polymerization of the desired monomer from the core
or seed particles is carried out. One of the main advantages is that mono-
mers with multiple functionalities can be polymerized from the surface of
the seed particles. This is important since there has not been much work
reporting the elaboration of core-shell particles grafted with functional
polymers that possess hydrophilic and particularly temperature-sensitive
magnetic latexes. In one of this studies, the elaboration of thermally sensi-
tive magnetic latexes using a stepwise approach to obtain submicron com-
posite particles was reported.”® The inverse microemulsion polymerization
process has also been studied to obtain hydrophilic nanoparticles of low
magnetic content and narrow size distribution."” "

In another interesting study, latex particles with different magnetic con-
tents were prepared using conventional seed radical polymerization
of functional monomers."*° This study was focused on the elaboration
of hydrophilic cationic and thermally sensitive magnetic latexes from an
oil-in-water magnetic emulsion. To achieve such objective, two-stage poly-
merization processes were used: (i) the elaboration of seed magnetic latex
particles and (ii) the functionalization of the seed by using water-soluble
monomers. The cationic character was induced by using an amino-
containing monomer. The encapsulation was performed using water-soluble
reactants and the functionalization was induced by using the amino-
containing monomer. Thermal sensitivity was induced by the use of NIPAM.
The use of a large amount of functional monomer leads to high water-
soluble polymer formation and highly cationic particles. Through this
method, colloidal particles with different functionalization and applications
can be prepared. For example, for the elaboration of hairy soft hybrid
particles, temperature-sensitive highly magnetic latex particles have been
reported.”* The polymerization occurred in the presence of stabilized oil-
in-water magnetic droplets by using a hydrophobic monomer as shown in
Figure 9.17. This polymerization was performed in two steps. First, the

00~ , ¢ 00-
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o ® .'
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>
° DVB
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Bl e coo- 00~
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Figure 9.17 Transformation of oil-in-water ferrofluid droplet (composed of highly
concentrated iron oxide nanoparticles stabilized via surfactant ad-
sorption and dispersed in an aliphatic solvent) into magnetic latex
particles using an amphiphilic polymer (AP).

Adapted from Ref. 130.
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Figure 9.18 Conventional seed radical polymerization using NIPAM, MBA and
AEM as a functional monomer to form a shell of cross-linked polymer
on a magnetic core.

Adapted from Ref. 130.

preparation of seed magnetic latex particles was carried out. Then, func-
tionalized magnetic latexes were obtained through seed polymerization by
using water-soluble reactants. Typical reaction conditions involved the
preparation of seeded magnetic latexes particles by first washing with Triton
X-405. To avoid the formation of water-soluble polymer in order to in-
corporate NIPAM on the particle surface, two types of cross-linkers, divi-
nylbenzene (DVB) and N,N-methylenebisacrylamide (MBA), were used.
Encapsulation depended on the water-soluble cross-linker (MBA). Water-
soluble polymer formation was reduced by increasing the amount of
water-soluble cross-linker (MBA) during polymerization, which led to the
formation of a polymer shell."*° The composite latexes obtained possessed a
shell of cross-linked polymer and a magnetic core as shown in Figure 9.18.

9.3 Biomedical Applications of Soft Hybrid Particles

The soft hybrid colloidal particles are not only designed to control surface
functionality, morphology or chemical composition and are not only under
evaluation in various biomedical applications, but are also used in practice
at various biomedical levels: (i) they are used as solid supports for sample
preparation and in bionanotechnology such as in rapid diagnostics; (ii)
hairy-like particles bearing end chains and containing functional groups
(mainly carboxylic groups in the surface) are generally used for chemical
grafting of biomolecules in order to enhance the capture efficiency of a
targeted analyte; (iii) charged soft hybrid colloidal particles are used for
generic extraction of biomolecules such as adsorption of nucleic acids,
proteins and viruses thanks to the highly charged polymer tentacles on the
particles, as described in the following.

9.3.1 Extraction of Nucleic Acids

The main purpose in biomedical applications is to enhance sensitivity and

specificity, but in the area of nucleic acid probes, problems such as the level of

sensitivity are encountered. However, this problem can be solved by increasing

the concentration of the target (RNA and/or DNA) in the considered medium.

Before specific detection of the target probe, the use of appropriate hybrid
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particles for extraction, purification and desorption of already adsorbed nu-
cleic acids would be of great interest."' The control of the adsorption and
desorption of nucleic acid molecules is effected by interaction between pre-
pared magnetic latex particles and nucleic acid extraction. The adsorption of
nucleic acid molecules is performed at acidic pH and low salinity."*" In invitro
biomedical diagnostics, magnetic particles are used for sample manufacture
and separation of particles from the aqueous phase. Generally, specific and
non-specific processes are used for nucleic acid extraction.

9.3.1.1 Non-Specific Capture of Nucleic Acids

The non-specific capture of nucleic acid molecules using particles is mainly
based on electrostatic interactions. Being positively charged, the attractive
electrostatic forces lead to rapid and high adsorption. Then, nucleic acid
extraction is achieved by using cationic magnetic particles and controlling
the pH and salinity of the medium.?” The extracted nucleic acid molecules
are subsequently amplified on magnetic beads. After desorption, the mag-
netic particles are removed by using a polymerase chain reaction (PCR)"*? in
the case of DNA molecules or Reverse Transcriptase (RT)-PCR"*? in the case
of RNA, as illustrated in Figure 9.19."%*

9.3.1.2 Specific Capture of Nucleic Acids

The specific capture of nucleic acids'*>'*® using soft hybrid magnetic latex

particles is generally performed as follows. First, the captured probe of well-
defined sequence is chemically immobilized on the magnetic latex particles.

DNA
Ty

o M

Volume= 1 to 100 ml

Adsorption at acidic pH

RNA
A~

Separation
Desorption at basic pH
High salinity

Concentration

Purified Nucleic acid in low volume 1 to 100 ul
ready for PCR or RT-PCR

Figure 9.19 Illustration of non-specific capture, purification and concentration of
nucleic acid molecules.
Adapted from Ref. 134.
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Figure 9.20 Illustration of specific capture and detection of nucleic acids (ODN,
oligonucleotide; ssDNA, single-stranded DNA fragment). The intensity
of the supernatant due to the presence of coloured product was
determined. Specific capture is performed by addition of a substrate
that reacts with enzyme in order to form a coloured medium.
Adapted from Ref. 138.

Second, the biological sample is mixed with magnetic particle-ODN
(ODN = oligonucleotide) conjugates. The specific capture of the target is
effected by hybridization (particularly hydrogen bonding). The detection
process is performed by adding a detection probe (i.e. oligonucleotide la-
belled with enzyme)."*' Then, the substrate addition is oxidized by the en-
zyme, which leads to a coloured supernatant as in immunoassay. This
specific capture of nucleic acid molecules combined with a well-optimized
detection process leads to the enhancement of this molecular biology-based
diagnostic method'®” as illustrated in Figure 9.20."%°

9.3.2 Extraction of Proteins

In biomedical applications, latex particles have been used as a particulate
carrier, so substantial work has been carried out on the preparation of
hydrophobic magnetic particles.">®"*® For protein denaturation and ir-
reversible adsorption, polystyrene has been used as a solid phase when ap-
plied in the diagnostics field. The use of thermosensitive microgel particles
with low critical solution temperature (LCST) is of great interest in the bio-
medical field, because their physicochemical properties and the adsorption of
proteins can be controlled by changing the pH, the salinity of the medium and
the temperature.'*"'** In addition such particles give non-denaturing sup-
port to immobilized proteins, in immunoassays and in protein purification
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Figure 9.21 Schematic representation of protein concentration using thermosen-
sitive latex particles.
Adapted from Ref. 143.

and concentration. Thermosensitive magnetic latex particles'*® have been
used for protein concentration and purification by controlling both ad-
sorption and desorption processes, as illustrated in Figure 9.21.

The adsorption and desorption of protein on/from thermosensitive
magnetic latex particles have been studied using human serum albumin
(HSA) as a protein model. Seed precipitation polymerization has been
used to prepare thermosensitive core-shell magnetic latex by using mag-
netic polystyrene particles as a seed, NIPAM as the main monomer, MBA
as a cross-linker and potassium persulfate (KPS) as an initiator. The
polymerization conversion and water polymer formation have been
examined. The adsorption of HSA protein was principally governed by
hydrophobic interactions, since high adsorbed amounts of protein were
obtained above the LCST of PNIPAM whereas negligible adsorption was
evidenced below the LCST. The adsorption kinetics of HSA protein were
found to be complete within 10 min at 40 °C. The amount of HSA protein
adsorbed on anionic thermosensitive magnetic latex particles at 40 °C
(above the LCST) decreased with increase in the pH and the salinity of the
medium, reflecting the contribution of electrostatic interactions to the
adsorption process. HSA desorption occurred after performing adsorption
at acidic pH (~4.5). Various experimental factors, such as incubation
time, pH, salinity and temperature of the medium, drastically affected the
amount of protein desorbed. The maximum amount of protein desorbed
was obtained at basic pH (~8.6), an ionic strength of ~0.1 M and a
temperature of 20 °C.'*?

The performance of such thermosensitive magnetic latex particles as soft
hybrid material in the purification and concentration of HSA protein was
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improved by careful control of both the adsorption and desorption con-
ditions (pH, salinity, incubation time and temperature). The results are quite
encouraging, indicating that such particles could serve as an alternative
route to other techniques used for purifying and concentrating proteins,
e.g. precipitation using media of high salt concentration and an ion-
exchange column, such as a diethylaminoethyl-Sepharose gel column system.

9.3.3 Extraction of Viruses

The extraction of haemorrhagic fever viruses (such as Lassa and Ebola) is a
recent diagnostic method for developing countries. In recent years, only a
little work has been carried out using magnetic beads for virus detection and
concentration.'**'*> Moreover, magnetic latex particles have been used for
the capture of enveloped viruses.'*® This method is based on the use of
functionalized magnetic latex particles for capturing biological samples.
After capture, the separation of magnetic particles from supernatant oc-
curred via a permanent magnet. The extraction of nucleic acids from the
captured viruses was performed by using a commercial kit. Usually, the
methodology for the concentration of viruses is used to increase the virus
concentration in the sample with no loss of viral activity and infectivity. PCR
and RT-PCR were applied in the measurement of the sensitivity of the cap-
tured assay. Satoh et al.'** reported that a few RNA and DNA viruses were
concentrated more than 100- and 1000-fold, respectively, using poly-
ethylenimine (PEI)-conjugated magnetic beads. Elaissari et al.'**> produced
functionalized magnetic beads for generic virus extraction and purification.
The magnetic colloidal emulsion was functionalized by surface immobil-
ization of polymers. A polycation, PEI, was first adsorbed and then a poly-
anion, poly(maleic anhydride-co-methyl vinyl ether), was either adsorbed or

Incubation at 25°C Washing with
for 10 minutes phosphate buffer y,

)
— / (y%

g
—> {
Purification n k‘) %

.

Capture step of viruses

Amplification even
in the presence
of particles

Figure 9.22 Capture of viruses using magnetic particles.
Adapted from Ref. 145.
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covalently grafted. Negatively charged particles were used as a solid support
for generic capture of viruses with yellow fever virus as a model; 90% of the
virus could be captured and 10% released after washing. The processes of
capture and detection of viral RNA were performed in the same Eppendorf
tube. A short incubation of the sample was performed at room temperature
and then the particle washing was performed by magnetic separation,
supernatant elimination and redispersion. Finally, viral lysis and RT-PCR
were carried out, as shown in the Figure 9.22.'*°

9.4 Conclusion

The preparation of soft hybrid nanoparticles has attracted considerable at-
tention owing to the potential application of such materials in various
fields. Such materials are a combination of both organic and inorganic
moieties in well-defined structure and morphology. The softness of such
nanoparticles is mainly due to the soft polymer shell. Such materials can be
prepared using different processes starting from easy to more complex
approaches.

The first and easiest method is basically the adsorption of polymer
layers on hybrid nanoparticles. This adsorption can be performed in one
step or multiple steps such as random sequential adsorption of oppositely
charged polymers. It is interesting that the adsorption process leads to the
presence of some aggregated particles due to the bridging flocculation
phenomenon. Consequently, this adsorption approach was generally
discarded.

In order to avoid the aggregation process, chemical grafting has been
widely explored using batch grafting of reactive polymers, ‘grafting from’ or
‘grafting to.” The chemical grafting approach involves the immobilization of
preformed polymers or using chemical synthesis approaches, including
mainly conventional seeded polymerization processes ‘from’ or ‘to’ the col-
loidal particles. However, conventional polymerization leads to layers of
heterogeneous thickness and to an uncontrolled degree of polymerization of
the formed brush soft layer.

In order to control the microstructure and the soft shell part, polymer-
ization methods such as atom-transfer radical polymerization (ATRP), re-
versible addition-fragmentation chain-transfer (RAFT) polymerization and
nitroxide-mediated radical polymerization (NMP) have been used. Another
interesting polymerization technique based on click chemistry has also
been investigated and gave promising results, but RAFT polymerization
remains the most interesting approach and leads to a well-controlled
soft layer.

Colloidal particles and especially soft hybrid nanoparticles have potential
and promising applications, particularly in the biomedical diagnostics do-
main. The fascinating features of such colloidal particles make them good
and suitable candidates for rapid conjugation and sensitive detection of
various biomolecules in a very small volume of analyte.
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Functionalized soft nanoparticles are used for sample preparation in
which the extraction of biomolecules such as proteins, nucleic acids, bac-
teria and viruses are of paramount importance in order to enhance the
sensitivity of in vitro biomedical diagnostics. Since the discovery of biona-
notechnology, special attention has been dedicated to the elaboration of
multifunctionalized and stimuli-responsive soft hybrid nanoparticles for use
not only as solid supports for the immobilization of biomolecules, but also
for transport and even for detection in microsystems combining micro-
fluidic and lab-on-a-chip technology.
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CHAPTERI1.3
TGA and magnetization measurements for
determination of composition and polymer
conversion of magnetic hybrid particles.
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Summary:

Particle size, electrokinetic properties and size distribution of magnetic hybrid colloidal particles
can be determined using various tools. However, their chemical composition can be accurately
evaluated by thermogravimetric analysis (TGA) and interestingly combining this technique with
magnetization measurements provides chemical composition as well as the polymer conversion
on the seed particles. Therefore, both these techniques act complimentarily for characterization
of magnetic hybrid colloidal particles. Inorganic nanoparticles have been widely used in variety
of technological and biomedical areas due to their unique features and cost effectiveness.
Magnetic iron oxide nanoparticles have gained significant attraction recently due to their
characteristic supramagnetic properties and their sensitive interaction with external magnetic
field. This feature makes them ideal of numerous medical, diagnostic and other technological
areas. However, magnetic properties depend upon chemical nature of the material, particle size
and size distribution. Controlling these parameters optimally allows their successful use in any
intended application. This makes the characterization of magnetic particles a crucial area for
their effective employment in any application. Magnetic measurement and thermogravimetric
analysis has assumed a paramount role in the elucidation of these particles for their successful
application.

Thermogravimetric analysis is a technique in which mass of the substance [and/or its reaction
products(s)] is measured as a function of temperature, while the substance is subjected to a
controlled temperature. Development in TGA has rendered them to be used in kinetics,
thermodynamics, metallurgy, corrosion and polymer characterization. The latter is of great
significance can be utilized for kinetic studies, life-time prediction, water absorption and more
importantly thermal stability. For Polymer composites containing inorganic particles, TGA is
widely used for estimation of polymer amount and subsequently their magnetic content. The
results of quantitative analysis can be improved by combining it with chromatography, FTIR and
mass spectroscopy. Thermogravimetric curves provide information about the decomposition
mechanisms for various materials as change in sample mass during analysis can be observed. TG
curves can be differentiated to make derivative of TG (DTG) and are more sensitive to subtle
difference in weight loss than TG curves. Vibrating sample magnetometer (VSM) is used to
determine magnetization of ferrite based materials upon exposure to external magnetic field.
VSM measures magnetization by converting the dipole field of the sample into an electrical
signal. When crystals are formed from iron atoms, four different magnetic states can arise that is
paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic. Changing the size of iron
particles significantly alters the magnetic properties and
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It is found that iron oxide nanoparticles smaller than 20nm often display supramagnetic
behavior at room temperature, a feature very much desired for their successful applications.
Preparation of magnetic latex particles is done by magnetic iron oxide nanoparticles that
can be modified using surfactants or polymers. The polymer shell covering the magnetic
core can be further functionalized using acryl-amide derivatives resulting in stimuli-
responsive highly magnetic submicron latex particles. TGA is good tool for characterization
of magnetic latex particles with variety of morphologies like core-shell, Janus and
polymeric matrix. It is possible to measure the amount of organic as well as inorganic parts
using TGA. Choosing inert or reactive atmosphere is of paramount importance in TGA as
the gas employed can affect the thermogravimetric curves. Furthermore, aside from their
ability to characterize basic hybrid particles, TGA can be performed for quantitative
estimation of complex particles and can gather information about polymerization
conversion. Determination of chemical composition of magnetic latex particles by
magnetization requires prior determination of chemical nature that can be performed either
by using XRD or Mossbauer spectra. Thereafter, magnetic contents can be analyzed by
VSM. Although, individual characterization done by TGA and VSM are vital, combination
of these two techniques can generate additional characteristic information for magnetic
hybrid nanoparticles. For instance, accurate determination of percentage polymerization
conversion is possible by the combined TGA and VSM technique. Infact, TGA gives exact
amount of organic and inorganic materials while magnetization provides accurate amount
of magnetic and non-magnetic contents in the given material.
For employing any magnetic nanoparticle based application, gathering accurate and precise
information about the nature, composition and properties is a pre requisite. To achieve this
goal, it is necessary to combine various complimentary characterization techniques that not
only generate reliable date but also widens the scope of measurements. In fact, most
problems faced during end stage applications of magnetic nanoparticles are associated with
the type functional groups present on surface and their chemical composition. Although,
numerous quality tools are available to elucidate these particles, sometimes, these classical
tools no longer remain applicable in some case for instance magnetic hybrid latex particles.
In this case, TGA and magnetization measurements are performed simultaneously that not
only provide exact chemical composition with ratio between organic and inorganic
materials but also determines the changes in organic composition between used seed and
the final particles leading to polymer conversion and allows the exact determination of
magnetic content of the final particles. Having accurate data in this regards allow for
manipulation in the experimental conditions and materials that can be exploited for
successful application of these tiny yet powerful particles.

65



Review

olymers
gd\yahced ]
technologies

Received: 17 February 2015, Revised: 6 April 2015,

(wileyonlinelibrary.com) DOI: 10.1002/pat.3562

Accepted: 5 May 2015, Published online in Wiley Online Library

TGA and magnetization measurements for
determination of composition and polymer
conversion of magnetic hybrid particles

Ernandes Taveira Tenério-Neto®®, Talha Jamshaid®, Mohamed Eissa®,

Marcos Hiroiuqui Kunita®, Nadia Zine?, Géraldine Agusti®, Hatem Fessi®,

Abdelhamid Errachid El-Salhi® and Abdelhamid Elaissari®*

Magnetic hybrid colloidal particles can be characterized using various techniques and numerous tools leading gen-
erally to particles size, size distribution, and electrokinetic properties. However, the chemical composition of these
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INTRODUCTION

At the end of the last century, inorganic nanoparticles [e.g. gold,
silver, iron oxides, quantum dots, and second harmonic
generation nanoparticles] have been widely used in various
technological and biomedical applications due to their catchy
features emanating from their nano-size and structure, as
compared with their bulk counterparts. These features include
nonlinear optical properties, superparamagnetic properties,
as well as some biological and catalytic activities."!
Superparamagnetic properties of magnetic iron oxide nano-
particles and in particular magnetite (Fes04) and maghemite
(y-Fe;03), which render them easily affected by even low-
external magnetic field, have attracted much attention, as re-
ported in the literature.””! In addition, their biocompatibility,
low toxicity, and ease of preparation at low cost make them
suitable candidates for many promising applications in
various technological and more particularly in biomedical
diagnostic and therapeutic domains.>=>!

In addition, magnetic iron oxide nanoparticles cover a broad
spectrum of industrial and technological applications such as
ferrofluids, magnetic seals in motors, magnetic inks for bank
cheques, magnetic recording media, organic and biochemical
syntheses, and industrial water treatment.”

In the biomedical domain, the ideal magnetic nanoparticles
should have high magnetic properties, sufficient small size with
narrow distribution, high surface functionality, and well-defined
morphology.®”! Generally, the pristine superparamagnetic iron
oxide nanoparticles (SIONPs) tend to make aggregates due to
their large surface area-to-volume ratio and dipole-dipole
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interaction, leading to the reduction in their intrinsic
superparamagnetic properties.

Therefore, surface modification of SIONPs is of paramount
importance to enhance their water solubility, biocompatibil-
ity, and colloidal stability in aqueous and physiological
media and to provide mechanical and chemical stability for
SIONPs. In this regard, several approaches for modification
or encapsulation of SIONPs have been investigated through
physical or chemical processes using various materials
starting from low-molecular weight compounds (e.g. ligands
and surfactants) to the use of high-molecular weight
compounds (e.g. synthetic and natural polymers).®"" More
importantly, the polymer coat induces reactive chemical
functions capable for immobilizing biological species via
chemical interaction (e.g. enzymes, proteins, antibody, anti-
gen, DNA, and RNA), which is highly needed for biomedical
applications.['274

For any application of magnetic nanoparticles, magnetic prop-
erties [saturation magnetization (Ms)], which mainly depends on
particle size, chemical nature of the used magnetic material and
magnetic content are considered as the key factors affecting
their successful use. Recently, various techniques have been
used for colloidal and physical chemistry characterization of such
complex particles, including transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR), powder
X-ray diffraction (XRD) technique, atomic absorption spectros-
copy, gel permeation chromatography, differential scanning ca-
lorimetric, thermogravimetric analysis (TGA), and electrical
conductivity measurement.!'”!

However, because of the presence of magnetic iron oxide,
some techniques are automatically discarded (e.g. NMR), which
needs to use new roots. Therefore, the most efficient tech-
niques, which are now widely used for their characterization,
include magnetization measurements and thermal gravimetric
analysis.

The present review is thus important, and various aspects are
elaborated including description of TGA technique, description
of magnetization, chemical composition measurements by
TGA, and magnetization and characterization via combination
of both TGA and magnetization measurements as complemen-
tary techniques.

DESCRIPTION OF THERMAL GRAVIMETRIC
ANALYSIS

According to the International Union of Pure and Applied
Chemistry (IUPAC), thermogravimetry (TG) can be classified as
a technique in which the mass of a substance [and/or its reac-
tion product(s)] is measured as a function of temperature,
while the substance is subjected to a controlled temperature
program.!'®

The development of TGA expands its scope beyond simply
confirming gravimetric techniques. Currently, studies in the
fields of kinetics, thermodynamics, metallurgy, corrosion, and
polymers can be performed using TGA technique.!”

Figure 1 shows a simplified diagram describing the thermo-
gravimetric system, which basically constituted a balance, a ther-
mocouple, a gas flow system, and an oven.

Nowadays, thermal gravimetric analysis is a versatile technique
used for studying the effect of heat on decomposition characteris-
tics of organic materials and more particularly for polymers.

Balance

Mechanism

gas outlet

Sample I

l I Thermocouple
..
O

gas inlet

Figure 1. A simplified scheme of the thermobalance used for TG
analysis.

Moreover, this technique may be used for polymer characteriza-
tion, especially on kinetic studies, lifetime prediction, water absorp-
tion, and more particularly for thermal stability, which is considered
as a basic requirement for some important applications.['82%

For polymer composites containing inorganic particles (e.g.
magnetic polymer hybrids), TGA technique is widely used for es-
timation of the chemical composition (i.e. polymer amount and
consequently magnetic content) of the composite. Furthermore,
in polymer blends, each polymer shows a characteristic decom-
position profile, which may be attributed to different ways of
chemical degradation, such as main-chain scission, side group
scission, elimination, and depolymerization.”" This in turn helps
in distinguishing qualitatively one polymer from another, espe-
cially in polymer mixtures, using only few milligrams of material.
The results of quantitative analysis can be improved if the TGA is
coupled with another device, such as gas chromatograph, FTIR,
and mass spectrometer.[?>2*!

For quantitative analysis, the thermogravimetric curves provide
information about the decomposition mechanisms for various ma-
terials, because change in sample mass during analysis could be
observed.”¥ If TGA curves do not overlap each other, the mass loss
profile of a mixture of materials may be considered as the sum of
individual profiles of each of its components providing, easily,
quantitative results. Figure 2 shows an example of the thermal be-
havior of pure polymers and their physical mixtures.

However, when the degradation events from different
polymers overlap each other, the simple graph observation for

Polymer B
Polymer A

T

Mixture of
polymers (A +

Sample weight

Temperature (°C)

Figure 2. Schematic illustration of TGA curves for hypothetical pure
polymers and its physical mixtures (blends). This figure is available in
colour online at wileyonlinelibrary.com/journal/pat.
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obtaining quantitative results is not possible. In order to over-
come this drawback, the TG graphics can be differentiated. Then,
the derivative of TG (DTG) curve is sometimes used for determin-
ing inflection points on the TG curve. Moreover, DTG is useful in
revealing extra details, for example, a hide degradation event,
which would not have been seen on the TG curve itself.?*) An
example for such overlapping can be observed in Fig. 3.

In general, the derivative weight loss curve (DTG) is more sen-
sitive to subtle difference in weight loss than TG curves.*® More-
over, by DTG, it is possible to distinguish in which temperature a
specific degradation event starts and finishes. Besides identifica-
tion of an event, the DTG curves may be used to estimate the
ratio (%) of polymers in blends. One way consists in plotting a
calibration curve, which can be performed through the correla-
tion of peak heights of desired event against a specific tempera-
ture or composition.”® In order to obtain good consistence on
TG experimental, it is important to be careful on the experimen-
tal details. The way in which the sample is packed, amount of
sample mass analyzed, heating rate, and gas flow rate are some
factors that can affect the reproducibility.

DESCRIPTION OF MAGNETIZATION

Various organic and inorganic materials exhibit magnetic proper-
ties, which may interest to be explored for well-defined applica-
tions. In the last decade, various magnetic materials have been
prepared and examined in terms of magnetic properties.
Ferrite-based materials and more particularly metallic particles
such as iron oxide-based particles have been extensively studied
because of their easy chemical preparation (mainly via co-
precipitation process) at low cost and the possibility to control
their magnetic properties and magnetization.””’ In order to
point out the existence of this property, it is urgent to study their
behavior when they are subjected to an external magnetic field.
In this regard, vibrating sample magnetometer (VSM) was used.

Vibrating sample magnetometer

Vibrating sample magnetometer is an instrument that measures
the magnetization of a small sample of magnetic material placed
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Figure 3. TGA and DTG curves of sample containing natural rubber (NR)
40% (w/w) and styrene-butadiene rubber (SBR) 60% (w/w) vulcani-
zates.*™ Reproduced with permission. Copyright © 2006 Elsevier.

in an external magnetizing field by converting the dipole field of
the sample into an electrical signal. VSM is based on Faraday’s
law, which states that an electromagnetic force is generated in
a coil when there is a change in flux linking the coil*” In the
measurement setup, a magnetic sample is moved in the proxim-
ity of two pickup coils as indicated in Fig. 4. The oscillator pro-
vides a sinusoidal signal that is translated by the transducer
assembly into vertical vibration. The sample, which is fixed to
the sample rod, vibrates with a given frequency and amplitude
(60Hz and 1 mm). It is centered between the two pole pieces
of an electromagnet that generate a magnetic field H, of high
homogeneity. Field strengths of several tesla are commonly pos-
sible with laboratory VSM systems. Stationary pickup coils are
mounted on the poles of the electromagnet. Their symmetry
center coincides with the magnetic center of the sample. Hence,
the change in magnetic flux originating from the vertical move-
ment of the magnetized sample induces a voltage U;,q4 in the
coils. Hy being constant has no effect on the voltage, but is nec-
essary only for magnetizing the sample. By measuring in the field
of an external electromagnet, it is possible to obtain the hyster-
esis curve of a material.

The measurement setup is sensitive even to very low mag-
netic moments. Today’s VSMs are able to detect magnetic mo-
ments down to the u emu range, which corresponds to
approximately 10™° g of iron.?®!

Magnetic behavior of iron oxide nanoparticles

Iron atom has a strong magnetic moment due to the four un-
paired electrons in its 3d orbitals.”’ As shown in Fig. 5, when
crystals are formed from iron atoms, four different magnetic
states can arise: paramagnetic, ferromagnetic, ferrimagnetic,
and antiferromagnetic (diamagnetic) states. In the paramagnetic
state, the individual atomic magnetic moments are randomly
aligned with respect to each other, and the crystal has a zero
net magnetic moment. If this crystal is subjected to an external
magnetic field, some of these moments will align, and the crystal
will attain a small net magnetic moment. In ferromagnetic state;
all the individual moments in the crystal are aligned even with-
out an external magnetic field (e.g. permanent magnet). In
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ilat
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<€«— Sample Rod

Pickup

Coils Sample
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Figure 4. Vibrating sample magnetometer setup.
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Figure 5. Alignment of individual atomic magnetic moments in differ-
ent types of materials. This figure is available in colour online at
wileyonlinelibrary.com/journal/pat

ferrimagnetic state, the crystal has a net magnetic moment aris-
ing from two types of atoms with moments of different strengths
that are arranged in an antiparallel fashion. While in antiferro-
magnetic (diamagnetic) state, magnetic moments are antiparal-
lel and have the same magnitude, then the crystal has no
(zero) net magnetic moment.

In the bulk ferromagnetic material, the magnetization M is the
vector sum of all the magnetic moments of the atoms per unit
volume of the material. The magnitude of M is generally less
than its value when all atomic moments are perfectly aligned,
because the bulk material consists of domains (Fig. 6). Each do-
main has its own magnetization vector arising from the align-
ment of atomic magnetic moments within the domain. The

Magnetic domain

Domain’s wall

Figure 6. Magnetic domains in a bulk ferromagnetic material. This
figure is available in colour online at wileyonlinelibrary.com/journal/pat

regions separating magnetic domains are called domain walls,
where the magnetization rotates coherently from the direction
in one domain to that in the next domain. Thus, the magnetiza-
tion vectors of all domains in the material may not be aligned in
the same direction, leading to a decrease in the overall
magnetization.

If an external magnetic field of strength H is applied to a ferro-
magnetic material of magnetic strength M [Figure. 7(A)], the
magnetization curve is obtained [Figure. 7(B), blue line] showing
that M increases with H until maximum saturation magnetization
value Ms is reached. The magnetization curve displays a
hysteresis loop, because all domains do not return to their original
orientations when the magnetic field is removed (H=0). Thus, the
material will attain a remnant (residual) magnetization Mg, which
can only be removed by applying a coercive field Hc in the
opposite direction to the initially applied field.

When the size of the material goes down to the submicron or
the nanoscale, the number of domains decreases until there is a
single domain where the characteristic size of the material is be-
low a critical size (D.) [Figure. 7(C)]. This single domain describes
a region within a magnetic material, which has uniform mag-
netization, and has no hysteresis loop [Figure. 7(B), red line]
and is said to be superparamagnetic. In this case, the individ-
ual magnetic nanoparticles have large constant magnetic mo-
ment and behave like a giant paramagnetic atom with a fast
response to the applied magnetic field without remnant mag-
netization Mg It was found that iron oxide nanoparticles
smaller than 20 nm often display superparamagnetic behavior
at room temperature.[293%

Hybrid magnetic particles

The preparation of magnetic latex particles is incontestably
based on the use of magnetic iron oxide nanoparticles. In this
direction, modified SIONPs prepared via co-precipitation
process are used [Fig. 8(A)1.B4 The iron oxide nanoparticles
are first coated with low water solubility surfactant in order
to be dispersible in organic phase such as alkane solvent
(organic ferrofluid).2" Then, the use of this organic ferrofluid
in well-appropriate surfactant aqueous solution leads to the
formation of oil in water emulsion by using high shearing
process or even ultra sound. The obtained oil in water
magnetic emulsion can then be used as such to perform
mini-emulsion polymerization when the organic solvent is
replaced by monomer such as styrene, but the final magnetic
latex particles exhibit low magnetic content and then low

Ferromagnetic
Applying Removing the

= M;g:':‘ic m Magnetic field

0] (1 (1
Domais do not
return to their

original orientations

Superparamagnetic
:\Applyin_g Removing the
@@@ :gmanc @ @@ Magnetic field @ @@
®Me® ®O® ®DE®
(1) 2) )

Single domain
returns to its
original orientation

(B) (©)

Multi-domain
f——

~

—
Dec Particle size

(1@ H

Superparamagnetic

Figure 7. Magnetic properties of ferromagnetic materials as a function of particle size (A and C) and their magnetization curve (hysteresis loop) (B).
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Figure 8. TEM analysis of iron oxide nanoparticles (A),** magnetic emulsion (B),*? magnetic poly(divinylbenzene-co-glycidyl methacrylate) colloidal

particles (C),1**

and temperature sensitive poly(NIPAM)-coated magnetic particles (D).3”! Photos A, C, and D are reproduced with permissions.

Copyright © Elsevier. Photo B is reproduced with permissions. Copyright © 2006 American Scientific Publishers.

particles separation under any applied magnetic field. In order
to overcome this problem, the prepared magnetic emulsion
[Fig. 8(B)] was used as such and as seed in radical emulsion
polymerization after avoiding the presence of free micelles
in the aqueous phase leading generally to secondary nucle-
ation.? The well-prepared and characterized magnetic emul-
sion can then be encapsulated using various hydrophobic
and/or hydrophilic monomers (mainly styrene monomer or
mixture of styrene and functional monomer like glycidyl
methacrylate in the presence of divinylbenzene as a
crosslinker [Fig. 8(C)1.** The polymer shell surrounding the
magnetic core can also be further functionalized using acryl-
amide derivative leading to stimuli-responsive highly mag-
netic submicron latex particles [Fig. 8(D)].5*

CHEMICAL COMPOSITION MEASUREMENTS

Chemical composition by thermal gravimetric analysis

Thermogravimetric analysis may be an interesting tool for char-
acterization of magnetic latex particles with different morphol-
ogies (e.g. core-shell, Janus, and polymeric matrix). In general,
inorganic oxides do not degrade completely in TG experiment.
Based on this fact, it is possible to measure the amount of both
organic and inorganic parts.

For estimating the inorganic content, it is important to
point out the importance on choosing either inert (e.g. ni-
trogen) or reactive atmosphere (e.g. air) because the gas
employed in TGA measurements can affect the behavior
of thermogravimetric curves. For example, in nitrogen (N,)
flow, magnetite (Fe30,) is usually stable up to 600°C, and
the TGA data can be used for estimating directly the total

amount of Fe;0, in the sample.”**37! Moreover, it is well
known that FeO is thermodynamically stable above 570°C;
for this reason, phase transition from Fe;O, to FeO may
be formed when temperature is between 600°C and 800°
C. Furthermore, when T>800°C, the deoxidation of FeO
may be observed.”?® On the other hand, when TGA curve is
obtained under air flow, magnetite is totally converted to Fe,0Os in
a temperature range between 200°C and 300°C.2%* |n such case,
the Fe30,4 content in the hybrid particles may be estimated by the
following chemical equation:

2 FE304 + % 02—>3 Fe203 (1)

An interesting example on applying the TGA measurement
under air flow was reported by Xu and co-workers.*”’ They esti-
mated the amount of Fe30, in polyacrylamide-coated magnetic
particles using Eqn 1. In addition, they could correlate, with
reasonable precision, the amount of magnetite with Ms for all
samples studied.

In the case of hybrid-based magnetic nanoparticles, TGA un-
der N, flow was used to determine the weight percentage of
Fe304 in the Fe30,4/chitosan-polyacrylic acid (PAA) composite mi-
crospheres, as shown in Fig. 9. As clearly seen from the TGA
curve (a) of bare Fe3O4 nanoparticles, the weight loss is about
3% for the whole temperature range. This might be due to the
evaporation of absorbed or crystalline water in the sample. On
the other hand, for Fe304/chitosan-PAA composites [TGA curve
(b)], below 200°C, the weight loss of all the nanocomposites is
quite small (7%) due to removal of the absorbed physical and
chemical water. Then, the principle chains of chitosan-PAA begin
to degrade at about 230°C, and the temperature of final decom-
position is at around 500°C, reaching to a weight loss of 68%. In
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Figure 9. Weight loss curves of (A) bare Fes0, and (B) Fe30,/chitosan-
PAA magnetic microspheres." Reproduced from © 2010; licensee MDPI,
Basel, Switzerland. Distributed under the terms and conditions of the
Creative Commons Attribution license (http://creativecommons.org/
licenses/by/3.0/).

addition, there is no significant weight change from 500°C to
900°C was observed, implying the presence of only iron oxide.
Calculation results showed that the magnetic content of com-
posite microspheres is about 41.3 wt%.

These results are very close to and in conformity with those
obtained by magnetization measurements, as can be seen in
the Section on Chemical Composition by Magnetization.

Moreover, TGA was used not only for basic hybrid particles but
also for more complex ones and principally for quantitative as-
pect in order to have more information about polymerization
conversion. For instance, the amount of inorganic magnetic core
of the polymer coated-magnetic particles [MP(NIPAM/MBA/AEMH)]
based on N-isopropylacrylamide (NIPAM), N,N-methylenebisacrylamide
(MBA), and aminoethylmethacrylate hydrochloride (AEMH) (Fig. 10)
was easily estimated from the percentage of weight loss of the
organic part (Fig. 11).

As clearly seen, the major weight loss occurred in the range of
350-450°C and reached a plateau after 500°C. As expected, the
amount of residual mass (mostly magnetic content and little
amount of ash) about 60% in cross-linked magnetic seed parti-
cles is lower than that of magnetic emulsion (82%). This was at-
tributed to the incorporation of polymers on the magnetic seed
particles, which lowers magnetic content in the final particles.”®*
Furthermore, the authors also could estimate the percentage of
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Figure 11. Thermogravimetric curve of magnetic emulsion, magnetic
cross-linked polydivinyl benzene particles seed, and magnetic PDVB/P
(NIPAM/AEMH/MBA) hybrid composite particles at various seed/mono-
mer ratios (MP-2, MP-3 and MP-4)2°! Reproduced with permission.
Copyright © 2011 Elsevier. This figure is available in colour online at
wileyonlinelibrary.com/journal/pat.

temperature-sensitive polymer brushes coated onto magnetic
polymer seed by comparing the plateau of the magnetic poly-
mer seed with samples (MP-2, MP-3, and MP-4) after further
and successive polymerization. From these observations, it was
possible to identify that the sample MP-4 showed the highest
encapsulation efficiency. Moreover, their TGA results were in a
good agreement with TEM observations.

Chemical composition by magnetization

Chemical structure, physical properties, and the amount of
inorganic “magnetic” material in the final particle are the key
parameters, which control their physical separation in a
magnetic field®" In order to determine the chemical
composition of magnetic latex particles via magnetization
measurement, it is necessary to know the chemical nature of
the used magnetic material, which can be examined by XRD
technique and/or Md&ssbauer spectra. Thereafter, the quantita-
tive analysis (magnetic content) can be performed by using
TGA, as mentioned earlier, or by magnetization measurements
using VSM.

Generally, Ms of the magnetic particles is highly dependent on
the magnetic content and also on the chemical nature of the
used magnetic material.”*% Then, this property can be exploited
to determine the amount of magnetic part in the final particles
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Figure 10. Schematic representation for the preparation of temperature-sensitive amine-containing magnetic poly(DVB)/poly(NIPAM-AEMH) colloidal
particles. The starting material is oil-in-water magnetic emulsion, which consisted of oleic acid-coated iron oxide nanoparticles emulsified in aqueous
surfactant solution.®® Reproduced with permission. Copyright © 2011 Elsevier. AEMH: aminoethyl methacrylate hydrochloride (AEMH), MBA: N,N-
methylenebisacrylamide, DVB: divinylbenzene. This figure is available in colour online at wileyonlinelibrary.com/journal/pat
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using magnetization measurements at room temperature. More
intensely, this technique is considered as a non-destructive ana-
lytical tool as compared with TGA analysis.

Based on the value of Ms of the used initial magnetic nanopar-
ticles and that of dry prepared magnetic hybrid particles, then
the magnetic content in the final particles can be measured
according to the following equation:

M
Magnetic content (wt%) = # %100 (2)
0

where Ms is the saturation magnetization of dry magnetic latex
particles, and Msy, is the saturation magnetization of initial mag-
netic nanoparticles.

In most cases, this technique is complementary and consistent
with TGA analysis for determination of magnetic content in the
final particles, as previously reported.™"

For instance, the magnetization curves of bare Fe;0, particles
and Fe30,4/chitosan-PAA composite microspheres recorded with
VSM are illustrated in Fig. 12(A) and 12(B), respectively.*'! As shown
in Fig. 12, the magnetization of the samples would approach the
saturation values when the applied magnetic field increases to
10,000 Oe. The Ms of bare Fe;0, nanoparticles is 72.5emug™ .
For the Fe30,4/chitosan-PAA composite microspheres, Ms was about
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Figure 12. Magnetization curves obtained by vibrating sample magne-
tometer (VSM) at room temperature: (A) naked Fe30y; (B) Fe304/chitosan-
PAA magnetic microspheres.”*"’ Reproduced with permission. Copyright
© 2010 John Wiley and Sons.
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29.1emug, which was much less than that of bulk magnetite
@84emug ). The lower value of the measured Ms of bulk
Fe304 nanoparticles was attributed to the presence of the smaller
size of maghemite nanoparticles.® In addition, the low Ms of
Fe304/chitosan-PAA composite microspheres may be attributed to
the incorporation of Fes04 nanoparticles into chitosan-PAA spheres,
which added mass of the thick polymer layer on the magnetite
nanoparticles. When the magnetic component size of the parti-
cles is smaller than the critical size, the particles will exhibit
superparamagnetism. A narrow hysteresis loop can be seen in
Fig. 12 indicating a small remnant magnetization. It might be that
some of the particles are magnetically blocked.

By applying Egn 2, polymer content could be calculated to be
40.1%, and consequently, polymer or organic content is 59.9%.
These values are consistent with those obtained by TGA mea-
surements, as previously mentioned (Fig. 9).

Xu et al. have used TGA to measure the magnetite content in
magnetic poly(styrene-co-divinylbenzene-co-glycidyl methacry-
late) [P(St-DVB-GMA)] latex particles (MLPs).™¥ As shown in
Fig. 13(A), the weight loss of the prepared latex was 50 wt% at
400-450°C, which implied that up to 50wt% of the MLPs
consisted of magnetite nanoparticles. On the other hand, the
magnetization curve of the prepared latex is plotted in Fig. 13(B).
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Figure 14. Magnetic hysteresis curve for the oil-in-water magnetic
emulsion (ME), magnetic poly(divinylbenzene) seed (MPS), and
magnetic@poly(divinyloenzene) @ poly(N-isopropyl acrylamide-co-
acrylic acid) submicron particles at different AA content, FMP-1, FMP-2,
FMP-3 and, FMP-4."* Reproduced with permission. Copyright © 2012
American Scientific Publishers. This figure is available in colour online
at wileyonlinelibrary.com/journal/pat.
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Figure 13. TGA diagram (A) and magnetization curve (B) of MLPs.** Reproduced with permission. Copyright © 2010 John Wiley and Sons.
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magnetization and TGA data'*”!

Table 1. Estimation of magnetic content for dry ME and MP-DVB latexes, which were prepared at various DVB content, based on

Property ME MP-DVB(1) (0.9 ml DVB) MP-DVB(2) (1.2 ml DVB)
Specific saturation magnetization (emug ") 51.1 39.6 344

Polymer content (wt%) by TGA 0.0 20.2 241

Iron oxide content (wt%) by TGA 79.0 67.3 65.2

Iron oxide content (wt%) by VSM 67.2 52.1 453
Polymerization conversion (%) — 64 56

Reproduced with permission. Copyright © 2012, Springer Verlag.
ME, magnetic emulsion; MP-DVB, magnetic poly(divinylbenzene); TGA, thermal gravimetric analysis; VSM, vibrating sample magnetometer.

As shown, the Ms value was 30emug . Neither remanence nor
coercivity was observed, which indicated superparamagnetic
property of the MLPs we obtained. The magnetite content
calculated from the ratio of the original Ms of Fes0, nanoparticles
(about 60 emug™") and that of the synthesized MLPs was 50 wt%;
this was in agreement with the result of TGA measurements.

More complex systems have been deeply examined on
washed magnetic latex particles after complete removal of any
possible secondary nucleation." As can be easily deduced from
Fig. 14, the increase of polymer content in the particles leads to
decrease in magnetization. The chemical composition of the
used magnetic seed was first determined by TGA and also by
magnetization. After polymerization step, the amount of added
polymer on the particles can then be determined by magnetiza-
tion in comparison with the used seed. The obtained results are
generally in agreement with the values obtained by TGA
analysis.!"

As a result, we can say that the combination of TGA and
magnetization (as complementary techniques) is good to char-
acterize magnetic latex particles, which cannot be performed
by other conventional techniques. If the magnetization of the
used seed is well known, the polymerization conversion of
monomers to polymer on particles can then be determined
even in disperse media after subtracting the diamagnetic prop-
erty of water only.

COMBINATION OF THERMAL GRAVIMETRIC
ANALYSIS AND MAGNETIZATION

Although individual characterization based on TGA and magne-
tization is vital, however, certain additional characteristics infor-
mation for magnetic hybrid particles can advantageously be
acquired when both these techniques are combined. For exam-
ple, by combining TGA and magnetization, it is possible to deter-
mine the percentage polymerization conversion.

In fact, TGA gives the exact amount of organic and inorganic
materials, while magnetization gives the exact amount of mag-
netic and non-magnetic materials. For instance, in previous
work,23 Ms of magnetite emulsion (oleic acid-coated Fe;O,
nanoparticles) and their corresponding poly(divinylbenzene-co-
glycidyl methacrylate) colloidal particles was measured to be
4385emug ' and 3549 emug ', respectively. By assuming that
Ms of the magnetite nanoparticles is 60emug™ ", ** then the
amount of magnetic material is 60 wt%, with 40 wt% organic ma-
terial (oleic acid and surfactant from the seed emulsion and poly-
mer from the polymerization step). These results were very close
to that obtained by TGA analysis.””

Similarly, Nguyen and co-authors reported the synthesis of
poly(methyl methacrylate)-coated magnetite nanoparticles. For
characterizing the samples, TGA data were used for estimating
both polymer contents and polymer-shell thickness. Then, the
results were correlated with magnetization.”*> Another interest-
ing work was reported by Chen and co-workers.*® Zwitter ionic
polymer-coated core-shell magnetic nanoparticles (Fe304@
Si0O2@PMSA) were obtained for applying in specific capture of
N-linked glycopeptides. For particles characterization, the
authors used TGA to calculate both Fe;0,@SiO, and polymer
amounts, then the results could be correlated with magnetiza-
tion data. Analogous correlations can be found elsewhere.*748!

Moreover, by performing such combined analysis, the amount
of polymer induced by polymerization process can be easily de-
duced and consequently to polymerization conversion as illus-
trated in Table 1.1 Firstly, it is interesting to notice that total
polymerization conversions were observed leading to polymer
formation on magnetic emulsion and polymer forming second-
ary nucleation. After subtracting the amount of organic material
from the used seed magnetic dispersion and by determining the
amount of organic material after polymerization (of washed dis-
persion), the polymerization conversion leading to polymer on
particles can then be estimated and found to be 64% for mag-
netic poly(divinylbenzene)(1) and 56% for magnetic poly
(divinylbenzene)(2).

During the encapsulation of magnetic nanoparticles with
polymer, using seeded emulsion polymerization technique, TGA
analysis can be used to follow the polymerization conversion as a
function of time but cannot point out the presence of any
secondary nucleation. In fact, the burned organic material can be
directly related to polymerization conversion when crude sample
(unclean) is used irrespective of the presence of secondary nucle-
ation. In the same way, the magnetization of dried samples can also
be used for estimation of polymerization conversion. In this case,
the Ms should decrease as the polymerization conversion
increases.

CONCLUSION

Colloids characterization is of great interest, because much infor-
mation can be deduced such as colloidal properties, chemical
composition, intrinsic properties, and then the mechanism of
particles formation or modification.

Regarding inorganic or organic particles, various methods are
widely used for particles characterization and surface determina-
tion including TEM, Scanning electron microscopy, FTIR, XRD
technique, atomic absorption spectroscopy, gel permeation

Polym. Adv. Technol. (2015)
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chromatography, differential scanning calorimetric, and electri-
cal conductivity measurement as largely reported in the
literature.

Regarding hybrid particles, it is necessary to combine various
complementary characterization techniques in order to obtain
more information, and various analytical tools can be used. In
fact, most problems are related to chemical composition and
surface functional groups on the colloidal particles. However,
for some hybrid particles, the use of classical methods is not
sufficient, and in some cases, these methods cannot be used.
This is the case of hybrid magnetic latex particles, which cannot
be analyzed by NMR for instance. Then the complete character-
ization of magnetic latex particles can be, for instance,
performed using TGA and magnetization measurements. TGA is
used for exact chemical composition by providing the ratio
between organic and inorganic materials. The changes in
organic composition between the used seed and the final parti-
cles lead to polymerization conversion. Regarding magnetization
measurement, the amount of magnetic material can be exactly
determined. Then, when the polymerization conversion
increases, the amount of this magnetic material decreases, and
consequently, the polymerization conversion can be deduced.
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Magnetic particles: From preparation to lab-on-a-
chip, biosensors, microsystems and microfluidics
applications
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Summary

From last ten years, magnetic nanoparticles (superparamagnetism) play an important role in
in-vitro and in in-vivo biomedical application. Paramagnetic or superparamagnetic particles,
which can respond to an external magnetic field, provide an efficient method of separating
samples linked to the magnetic particles from the liquid suspension. Magnetic nanoparticles
(superparamagnetism) have been involved in a number of in-vivo as well as in-vitro
operations since last ten years. In order to synthesize homogenious and monodisperse nano-
particles of super paramagnetic iron oxides (SPIONs), different synthetic approaches have
been tried for example, thermal decomposition of iron containing precursors in different
aqueous or organic media, iron salts precipitation from aqueous solutions or water in oil micro
emulsification technique.

Two types of encapsulation processes that is physical and chemical encapsulation are used for
surface modification of SPIONs. Physical encapsulation of SPIONs includes direct
modification of magnetic nanoparticles with surfactant adsorption, or via layer by layer (LBL)
electrostatic adsorption or self-assembly of preformed polymers. Chemical encapsulation of
SPIONSs includes surface functionalization or modification of magnetic nanoparticles via
specific grafting, surface initiated controlled polymerization, inorganic silica/polymer
hybridization, or by heterogeneous polymerization in dispersion media. For in vitro diagnostic
applications, seeded emulsion polymerization technique has been extensively used.

Magnetic nanoparticles especially magnetic colloidal particles have found promising
applications in different therapeutic and biomedical diagnostic applications. Magnetic
colloidal particles are used as solid support such as in Magnetic Resonance Imaging (MRI) as
contrast agents, drug delivery, and hyperthermia biomolecules like bacteria, virus etc in order
to enhance the sensitivity of in-vitro biomedical diagnosis. Magnetic colloidal particles are
commonly used as solid supports (carriers) for the immobilization of biomolecules such as
oligonucleotides, peptides, ligands, proteins or antibodies in order to enhance the specific
capture of the targeted biomolecules ( e.g. bacteria, viruses, etc.).

Microfluidic combined with nanotechnology has played an important role in developing
UTAS or LOC systems. The combination of magnetic nanoparticles and microfluidic system
has provided benefits like automation and easy implementation for chemical bonding
providing high surface to volume ratio and superparamagnetic nature. For enhancing the
mixing and improvement of kinetics of tagging process, magnetic nanoparticles are used. The
use of magnetic particles in microfluidic devices provides new possibilities of manipulating
molecules in small volume. Different forms of biological applications can be recognized by
using magnetic particles in microfluidic systems like sample purification, solid substrate to
sample, sample manipulation, labeling, transport, separation and protein-interaction.
Purification and capturing of molecules are an important task while performing on-chip
nucleic acid analysis. By the use of magnetic microparticles in a microfluidic system, nucleic
acid can be brought into contact with particle surface through different means. A preferred
solution is the incubation of activated magnetic particles with the sample in a reservoir. Here,
purification is done by introducing magnetic field to separate magnetic particles from the
sample and nucleic acid capturing is driven by diffusion. An important characteristic of
magnetic particles is that they can be suspended in a microfluidic channel by applying
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magnetic forces without the use of supporting substrate. However, some solutions used
relative velocity between sample and magnetic particles by immobilizing the latter. Mostly, it
is based on immobilization of magnetic particles inside a micro channel before or after
capture step. Magnetic particles are thus ,held against a flow through a magnetic field
perpendicular to channel while source of magnetic field occurs by integrating electromagnetic
element into the chip or by placing permanent magnet at the bottom of the system. Magnetic
particles in conjunction with microfluidics can successfully be used for developing micro
reactors for proteomic applications. Proteolyzation of the proteins occurs through porous
magnetic plug when magnetic particles are grafted with enzyme. Magnetic particles when
grafted with specific enzymes can very efficiently proteolyzed the protein of interest. This can
be done by flowing through the protein through the porous magnetic plug.

Molecular processes play a vital role in biomedical field that can be done in particular
laboratories with help of various biological tests .These biological tests required multi-step
and complex processes like sample collection, preparation and sample identification of
biomolecules which needs labor and also these steps required time consumption. A new area
in research consist of microfluidic systems that deal with sub-Nano liter volumes of fluids
involving miniaturization and the combinations of molecular level biological tests into high
performance and ultrafine systems, known as lab-on-a-chip, micro total analytical system or
micro fluidic device. These have the ability to incorporate scaled-down lab functions, like
isolation and analysis of a mixture’s ingredients, on a tiny chip making use of small amount of
fluids from nano to pico liters in a properly controlled manner. These devices fulfill all basic
needs like they are tiny, easy to handle due to their portable nature, fast in processing, have
reduced cost, need minimum amount of sample and the solvent for biomedical research and
diagnosis.

Biosensors are being investigated using superparamagnetic particles, nm to um in size, as
labels, which consist of magnetic particles embedded inside a non-magnetic matrix (e.g.
natural or synthetic polymers). Recently, magnetic particles have been produced as labels for
bio sensing. Different magnetic particles, for example, magnetite nanoparticles and polymer
matrix micro beads, have been used for the labeling and detection of biomolecules. It is quite
difficult to compare sensitivities of different approaches without taking into account the
practical aspects of biosensing, because of differences in magnetic properties and sizes of
particles employed. Assay sensitivity combined with detector sensitivity is used to determine
the actual sensitivity of a biosensor system based on magnetic bead labeling.

Different biosensors that employ different biosensing principles comprise of different
magnetic materials and instrumentation. The first type consists of magnetic relaxation switch
assay-sensors which are based on the effects of magnetic particles on water proton relaxation
rates. The second type consists of magnetic particle relaxation sensors, which determine the
relaxation of the magnetic moment within the magnetic particle. The third type is a
magnetoresistive sensor, which detect the presence of magnetic particles on the surface of
electronic devices that are sensitive to changes in magnetic fields on their surface. Various
sensitive magnetic field devices have been used for purpose of biosensing like giant magneto-
resistive (GMR) and spin valves superconducting interference devices (SQUIDs).
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At present, magnetic latex nanoparticles have become a basic ingredient for producing fast
and sensitive diagnostic devices as well as transportation and even detection in
microsystems combining micro-fluidic and lab —on — a chip technology.
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1. Introduction

In the last decade, a great attention has been paid to the unique
feature of magnetic nanoparticles (superpara-magnetism), which
makes them easily guided by an external magnetic field. This unique
property has been exploited in fast separation and particularly for
in vitro biomedical diagnostic domain [1]. Therefore, the develop-
ment of reactive magnetic nanoparticles for immobilization and fast
magnetic separation of biomolecules (e.g. antibodies, proteins,
enzymes, etc.) is of great importance nowadays especially for fast
diagnostic applications providing early detection of diseases. This
in turn helps us to get optimal results in therapy and consequent-
ly management and treatment of diseases at early stages of infection.
Moreover, magnetic colloidal particles have also been tried in various
in vivo diagnostic and therapeutic applications such as in Magnet-
ic Resonance Imaging (MRI) [2] as contrast agents, drug delivery,
and hyperthermia.

Among magnetic nanoparticles, iron oxides and in particular mag-
netite (Fes04) and its oxidized form maghemite (y-Fe,03) have
attracted much attention due to their biocompatibility, low toxic-
ity, and ease of preparation at low cost [3].

More interestingly, the specific optical (fluorescent) or magnet-
ic feature of magnetic nanoparticles are sometimes exploited and
integrated in microsystems in order to elaborate medical devices.
This provides fast analysis with high sensitivity for low volume
analyte, similar to that existing in large-scale analysis equip-
ments. Such systems are called micro-Total Analysis Systems
(U-TAS) [4] in which all steps are concentrated in one device (e.g.
lab-on-a-chip systems(LOC), biosensors, microfluidic systems, etc).
These devices and systems (with highly automated operations) are
characterized by their small size and robust mechanics. Hence, are
important for routine applications and can also be developed as easy-
to-use portable devices. In addition, they are not only cost effective
but also have low running costs. These are the features that are very
much required in biomedical diagnosis, clinical analysis and
nanomedicine. Hence, attracting significant attraction from various
research groups.

However, in order to be conveniently used in bio-related appli-
cations, the control of surface chemistry of superparamgnetic iron
oxide nanoparticles (SIONPs) is required. Generally, the pristine
SIONPs tend to aggregate into large clusters due to their large surface
area-to-volume ratio and dipole-dipole interaction. As a result, this
leads to reduction in their intrinsic superparamagnetic proper-
ties. Therefore, surface modification of SIONPs is of a paramount
importance not only to prevent aggregation of SIONPs, leading to
colloidal stability, but also to enhance their water solubility, bio-
compatibility, bioconjugation, and nonspecific adsorption to cells.
Surface modification, therefore, provides them an edge over the other
separation techniques (e.g. filtration, centrifugation and sedimen-
tation) that are laborious as well as time consuming. For instance,
the coupling of biomolecules (e.g. proteins, enzymes, antibodies, an-
tigens, etc.) to magnetic nanoparticles has been used to achieve
simple, fast, inexpensive and highly efficient separation of tar-
geted biomolecules under the effect of an external magnetic field.

Magnetic colloidal particles are commonly used as solid sup-
ports (carriers) for the immobilization of biomolecules such as
oligonucleotides, peptides, ligands, proteins or antibodies in order
to prevent nonspecific adsorption to cell and so enhance the spe-
cific capture of the targeted biomolecules (e.g. bacteria, viruses, etc.).

Furthermore, the ideal magnetic nanoparticles should have high
magnetic properties, sufficient small size with narrow distribu-
tion, high surface functionality and well defined morphology [5].
These characteristics can be achieved by optimizing the synthesis
process of SIONPs in order to prepare structured magnetic
nanoparticles bearing a reactive shell with well-defined proper-
ties [6].

In this regard, several approaches for preparation and modifi-
cation of SIONPs have been investigated using various materials
starting from low molecular weight compounds (e.g. ligands, sur-
factants, etc) to the use of high molecular weight compounds (e.g.
synthetic polymers, synthetic and natural biopolymers like pro-
teins, polysaccharides, polyethylene oxide, dextran, etc.) [7]. The
coating or encapsulation of SIONPs with polymers has several ad-
vantages in that, they enhance biocompatibility, colloidal stability
in aqueous and physiological media, and provide mechanical and
chemical stability for SIONPs. More interestingly, they impart func-
tionality to SIONPs to form conjugates with various biomolecules
(e.g. enzymes, proteins, antibody, antigen, DNA, RNA, etc), which
is highly needed for biomedical applications [8,9]. Recently, there
is a great research attempts to use SIONPs in theranostic applica-
tions (diagnostic and therapeutic purposes at the same time) [10].

2. Magnetic nanoparticles: from preparation to encapsulation
2.1. Magnetic particles preparation

Main approaches for the preparation of SIONPs include thermal
decomposition of iron precursors in organic (or water) media and
co-precipitation of iron salts from their aqueous solutions. The latter
is attracting much interest due to high yield as well as effective-
ness in controlling nanoparticle size and water-in-oil (w/o)
microemulsion. Chemical co-precipitation method depends on the
type of iron salt as well as pH and ionic strength of precipitating
solution. This can be done by either partial oxidation of ferrous hy-
droxide by different oxidizing agents or by the addition of alkali to
an aqueous solution containing mixture of ferrous (Fe?*) and ferric
(Fe*) ions. Iron oxide particles obtained this way are often not stable
and hence are stabilized by using low molecular weight legends,
surfactants or functionalized polymers. In addition, magnetic
nanoparticles are coated with carboxylate surfactants e.g. oleic acid
(C18H3402) during co-precipitation reaction followed by dispersion
in organic medium e.g. octane. The obtained magnetic ferrofluids
can be used as a template for further encapsulation with various
types of polymers.

Surface modification of hydrophilic inorganic nanoparticles has
been performed via two main processes namely, physical encap-
sulation and chemical encapsulation.

Physical encapsulation of SIONPs includes direct modification of
magnetic nanoparticles with surfactant adsorption, or via layer-
by-layer (LBL) electrostatic adsorption or self-assembly of preformed
polymers. LBL assembly method involves controlled synthesis of
novel nanocomposites core-shell materials and hollow capsules. By
using this strategy, magnetic colloidal particles have been coated
with alternating layers of polyelectrolyte, nanoparticles, and pro-
teins that can be utilized for various biomedical applications.

Chemical encapsulation of SIONPs includes surface func-
tionalization or modification of magnetic nanoparticles via specif-
ic grafting, surface initiated controlled polymerization, inorganic
silica/polymer hybridization, or by heterogeneous polymerization
in dispersion media. Inorganic silica/polymer hybridization in-
volves the encapsulation of SIONPs by a cross linked silica shell
through hydrolysis/condensation reactions with the hydroxyl groups
on the surface of iron oxide nanoparticles. Heterogeneous poly-
merization is used to prepare well-defined SIONPs-embedded
magnetic spheres as well as cross-linked microgels and nanogels.
For in vitro diagnostic applications, seeded emulsion polymeriza-
tion technique has been extensively used [11].

3. Magnetic particles as a solid support and as a carrier

Although, polymer and hybrid particles have been used for nu-
merous biomedical applications but magnetic colloidal particles [12]
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have advantage over them because they can be used as solid sup-
ports for biomolecules in order to enhance the specific capture of
the targeted biomolecules (e.g. bacteria, viruses, etc.), specific RNA
recognition [13], separation of DNA from probiotic dairy products
[14] and as potential solid support for recyclable biocatalysts [15].

3.1. Specific capture

The prepared colloids and their conjugates with biomolecules
are assessed in desired biomedical applications like immunology,
specific capture of DNA and RNA, cell sorting and identification, bac-
teria isolation and detection, virus extraction, concentration and
detection. Each application is evaluated by scrutinizing the speci-
ficity, the stability, and the sensitivity of bare particles and/or
particles bearing biomolecules such as antibodies and nucleic acids.

The specificity and the sensitivity of the targeted applications
are directly associated to the surface properties of the particles and
to the immobilized biomolecules accessibility. The interactions
between biomolecules and reactive particles are largely depen-
dent upon the colloidal and surface properties of the dispersion, and
the physico-chemical properties of the biomolecules.

The antibody-polymer immobilization is performed via physi-
cal adsorption (mainly via hydrophobic interaction) or chemical
grafting onto functional reactive groups (Table 1) [16]. The large-
sized polymer beads are also extensively used in analytical immune-
affinity chromatography for selective isolation of biomolecules. The

Table 1
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desired biomolecules are specifically affixed onto polymer par-
ticles and released after purification.

3.2. Magnetic particles for specific nucleic acids capture

The use of magnetic particles for specific capture of nucleic acids
is generally performed as follows: The capture probe of well-
defined sequence is chemically immobilized on the magnetic latex
particles. A test biomolecule sample is mixed with the magnetic
particles-ODN conjugates. The biomolecules are then specifically cap-
tured via hybridization process (specific hydrogen binding). The
detection is done by the addition of oligonucleotide labeled with
enzyme, as shown in Fig. 1 [11]. The enzyme oxidizes the sub-
strate and a colored supernatant is produced. This specific capture
of nucleic acid molecules combined with well-optimized detec-
tion process is the key to improve various biomedical diagnostics.

3.3. Magnetic particles for immunoassay diagnostic

Recently, Eissa et al. [17] have prepared epoxy-functionalized
poly(divinylbenzene-co-glycidyl methacrylate) [MPDG] (submi-
cron) colloidal particles using seeded emulsion polymerization
technique. The prepared colloidal magnetic particles were chemi-
cally immobilized on aminosilane-functionalized silica surface using
micro-contact printing technique (1CP), followed by bio-conjugation
with anti-human antibody (Ab). This construction [Ab-MPDG-silica]

Examples of chemical grafting onto functional reactive groups [16]
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Fig. 1. Schematic illustration of specific capture and detection of nucleic acids (ODN, oligonucleotide; single stranded DNA fragment). The intensity of the supernatant due

to the presence of colored product was determined by measuring its absorbance [11].

was used as solid support for immunoassay of the recombinant
antigen (Ag). The prepared Ab-MPDG-silica conjugate showed high
affinity for specific targeting of the recombinant Ag. This immu-
noassay was evidenced by fluorescence microscopy using
fluorescent-labeled Ab as shown in Fig. 2 [17]. The combination of
UCP and surface functionalization with epoxy-functionalized mag-
netic MPDG could be integrated into the manufacture of bioelectronic
devices such as biosensors, which provide fast analysis with high
sensitivity for low analyte volumes.

3.4. Magnetic carrier for sample preparation and generic capture

Magnetic latexes are combination of colloidal polymer par-
ticles and magnetic materials i.e., iron oxide nanoparticles. The iron
oxide in the polymer particles imparts the magnetic properties to
composite latexes [7]. Magnetic latexes are widely utilized in bio-
medical field as a solid support, in molecular biology, immunoassays,
cell sorting, and viruses and bacteria isolation [8]. The magnetic prop-
erty enables the separation through the use of single magnetic and
particle guidance in microsystems. Additionally, the magnetic prop-
erty also enhances the sensitivity of biomedical diagnostic by
enhancing the concentration of biomedical samples. Due to the pos-
sible elaboration of well-defined magnetic latexes, several biological
tests are automated leading to quick and high sensitivity of
biomolecules analysis.

3.5. Nucleic acids extraction, concentration and detection

Due to the polyanion character of nucleic acid molecules, cat-
ionic colloidal particles are adsorbed on DNA and RNA via attractive
electrostatic interactions. This adsorption is rapid and high at low
ionic strength and at acidic medium, and therefore it is controlled
by pH and salinity of the incubation medium. After magnetic sep-
aration, the supernatant is removed leaving behind the nucleic acids
containing magnetic particles. Then the immobilized nucleic acids
are washed and desorbed in small volume to increase their con-
centration. The desorption is principally carried out at basic pH. The
purified DNA and RNA are then used to identify the sequence of the
target via specific capture of nucleic acid fragments. Before any spe-
cific capture, the purified nucleic acids are enzymatically amplified
by PCR in case of DNA and by RT-PCR in case of RNA as shown in
Fig. 3 [18].

In molecular biology or in the diagnostic world, the magnetic
nanoparticles have gained considerable attention as an efficient tool
for a fast and easy biomolecule extraction [19]. Numerous types of
magnetic particles can be prepared, but only some of them can be
adapted to biomolecules analysis. For biomedical diagnostic based
on the detection of DNA and RNA, the main complications in the
choice of these magnetic colloids are their rapid magnetic separa-
tion, demanding a high magnetic oxide content and overall a good
compatibility with enzymes for amplification of nucleic acids. In a
study, magnetic colloids were prepared from oil in water (o/w) mag-

netic emulsion by a two-step polymer immobilization procedure.
First, poly (ethyleneimine) was adsorbed to ensure charge inver-
sion of the emulsion droplets followed by adsorption or chemically
grafting of poly (maleic anhydride-co-methyl vinyl ether) subject
to its hydrolyzed form. The obtained colloids were evaluated for their
surface charge density, colloidal stability, morphology and RT-PCR
inhibition test. Selected colloids were used for the nonspecific capture
of viruses, with RT-PCR as a means of detection tool. Particle di-
mension and surface charge studies demonstrated the sequence of
various steps of their synthesis, indicating the relevance of these
methods. Finally, virus capture tests exhibited 90% capture effi-
ciency with an average detection sensitivity of 103 pfu/ml[19].

3.6. Magnetic particles for detection

Basically, magnetic colloidal particles are mainly used as solid
supports for biomolecules in order to enhance the specific capture
of the targeted biomolecules. For instance, the individual magnet-
ic nanoparticles were examined in specific capture and isolation of
bacteria [8]. In this context, iron oxide nanoparticles were first chem-
ically modified with a specific reactive shell by introducing
commonly used functionalized compounds such as carboxylic acid,
amines or thiols [7,16]. Then, the selected antibody (e.g. anti-
bacteria) was chemically grafted onto the magnetic nanoparticles.
These sensitive nanoparticles were then mixed with bacteria con-
taining sample under given buffer conditions (i.e. pH, salinity). The
recognized bacteria were then easily extracted using a permanent
magnetic field, whereas, the individual magnetic nanoparticles were
less sensitive to the applied field, and consequently remained in the
supernatant. The extracted bacteria obtained thus can be used for
extracting nucleic acid after the bacteria-growing step [20].

Recently, Salmonella bacteria in milk were captured by antibody-
conjugated magnetic nanoparticles (MNPs) and separated from
analyte samples by applying an external magnetic field [21]. The
MNP-Salmonella complexes were redispersed in a buffer solution
followed by their exposure to antibody-immobilized TiO,
nanocrystals (TNs), which absorb UV light. The assay exhibited high
sensitivity toward low concentrations of Salmonella bacteria as
shown in Fig. 4. The detection limit of Salmonella in milk was found
to be more than 100 cfu/ ml.

4. Magnetic particles in Microsystems
4.1. Magnetic particles in lab-on-chip

Regarding biology of human body, the molecular processes play
an important role in biomedical diagnosis [22] that can be per-
formed in specific laboratories with the help of different biological
tests. These tests require multi-step and complex processes, in-
cluding sample collection, preparation, and specific identification
of biomolecules necessitating both labor and time [23]. However,
more and more biological tests can be performed at the point of
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Fig. 3. Schematic illustration of non-specific capture, purification, and concentra-
tion of nucleic acid molecules [18].

care [24] i.e. close to the patient allowing smooth testing in the area
of medicament. In this regard, a new method was developed, dealing
with miniaturization and combination of molecular-level biologi-
cal tests into high-performance and ultrafine systems called Lab-
on-a chip [25]. To facilitate the biological tests, magnetic hybrid
particles were integrated in these systems in order to facilitate cap-
turing, transportation, labeling and detection of biological molecules
from physiological samples [26-28]. In lab-on-chip systems, mag-
netic separation occurs by binding specific biomolecule to a magnetic
particle and then separating it from surrounding matrix by use of
magnetic field for manipulating and purification of biological cells
or molecules. Magnetic particles, called superparamagnetic par-
ticles, are used for such separations. These particles retain no residual
magnetism after the field is removed. Bioseparation in microfluidic
channel occurs with help of these magnetic particles. In bio sepa-
ration, first specific antibody is immobilized onto magnetic particles
in microfluidic system. The anti-body magnetic particles are then
incubated with solution consisting of cells, proteins etc. By collect-
ing the magnetic particles, biomolecules then can be collected in
a magnetic field. Magnetic particle-based bioseparation in
microfluidic channel is shown in Fig. 5 [29].
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Fig. 4. Schematic illustration for detection of the pathogenic bacteria in milk using
magnetic nanoparticles and optical nanoprobes [21].
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Fig. 5. Magnetic particle-based bioseparation in microfluidic channel [29].

Schematic diagrams of a lab-on-a-chip [30-33] (LOC) device, also
known as a p-TAS or micro fluidics device, and components making
up the LOC are shown in Fig. 6 [34] and Fig. 7 [32] respectively. This
device can integrate miniaturized laboratory functions (such as sep-
aration and analysis of components of a mixture) on a single
microprocessor chip using extremely small fluid volumes on the
order of nano liters to pico liters.

The LOC was first conceived by Michael Windmer at Ciba-
Geigy (now Novartis) in the1980s, described conceptually in 1990
[35] with a groundbreaking work published in 1992 [36]. Initially,
much of the impetus for continued development of LOCs came from
the Human Genome Project, a 13-year project coordinated by De-
partment of Energy DOE and the National Institutes of Health (NIH)
that began in 1990 and was completed in 2003. Currently, much
of the impetus for the continued development of LOCs is being origi-
nated from the desire for point-of-care medical diagnostics, whether
in the doctor’s office, on a spacecraft, or other remote location. Ad-
ditionally, development research is driven by the continued need
for miniaturization, both to reduce the costs and the environmen-
tal impacts of research (green analytical chemistry) [37].

4.2. Biomedical applications

The portability, compactness, and parallelization features of lab-
on-a-chip devices enhance the emerging trends in point-of-care
diagnostics. LOC technology can perform a variety of laboratory tasks
on a chip; these include:

e Sizing and quantification of DNA fragments (for example, PCR
products or restriction digests) [38],

e Quality analysis and quantification of total or messenger RNA
samples,

e Analysis of recombinant protein expression in cell lysates, op-
timization of protein purification procedures and quality control
of antibodies, and

e Analysis of intra- and extracellular protein expression in cells,
determination of the transfection status of a cell population and
apoptosis studies.
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Fig. 6. A Lab-on-a-Chip Device [34].

Arguably, one of the most important and exciting applications
of these devices is in the early and accurate diagnosis of infec-
tious diseases in the developing world [38]. The ability to rapidly
detect an infection, assess an infected patient’s health status and
the application of this technology to epidemiological studies in the
field are invaluable. In order to be a useful tool in the developing
world, several design challenges need to be overcome. The re-
agents and the chip itself need to be stable at a wide variety of
temperatures since refrigeration of the components may not always
be feasible in the developing world. The cost of the chips requires
to be low. Similarly, the chips need to have a small power source
for operation since reliable electrical infrastructure is not found in
all parts of the world [25,39].

Research and development work is being undertaken to adapt
lab-on-chip technology for the detection of many microorganisms
from biological samples including; HIV, malaria, tuberculosis [40,41],
diarrheal diseases [42], pertussis [43], and dengue fever [44]. One
exciting lab-on-chip application for the detection of enteric infec-
tions is the Disposable Enterics Card (DEC) which is able to detect
the presence of Campylobacter jejuni, Escherichia coli 0157:H7, Shi-
gella dysenteriae, Shiga Toxin producing Escherichia coli (STEC) and
Salmonella from sample of feces, all on one microchip. The DEC lab-
on-chip technology combines several laboratory assays to detect the
bacteria.

Briefly, a sample of feces is applied to the chip and bacteria from
the sample are captured on the chip by using specific antibodies
to each bacteria of interest. These antibodies are located in several

Sample purification Sample amplification

b 111158

Lab-on-a-Chip

Sample injection Sample detection

Sample mixing

Sample separation

Fig. 7. Components making up the lab-on-a-chip [32].

different areas of the chip. The bacteria are subsequently lysed using
buffers and the bacterial DNA is captured on a silica resin con-
tained within the chip. The purified bacterial DNA is then amplified
using a standard molecular biology technique called the poly-
merase chain reaction (PCR) with DNA primers specific for a gene
in each bacterial species of interest. The end of each primer has been
designed to contain a fluorescent molecule. After the amplifica-
tion of the bacterial DNA using PCR, fluorescent molecules are now
found at the ends of each amplified molecule of bacterial DNA. The
next step in the process is to detect the amplified bacterial DNA.
To do this, a laser light is directed at the sample. The fluorophore
emits fluorescent light, which can be detected if the sample is pos-
itive for the bacteria.

A second application of technology to lab-on-chip capability is
the detection of analytes such as electrolytes from a small sample
of blood. The iSTAT, a device manufactured by Abbott Diagnostics,
has the capability of rapidly analyzing analytes in a few drops of
blood. The developers of the iSTAT have miniaturized electrodes by
depositing electrode arrays onto silicon cartridges to create a bio-
sensor. A few drops of blood deposited into a sample chamber are
able to enter the cartridge by capillary action. Once the sample is
in the cartridge it can be treated with chemical reagents prior to
analysis. At the analytical stage, the cartridge is inserted into a hand-
held electromechanical read-out device that provides a powersource
and controls the temperature of the chip. The electrode arrays de-
posited on the silicon membrane can then be used to measure the
concentration of various blood electrolytes, gases, and other analytes
using potentiometry (measuring the electric potential), amperometry
(measuring the flow of an electrical current) or conductimetry (mea-
suring the conductance) of the sample [45]. These values are then
displayed on a screen. Different chips are used for different analyt-
ical applications and each chip is disposed of after one use. All chips
use the same handheld electromechanical read-out device.

4.3. Magnetic particles in biosensing

For the purpose of biosensing, different labels can be used like
fluorescent molecules, enzymes, radioactive and nano or
microparticles [46]. Biosensors are being investigated using
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superparamagnetic particles, nm to um in size, as labels, which con-
sists of magnetic particles embedded inside a non-magnetic matrix
(e.g. natural or synthetic polymers) [47]. A schematic representa-
tion of biosensor assay is shown in Fig. 8 [48].

Here, (a) and (b) are the target biomolecules sandwiched between
the magnetic particles (labels) and sensor surface, which are pre-
viously decorated with a specific ligand (e.g. antibodies). Then, the
target biomolecule-magnetic particle conjugates were captured and
detected by the sensor surface furnished with the recombinant an-
tibody (c). The non-bound particles are discarded from the surface
(d) and the bound particles are easily detected which gives the mea-
surement of concentration of target molecules in the solution.

Bio-bar code method provides various advantages over protein
detection methods. The system basically depends upon magnetic
microparticles probes with antibody that bind to target protein
(prostate-specific antigen) [PSA]. This bio-bar code system in-
cludes various steps which involves magnetic microparticles probe
and fabrication, detection and targeting as shown in Fig. 9 [49].

Biosensor is a compact analytical device or unit incorporating
a biological or biologically derived sensitive element associated with
a physicochemical transducer [50]. Recently,magnetic particles have
been produced as labels for bio sensing. For the biosensing purpose,
different types of biosensors have been produced like giant magneto
resistive (GMR) sensors and spin valves (SV) [27,51], piezoresistive
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Fig. 10. Immunosorbent assay using magnetic particles with the help of GMR [59].

cantilevers [52], inductive sensors [53], superconducting quantum
interference devices (SQUIDs) [54-56], anisotropic magneto resis-
tive (AMR) rings [57], and miniature Hall crosses [58]. Detection of
biological molecule is usually achieved by using bimolecular rec-
ognition between the target molecule and a specific receptor as for
example antibody that is tagged with a label. Fig. 10 shows
immunosorbent assay using magnetic nanoparticles [59]. Here, the
figure represents that the sensor requires creation of capture an-
tibody surface directly above the GMR sensing and then magnetic
nanoparticle is coupled to target antigen. The presence of the
particle-labeled antigen is then measured by the change in resis-
tance before and after exposing the capture antibody surface to the
labeled sample.

GMR device consists of a pair of magnetic thin films separated
by a non-magnetic conducting layer [60]. When an external mag-
netic field rotates the magnetizations of the magnetic layers towards
alignment, spin-dependent electron scattering is reduced at the in-
terfaces within the device, decreasing its electrical resistance. GMR
sensors are microscopic in size and they become very sensitive when
dealing with micron and smaller sized magnetic particles. With the
development of advanced magnetics materials and devices for data
storage applications, like magnetic random access memory (MRAM)
[61,62], GMR has gained great interest for biosensing.

In past, a biosensor system was produced called as Bead Array
Counter (BARC) based on capture and detection of micron-sized para-
magnetic beads on chip containing an array of GMR sensors as shown
in Fig. 11 [28]. This is the prototype BARC system in which assay is
performed inside the flow cell displaced over sensor chip [63,64].

Receptor A Receptor B

Target A Target B

Magnetic
Particle

Magnetic
Particle

Fig. 11. Magnetic labeling and detection of targets captured onto a solid substrate
using specific bimolecular ligand-receptor recognition in a “sandwich” configura-
tion [28].

Table 2
Detection of magnetic particles for biosensing [28]

Detector Detection Particle Particle  Sensitivity Area per

type area diameter (particles) detectable
(um?)? (um)® particle (um?)

BARC 111 3.1x10* NisoFezo 33 1 3.1x10%

Dynal M-280

Resonant coil 2.5x107 Dynal M-280 2.8 10° 2.5x 10?2

SQUID 1.7x10° Magnetite 35¢ 4x10% 42

Spin valve 12 Micromer M 2 1 12

AMR ring 8.0 NisoFe7o 43 1 8.0

Hall sensor 5.8 Dynal M-280 2.8 1 5.8

SQUID 3.1x10% Magnetite 50¢ 1.8 x 106 1.7

SQUID 6.8x10* Magnetite 11¢ 108 6.8x 10

a Surface area on which particles were captured and detected.
b Including polymer coating.
¢ In nanometer measurement.

Different magnetic particles, for example, magnetite nanoparticles
and polymer matrix micro beads, have been used for the labeling and
detection of biomolecules. These can be detected with variety of ap-
proaches like liquid nitrogen-cooled SQUIDs and Hall cross
semiconductor-based electronic devices. It is quite difficult to compare
sensitivities of different approaches without taking into account the
practical aspects of biosensing, because of differences in magnetic
properties and sizes of particles employed. Assay sensitivity com-
bined with detector sensitivity is used to determine the actual
sensitivity of a biosensors system based on magnetic bead labeling.

This assay describes about how well target biomolecules are cap-
tured from sample into detection zone and labeled with magnetic
particle. In assays, where targets are delivered to the capturing
surface passively by diffusion or flow, it becomes important to de-
termine the distinction of density of labels within the detection area.
This is because the sensitivity of biochemical assay usually drops
due to decrease in detection area. Suppose, each particle will label
one biomolecule at dilution limit and more target molecules would
be captured per unit time for the larger detection area. Then, one
sensitivity figure-of-merit would be the sensing area per detect-
able magnetic particle. Detection of magnetic particles for biosensing
is shown in Table 2 [28].

Different types of biosensors use magnetic nanoparticles
(5-300 nm) and magnetic particles (300-5,000 nm), which are surface
functionalized for recognition of specific molecular target. Three dif-
ferent types of biosensors have been used that utilize various
biosensing methodologies and magnetic nanoparticles labeling. These
biosensors include; (a) Magnetic Relaxation Switches (MRSws), (b)
Magnetic Particle Relaxation Sensors and (c) Magnetoresistive Sensors.

MRSws consist of magnetic relaxation switch assay-sensors,
which are based on effects of magnetic particles on water proton
relaxation rates [41]. Magnetic resonance (MR) contrast agents
include superparamagnetic nanoparticles like iron oxide coated with
polymer have been used for diagnostic purposes [65,66]. Surface
modified nanoparticles (targeted contrast agent) produced a local
inhomogeneity upon binding to specific molecules under a mag-
netic field in tissues, where molecular targets are present. The
inhomogeneity leads to a decrease in T, (relaxation curve decay)
[67] which results in a change in contrast MR images. Recently,
MRSws have been used to detect analyte by transitioning between
a dispersed phase and clustered state in the presence of an analyte.
The aggregated form of nanoparticles diphase the spins of the sur-
rounding protons of water molecules more efficiently than at
dispersed phase (not clear). The nanoparticles (30 nm diameter)
having monocrystalline core (dark grey circles) coated with cross-
linked dextran (grey circles) along with attached molecules are
shown in Fig. 12 [67]. The selective binding to target analyte (green
triangles) has also been shown in Fig. 12.
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Fig. 12. Magnetic Relaxation Switches (MRSws) The nanoparticles (30 nm diame-
ter) having monocrystalline core dark grey circles coated with cross-linked dextran
(grey circles) with attached molecules that selectively bind to target analyte (green
triangles) [67].

Magnetic nanoparticles having surface of cross-linked iron oxide
(CLIO) have been used for analytes ranging from small molecules
to mammalian cells [68-70]. CLIO possesses good stability in aqueous
buffers and blood. Their ability to handle good functionality of amino
groups, finds their applications in in vivo (MR imagining) [71] and
in vitro (MRSws assay), respectively [72-74]. However, stability of
magnetic particles is an important factor in MRSws assay applica-
tions. Stabilization can be achieved by hydrophilic polymer coating
which helps in preventing blockage of particle/particle aggrega-
tion [75]. Attachment of 10 kDa polyethylene glycol (PEG) diamine
on the surface of magnetic particles enhances the initial electro-
static stability of the negatively charged magnetic particles to
polymer based stability [76]. Polymeric dextran coating on mag-
netic nanoparticles, improves the stability of these particles in in
vivo MR imagining and in vitro MRSws assay applications, respec-
tively [77]. Different characteristics of magnetic particles used for
biosensing is shown in Table 3 [78].

SQUIDs have been used for significant relaxation of particle mag-
netic moments. Brownian relaxation is much faster as compared to
Néel relaxation. The calculated relaxation time were tB ~1 ms and
tN ~1 s for a 20 nm single domain magnetite particle in a solution.
For applications of homogenous immunoassay [79] and bacterial
detection [80], the difference in relaxation time has been the prin-
ciple as shown in Fig. 13.

Fig. 13 shows principle of a SQUIDs-based homogeneous detec-
tion of bacteria. The part (a) represents pulse-form magnetic fields
orientating the magnetic moments of nanoparticles. Here, magnetic
particle (50 nm in diameter) coupled to polyclonal antibody raised

Table 3
Characteristics of magnetic particles used for biosensing R is relaxivity of the par-
ticle [78]

Particle Size (nm)  Composition Characteristics
CLIO ~30 5 nm core, 10 nm dextran MRSw, Rz =50
coating (s mM Fe)-!
Core/shell 16 Fe core, iron oxide shell, MRSw, Ry =260
2.5 nm shell thickness (s mM Fe)!
Mn-MNP 16 Mn-doped iron oxide MRSw, R =420
(s mM metal)!
MP 1000 Commercial (Dynabeads) MRSw, Ry =43
(s mM Fe)!
Iron oxide 56 Commercial (Quantum SQUID
magnetics, Miltenyi Biotech)
Iron oxide 19.5 AC susceptometer
Cubic Fe-Co  12.8 1.5 nm oxidized shell GMR
SAF 100 Multilayers of ferromagnetic, GMR, disk shape
interlayer of nonmagnetic
material
Magnetic 130-250 Commercial (Micromod SQUID
bead Partikeltechnologie)

against the bacterial pathogen (Listeria monocytogenes). Part (b) rep-
resents the Brownian motion that randomizes the magnetic
moments of unbound nanoparticles. Nevertheless, the Brownian
motion of nanoparticles bound to bacteria is restricted. Bound mag-
netic nanoparticles undergo Neel relaxation for reorientation of
magnetic moments.

Magnetoresistive sensors, which detect the presence of mag-
netic particles on the surface of electronic devices, are sensitive to
change in magnetic fields on their surfaces. Basically, there are two
methods by which magnetic particles can be bound to sensor surface;
(a) indirect labeling (sandwich type binding) and (b) direct label-
ing. Indirect labeling follows the method of sandwich in ELISA while
direct labeling occurs by using streptavidin-biotin interaction or DNA
sequence recognition [78].

Fig. 14 represents the direct and indirect labeling of magnetic
nanoparticles as bimolecular labels (nanotags) [60].

Fig. 14 (a) shows the fabrication of SV or MT] sensor (detector)
by optical or e-beam lithography and its binding to a DNA probe.

Fig. 14 (b) represents labeling of unknown DNA target with mag-
netic nanoparticle as bimolecular labeling (nanotag) which occurs
through binding mechanism like biotin-streptavidin. Finally, part(c)
shows the labeled DNA target that has been captured by comple-
mentary DNA probe and bimolecular labels (magnetic nanotag) is
detected by SVor MT] sensors. This process is called direct

( A) Antibody Magnetic particle

...................................................................... )

Magnetic field

o=
4"\}/

Brownian
movement

Fig. 13. Principle of a SQUIDs-based homogeneous detector of bacteria [80].
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Fig. 14. Direct and indirect labeling of magnetic nanoparticles as bimolecular labels
(nanotags) [60].

labeling and earlier one was indirect process. GMR, SV or MT] sensors
have been successfully used to sense MPs. For the attachment of
biomolecules, a biologically active molecule can be deposited on gold
layer or Silicone dioxide layer to obtain a surface for the attach-
ment of biomolecules [36].

Large size magnetic particles (with diameters between 0.1 and
3 mm) [81] have been used in the past. However, because of good
stability in suspension and less binding to particle clustering by ap-
plying magnetic field [60,82,83], magnetic nanoparticles have
replaced the larger particles. Protein markers have been devel-
oped by coating of streptavidin on magnetic particles [84]. In past,
50 nm magnetic cell sorting (MACS) magnetic nanoparticles [83]
were used for demonstrating cancer markers in 50% serum at sub
Pico molar concentrations. Fig. 15 [83] represents the use of GMR
sensor for purpose of ELISA-type protein assay.

Fig. 15 consists of four parts. (A) functionalization of probe surface
with specific antibody, while the control surface was obstructed with
BSA. (B) a solution was added for a specific binding of analyte pro-
teins to probe surface. (C) a biotinylated antibody bound to the
surface-immobilized analytes. (D) streptavidin-coated nanoparticles
were added for tagging the probe surface by biotin-streptavidin in-
teraction. Sensitivities of magnetic particles is shown in Table 4 [78].

4.4. Magnetic particles in microfluidics
Microfluidic systems are devices that deal with sub-Nano liter

volumes of fluids [85-87]. These devices possess reduced dimen-
sions and together with colloids play an important role in the

A Sensor functionalization

Capture Antibody BSA

[ Control |

Anale incubation

Table 4
Configurations and sensitivities reported for magnetic particles based biosensors [78]
Analyte Magnetic particle/ Sensitivity Sample
instrumentation volume
MRSw type 1 Nucleotid CLIO, bench top Low Nm~2pM 300 puL
relaxometer
Proteins CLIO, bench top Low nM 300 uL
relaxometer
Virus CLIO, MRI 50 viruses/100 uL 100 puL
Bacteria ~ Core/shell. 20CFUP/100 pL 5ul
DMR? (membrane
filtered)
Cancer cell Mn-MNP,DMR 2 cells/1 puL 5uL
MRSw typ2 Antibody  MP, bench top Less than 1pM 300 uL

relaxation

AC susceptometer Antibody Iron oxide NP Less than 1 nM

SQUID Bacteria Iron oxide NP 1.1x10°
bacteria/20 pL
DNA Magnetic bead 3~10 pM
(Signal
amplification)
GMR Protein Cubic FeCo NP 2 x 106 proteins 2 uL
DNA Antiferromagnetic 10 pM
NP
Protein Iron oxide NP 2.4pM

(a) DMR: diagnostic magnetic resonance, (b) CFU: colony forming unit.

formation of monodispersed colloidal particles in a continuous mode
[88]. Microfluidic reactors [89] are used for the synthesis of
nanoparticles. Although, these devices are very useful, but flow
process plays a vital role. This flow can be controlled by the use of
force motion of colloidal microparticles in microchannels [88]. Some
noninvasive techniques are adapted inside the microfluidic devices
for sorting and fabrication of particles. It makes them easy to in-
tegrate various steps within a lab-on-chip. These techniques include
dielectric process [90], optical separation and hydrodynamic phe-
nomenon [91]. For investigation of kinetic and mechanism,
microfluidic devices are used as tool when detection techniques are
coupled online to microreactors. These microreactors are of two types
depending on liquid phases; i.e. single phase and two phases. Re-
cently, microfluidics route are well suited for production of
nonspherical nanoparticles having anisotropic particles [92] like Janus

<

D Nanotag-based quantification

¥ Capture Antibody = BSA

== Analyte
. Streptavidin-coated Magnetic Nanotag

&R Biotinylated Antibody
[ Magnetoresistive Sensor

Fig. 15. Representation of the use of GMR sensor for purpose of ELISA-type protein assay [83].
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Fig. 16. Schematic representation of time dependent magnetic process with (a) three ~dimensional and (b) two-dimensional view (c) binding reaction between MNPs and

biomolecule using antigen-antibody [94].

and ternary [93]. Microfluidic combined with nanotechnology has
played an important role in developing mTAS or LOC systems. The
combination of magnetic nanoparticles and microfluidic system has
provided benefits like automation and easy implementation for
chemical bonding providing high surface to volume ratio and
superparamagnetic nature. For enhancing the mixing and improve-
ment of kinetics of tagging process, magnetic nanoparticles are used
together with time dependent magnetic field. Fig. 16 shows a sche-
matic representation of time dependent magnetic process with
three-dimensional and two-dimensional views. Magnetic
nanoparticles are flowing within microchannel with the help of large
magnetic force and magnetic field gradients produced by apply-
ing current in electrodes. Flow pattern is set in such a way that
biomolecule solution flows from bottom whereas magnetic
nanoparticles are loaded from top inlet. A surface modified mag-
netic nanoparticles containing antibody as receptor were bound with
biomolecules [94].

From the synthesis point of view, one important factor in-
volves heat transfer. It allows high surface-to-volume ratio and good
control of reaction conditions. Microfluidic devices contain dimen-
sions almost the same as compared to dimensions of various
biological cells making it an easy tool for manipulating purposes.
The device also enhances analytical performance by reducing con-
sumption of reagents, decrease in analysis time and integration of
multiple processes in a single device. Another advantage includes
reduction of solvent, sample consumption and mass enhance-
ment [88].

Microfluidic technology has been rapidly developed in recent
years and found various interesting applications in pharmaceuti-
cal industry, life science and chemical researches. Based on
microelectromechanical technology, microfluidic technology inte-
grates and miniaturizes the separating reaction and mixing devices
in general laboratories onto a very tiny chip. This microfluidic chip
is also called lab on-chip [86]. The use of microfluidic devices with
magnetic particles manipulation efficiently implements bioanalytical
steps in miniaturized systems [95-97]. The use of magnetic par-
ticles in microfluidic devices provides new possibilities of
manipulating molecules in small volume [98]. This can be used as
solid support for mRNA isolation [4], immunoassay [99], DNA hy-
bridization [100], protein analysis [101] and retaining of magnetic
labeled cells [102]. Polymer or silica nanoparticles with embed-
ded iron oxide nanoparticles are most commonly used as magnetic

objects inside the microfluidic devices [103]. Different forms of bi-
ological applications can be recognized by using magnetic particles
in microfluidic systems. These applications include sample purifi-
cation, solid substrate to sample, sample manipulation, labeling,
transport, separation and protein-interaction which have been found
in recent years [4,35,104-106]. Nano and microparticles present large
specific surface for chemical binding when applied in microfluidic
channel. These particles are generally referred as ‘beads’ in litera-
tures [86]. Manipulations of magnetic beads in microfluidic system
is shown in Fig. 17. This figure indicates (a) separation of magnet-
ic beads from flow, which occurs via use of electromagnets,
permanent magnets or coils over the channel. (b) Movements: that
is magnetic transport is difficult because stronger and comprehen-
sive magnetic force is to be required for the movement of magnetic
beads inside liquid without use of microfluidic flow. (c) Labeling:
of magnetic beads through magnetic field sensor controlling its stray
field when particles are supposed to be an external magnetic in-
duction. An important characteristic of magnetic beads is that they
can be suspended in a microfluidic channel by applying magnetic
forces without the use of supporting substrate. In this way, such
trapped beads are of particular interest when high exposure of the
beads to a liquid flow is required [86].

Continuous flow separation systems have been studied in past
[107]. Different magnetic particles have been introduced for purpose
of purification and immunoassays [108-112]. Separation in a
microfluidic capillary occurred without magnetic stationary phase
when considering magnetic beads [113]. A quadrupole separator
[86] as shown in Fig. 18, possesses macroscopic dimension when
considering from magnet point of view. However, with respect to
liquid transport point of view, they are called as “microfluidic”,
because of functionality of laminar flow. Fig. 18 represents that mag-
netic particles are introduced from top side to inside inner annular
flow and buffer solution introduced from outer annular flow channel.
When magnetic particles are passed through separator, these mag-
netic particles are deflected in radial direction. If there is strong
deflection, particles are captured in outer annular flow and inner
annular flow vice versa.

A system has been suggested for magnetic transportation towards
miniaturization and automation, in which liquid movement is sub-
stituted with the help of magnetically induced movement of
magnetic particles [114]. By arranging electromagnetic actuation
in a four-phase scheme in microfluidic channel, magnetic particles
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Fig. 17. Magnetic beads in microfluidic system [86].

Fig. 18. Magnetic Quadrupole separator as “microfluidic” because of functionality
of laminar flow [86].

have been transported above millimeter distances. The system is
also used for transporting alginate microparticles with encapsu-
lated magnetic particles [86]. Apart from these still, “macroscopic”
fluidic transport systems have also been proposed for the trans-
port of beads with the advantage of batch micro fabrication
technologies [86]. Integration of detection, magnetic labeling and
combination of sensor chip with microfluidic system have been ex-
plained in past [81,115,116].

Droplet microfluidics (also referred as digital microfluidics) deals
with small self-enclosed liquid entities [33,117] as compared to con-
tinuous flow microfluidics in which large liquid volumes are pumped
through the microsystem. Advantage of this system is to reduce
sample volumes and possibility of working with diverse samples
simultaneously in a common system. It is because of the reason that
magnetic droplet manipulation is gaining importance in the de-
velopment of lab-on-chip system [33]. For performing reactions
between various droplets, system requires to complete different

droplet steps for manipulating. These steps are transport, merging,
mixing and splitting. Magnetic droplets manipulation provides
various advantages like long-range magnetic forces do not depend
on intrinsic properties of manipulated medium. It also avoids in-
teraction between biological materials [118], as compared to other
solutions having range from electro wetting over dielectrophoresis
to acoustic actuation [117]. However, this non interaction needs mag-
netically responsive material inside droplets for converting magnetic
field into force which pulls droplets towards gradient [86]. These
types of magnetic particles act as functionalized components in the
system like mobile substrate [119] and optical indicators [120] . In
anyway, magnetic particle actuation helps in fast droplet manipu-
lation and non labelling in the droplets [86].

There are various commercially cell separation methods which
are mainly based on fluorescent flow cytometers and other com-
plicated instruments [121]. Most commonly methods are
fluorescence-activated cells (FACS) [121] and MACS [122] as illus-
trated in Fig. 19.

Cell sorting is performed by using electrostatic deviation of par-
ticular fluorescently labeled cell-containing droplets. However, this
method is time consuming because of larger amount of reticulo-
cytes, RBCs and platelets in blood samples. FACS methods have also
been moved to microfluidic systems with sorting rates less than 100
cells per seconds but this requires good quality with expensive de-
tection optics and electronics. On the other side, MACS method is
less expensive and simpler than FACS. But, MACS presents only a
first sample-handling step before additional analysis. So, by keeping
this in mind, the theme of performing magnetic separation on
microfluidic system is attractive as it enhances direct -reading, sep-
aration and also counting of cells on a single chip [86]. Berger et
al. [123] was first who presented an idea for continuous magnetic
separation. The method consists of magnetic force with the help
of magnetized stripes at an angle according to hydrodynamic flow
direction. The function of these stripes is to create magnetic field
gradients that trap magnetic beads and transform their flow direc-
tion. A simple schematic representation of microfluidic chip along
with magnetic wires is shown in Fig. 20.

Deposition of bacterial cells by magnetic separation finds fast
detection of microbial contamination in solutions like industrial
water, food and in clinical biology. Recently [124], living E.coli bac-
teria have been separated from fluids in microfluidic system with
or without mixed with RBCs. This work shows the separation of E.coli
cells labeled with magnetic nanoparticles in a 200 um wide
microfluidic channel (Fig. 21).

Another microfluidic system has been used to detect pathogen-
ic bacteria in beef samples [125]. In this system, a gold inter digitated
microelectrode array was integrated with 145 nm magnetic
nanoparticles-Ab conjugate into an impedance biosensor. Recently,
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Fig. 20. Microfluidic chip along with magnetic wires [123].

two different magnetic tags were used for labeling two types of E.coli
cells as shown in Fig. 22 [126]. The device was set up in a way that
combined effect of hydrodynamic force (Fd) produced from laminar
flow and magnetophoretic force (Fm) created from patterned

ferromagnetic structures inside the microchannel. It resulted in se-
lective purification of differentially labeled target cells into multiple
independent outlets.

Breast cancer tumor cells spiked in human [127] or mouse [128]
blood were used as target cells, labeled with both fluorescent markers
and magnetic nanoparticles for fluorescent microscopy. Besides
batch-type magnetic separation systems, continuous flow magnet-
ic separation systems have also been used for removing of rare
(skipped) cancer cells from blood samples. Human cervical cancer
cells (HeLa) were internally labeled with magnetic nanoparticles fol-
lowing endocytosis pathway and fluorescence was obtained by
labeling with Rhodamine albumin [129]. Another type of microfluidic
device which consists of micro channels, micro valves and micro
pillars was produced for specific capture and sorting of cancer cells
as shown in Fig. 23 [129]. Initially, channel was filled with a sus-
pension of superparamagnetic beads and then beads were bio
functionalized in situ by covalent attachment of specific proteins
directly to their surface. This figure shows the in situ functionalized
superparamagnetic beads in micro channel and to capture A549
cancer cells (human lung carcinoma cell line) from a flow. Due to
specific interaction between wheat germ agglutinin and N-acetyl
glucosamine on the cell membrane, A549 cancer cells were suc-
cessfully captured on magnetic particles.

In bioanalytical procedure (nucleic acid assays), magnetic par-
ticles play an important role. In macroscopic lab-bench protocols,
magnetic particles are used as mobile substrate for capturing and
extraction of nucleic acids [130,131]. Different steps followed in an
assay, where magnetic particles are applied with different pur-
poses and at different phases of the assay are represented in Fig.
24,

Purification and capturing of molecules are an important task
while performing on-chip nucleic acid analysis. By the use of mag-
netic microparticles in a microfluidic system, nucleic acid can be
brought into contact with particle surface through different means.
A preferred solution is the incubation of activated magnetic particles
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Fig. 21. Separation of E. coli cells mixed with magnetic nanoparticles in a flow (from left to right) of PBS in a 200 um wide channel. The composite bright images were
generated by overlaying sequential frames of corresponding movies taken at the beginning, middle, and end (left to right) of the microfluidic channel. In the presence or
absence of a neodymium disk magnet placed below the channel (bottom and top images, respectively) [124].

with the sample in a reservoir [132,133]. Here, purification is done
by introducing magnetic field to separate magnetic particles from
the sample and nucleic acid capturing is driven by diffusion. However,
some solutions used relative velocity between sample and magnetic

particles by immobilizing the latter. Mostly, it is based on
immobilization of magnetic particles inside a microchannel before
or after capture step [97,134,135]. Magnetic particles are herewith
held against a flow through a magnetic field perpendicular to

Labeling with magnetic tags Multi-target magnetophoresis Quantification via cytometry
Target 1 labeled by Tag 1 Outlet 1
PR B MFS1 MFS2 —_— :
L i Buffer inlet S .
Tare i-bela-: Tag 2 s 11
rgel 5 led | ac u* —_—
o i % L
?t#"'i -
L)
Non-target cels [ Waste outlet.
e L 1cm - =

Fig. 22. Multitarget magnetic activated cell sorter separation architecture where MFS stands for Microfabricated ferromagnetic strips [126].
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Fig. 23. Schematic representation of the experimental protocol for cell capture and sorting. (a) The channel was initially filled with a suspension of superparamagnetic beads.
(b) The external magnetic field was applied and the beads were trapped by the Ni micro pillars. (c) Flow of buffer solution, which activates carboxyl groups on the surface of
the beads and washes out any untrapped beads simultaneously. (d) Protein solution was then introduced into the flow stream. (e) Proteins were attached to the beads, and any
unbound protein was washed out of the channel. (f) Cells were introduced into the channel. (g) Cancer cells were captured by specific protein-functionalized beads anchored
to the nickel micro pillars. (h) The cancer cells captured by the beads were eluted from the channel, when the external magnetic field was removed [129].
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Fig. 24. Different-steps of an on-chip magnetic nucleic acid assay through magnetic particles [86].

channel, while source of magnetic field occurs by integrating elec-
tromagnetic element into the chip [97] or by placing permanent
magnet at the bottom of the system [133,134].

Proteolysis is the direct degradation of proteins through cellu-
lar enzymes called proteases. Magnetic particles in conjunction with
microfluidics can successfully be used for developing micro reac-
tors for proteomic applications [136]. Proteolyzation of the proteins
occurs through porous magnetic plug when magnetic particles are
grafted with enzyme. Magnetic particles when grafted with spe-
cific enzymes can very efficiently proteolyzed the protein of interest.
This can be done by flowing the protein through the porous mag-
netic plug.

An important advantage of microfluidic magnetic particle based
digestion system is the replacement of magnetic matrix by flush-
ing out the old beads and loading new beads into same channel.
Another advantage of such system is the reduced cost and better
reproducibility due to the fact that grafting on particles can be done
ex situ in large quantities [86]. Protein digestion inside a microfluidic
channel occurs by grafting trypsin on magnetic beads while main-
taining self-assembled magnetic particles chain in a microchannel
to digest several types of protein samples from flow for subse-
quent analysis [137].

5. Conclusion

Paramagnetic or superparamagnetic particles, which can respond
to an external magnetic field, provide an efficient method for sepa-
rating samples linked to the magnetic particles from the liquid
suspension. Various efficient synthetic approaches have been used

for the preparation of uniform and monodisperse SIONPs in order
to be used in biomedical applications. Magnetic particles have been
widely used as a universal separation tool to purify nucleic acids
(i.e., DNA and RNA), proteins & peptides cells and other biologi-
cally active compounds from crude samples.

Micro and nano-sized magnetic particles provide a new tech-
nology for their applications in microfluidics, which includes lab-
on-chip systems, biosensors and microfluidic systems. Biomolecules
labeled with magnetic nanoparticles will be magnetically driven to
retain a surface. By combination with precisely engineered
microfluidic, flow patterns on-chip will allow to develop and to
remove non-specifically adsorbed particle on surface. The use of cat-
alyst immobilized on magnetic nanoparticles for catalytic and
separation processes will also be interesting development in
microfluidics, especially for chemical and pharmaceutical indus-
tries. Numerous of sensitive magnetic field detection devices have
been developed to be suitable for biosensing applications. These tech-
niques include GMR sensors and spin valves SQUIDs. Different
biosensors that employ different biosensing principles comprise of
different magnetic materials and instrumentation. The first type con-
sists of magnetic relaxation switch assay-sensors, which are based
on the effects of magnetic particles on water proton relaxation rates.
The second type consists of magnetic particle relaxation sensors,
which determine the relaxation of the magnetic moment within the
magnetic particle. The third type is a magnetoresistive sensor, which
detect the presence of magnetic particles on the surface of elec-
tronic devices that are sensitive to changes in magnetic fields on
their surface. In fact, the integration of magnetic particles in very
small devices (e.g. bio-chips, microfulidics and biosensors) have wide
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applications and more particularly in the biomedical domain. These
devices are characterized by light weight and small size, and provide
fast and accurate analysis and can be easily used to perform bio-
logical tests at the point of care (i.e. close to the patient) allowing
smooth testing in the area of medicament. This in turn will help
in the early diagnosis of diseases and thus speed up the chances
of treatment at early stages of infection.
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Introduction

Colloidal particles showed substantial concerned in biomedical area, but these particles
require time consuming during separation process, limiting the automation of diagnosis and
resulting in delayed in diagnosis procedures. With passage of time, magnetic latex particles
(MLPs) have been formulated to overcome all that tedious processes. Pioneer work was
described by Ugelstad et al by reporting the synthesis of (MLPs) as well as their applications
in diagnosis. While, Elaissari et al have reported synthesis of MLPs using seeded emulsion
polymerization that led to submicron MLPs containing high iron oxide content that have been
used for various diagnostic applications. Nevertheless, properties of submicron MLPs depend
on size as well as shape. Type of initiator, chemical nature of monomer, surfactant stabilizer,
polymerization process, amount of internal oil phase in aqueous magnetic emulsion and
monomer to magnetic seed ratio, with help of these parameters final morphology of MLPs can
be controlled.

Considering all above mentioned parametres, we mainly focused on core-shell like
morphology by using our home-made emulsion. Core-shell like morphology plays a vital role
in field of biomedical applications because in this type of morphology polymer protects
magnetic core and enhances both chemical stability and biocompatibility of MLPs.

In order to evaluate the influence of the main monomer concentrations and also for purpose of
obtaining the desired morphology.Initially, different polymerizations experiments with
styrene, divinylbenzene as crosslinker, in the presence of hydrophilic initiator potassium per
sulfate as hydrophilic initiator and well-controlled oil in water magnetic emulsion as a seed,
were conducted. Special attention was dedicated to the influence of St/DVB weight ratio on
the particle size, morphology, and magnetic properties of the obtained latex particles. The
results showed three types of morphologies that is Janus, moon like Janus and the desired
perfect core-shell magnetic latex particles. Now, by keeping the concentration of St/DVB at
which the desired perfect core-shell like morphology was obtained similar polymerization
experiments were conducted with 4, 4'-azobis cyanopentanoic acid (ACPA) under same
circumstances as mentioned above. Also by use of second monomer methacrylic acid which
enhanced the carboxylic group. Following parameters were evaluated for characterization that
includes transmission electron microscopy, particle size measurements, zeta potential
measurement, thermo gravimetric analysis, Fourier transform infrared analysis and magnetic
properties. Obtained MLPs after functionalization used as solid support in microfluidic, lab-
on-chip and microsystems facilitating fast magnetic separation.

A novel capacitance electrochemical biosensor based on s ilicon nitride substrate (Si3N4)
combined with a MLPs with carboxylic group functionality was developed. Si3N4 is highly
stable as it was fabricated by a combination of several layers of Aluminum (Al), silicon p-
doped (Si-p), silicon dioxide (SiO2) and silicon nitride (Si3N4). This structure
(Si3N4/Si02/Si- p/Al) has been administered several advantages as compared with other
materials commonly used, and in particular in solid-state physics for electronic-based
biosensors. MLPs with terminated carboxylic acid were covalently bonded to Si3N4 through a
Self-Assembled Monolayers (SAMs) of the silane-amine (3-Aminopropyl) triethoxysilane
(APTES). Finally anti-ochratoxin A antibodies were immobilized on MLPs by amide
bonding.
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Contact angle measurements, atomic force microscopy, scanning electron microscopy and
fluorescence microscopy characterizations were performed during the biofunctionalization
of the biosensor surface. Electrochemical measurements were carried out using Mott-
Schottky analysis for ochratoxin A (OTA) detection. The biosensor was highly sensitive
and selective for ochratoxin A antigens, with a limit of detection of 1.845 pg/mL, when
compared to other interferences ochratoxin B and aflatoxin G1. The measurements were
highly stable and reproducible for detection and interferences. The advanced method is very
promising for OTA detection for several agro-food industry applications.
Sensitivity of biosensor by using application of competitive assay through immobilized fixed
concentration of antigen (SA2BSA) and antibody (Ab 155) respectively was measured
against different concentrations of sulfapyridine ( SPY) like 40 uM, 4 uM, 2nM and finally
only with PBS respectively, with and without use of MLPs with carboxylic group
functionality .Using Cyclic voltammetry (CV) and electrochemical impedence spectroscopy
(EIS) the microelectrodes were characterized for the bare gold, surface functionalization with
4-aminophenylacetic acid (CMA),immobilized SA2BSA and fixed concentration MLPs that
contain immobilized Ab 155 with different concentration of SPY. The Nyquist plot showed
a stepwise increase of Rct in both cases (Ab 155 without and with MLPs that contain
immobilized Ab 155 with different concentration of SPY).However, after calculations from
fitting parameters and drawing graph, it can be clearly observe that there is more linearity
while MLPS instead of without use of magnetic nanoparticles, which indicates the increase in
sensitivity of biosensor as compared to competitive assay without MLPs. Thus, reported the
development of a highly sensitive biosensor for SPY detection using competitive assay, so
MLPs applied to increase the sensitivity ,limit of detection, and dyanimic range for the
competitive assay detection of SPY using real conditions for example sea water.
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Summary

Different types of nanoparticles have been employed for their potential applications in
biomedical field, yet most interesting of them are the hybrid particles having both the magnetic
properties and the ability to functionalize with important drug moieties and biomolecules.
Among the key features of such functional colloidal particles are their soft hybrid core-shell
structures, which are engineered in such a way that the core consists of an inorganic material
whereas the shell is composed of a soft organic substance .Colloidal particles are of great interest
in biomedical field particularly in its diagnostic aspect, for example, immunoassay, nucleic acid
capturing and detection and cell sorting. However, these applications require lot of labor and
time during their separation, limiting the automation of diagnosis and thus causing delay in
diagnosis. Main objective in biomedical diagnosis is to enhance the specificity and sensitivity
and to reduce time consumption. One way to solve this problem is to increase the concentration
of captured targets like antigen, viruses, bacteria and nucleic acid before detection step. In the
last decades, a great attention has been paid to magnetic latex nanoparticles (MNPs) due their
superparamgnetic properties emanating from their nano-size .They have found promising
applications in various industrial and particularly biomedical diagnostic domains (e.g. fast
separation, purification and detection of biomolecules).Magnetic latex particles (MLPs) have
been formulated to overcome these problems that provide ease in separation even by applying
low magnetic field. Magnetic composites and latexes protect inorganic part to confer reactive
chemical functionality that has potential to immobilize biomolecules through chemical reactions.
Different approaches have been reported for preparation of MLPs that are based on classical
polymerization in dispersed media. The classical work described by Ugelstad et al reported the
preparation of MLPs as well as their applications in diagnosis. While, Elaissari et al have
reported synthesis of MLPs using seeded emulsion polymerization that led to submicron MLPs
containing high iron oxide content that have been used for various diagnostic applications.
However, properties of submicron MLPs depend on size as well as shape. Hence, controlling the
morphology of these particles is of crucial importance.

Final morphology of MLPs can be controlled by measuring various factors like type of initiator,
chemical nature of monomer, surfactant stabilizer, polymerization process, amount of internal oil
phase in aqueous magnetic emulsion and monomer to magnetic seed ratio.

The aim of the current study was to evaluate the influence of monomer concentration to obtain
desired morphology of MLPs that contained magnetic core and homogenous polymer shell
bearing sulphate groups.

For this purpose home-made magnetic emulsion was used. The oil in water magnetic emulsion
was prepared in two steps: first iron oxide nanoparticles were prepared in water phase via FeCly
and FeCls coprecipitation in concentrated ammonia medium. Then the prepared nanometer size
magnetic particles were chemically modified using oil acid in order to be easily compatible with
organic solvent (i.e. Octane). The second step consists in emulsification of the prepared octane
ferrofluid in water phase containing ionic and non-ionic surfactants mixture. The obtained stable
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magnetic oil in water was then purified by removing free surfactants before magnetic
particles sorting

Particular attention was paid to evaluate the influence of St/DVB weight ratio on
morphology and magnetic properties of MLPs.

These MLPs were prepared by seeded emulsion copolymerizationof styrene (St) with
divenyl benzene (DVB) crosslinker. Well controlled oil in water magnetic emulsion was
used as a seed while potassium persulphate (KPS) as hydrophilic initiator having sulfate
group functionality.

The polymerization was carried out in specially designed 60 ml glass reactor. Temperature
was maintained at 70° C. The home-made magnetic emulsion stabilized by aqueous solution
of SDS was introduced in the reactor .Magnetic emulsion was mixed with nitrogen for 1
hour at 300 r pm for removal of oxygen. Subsequently, total amount of monomers at
different St/DVB (volume/volume) ratios were introduced at once in the reactor and was
mixed at 300 rpm for 60 min followed by addition of 2 weight % of KPS into the medium
.The radical polymerization was carried out at 300 r pm for 18 ho urs. Finally, the
polymerization was terminated by cooling the reactor to room temperature.

In order to evaluate the influence of St Concentration or St/DVB ratio on the final
morphology of MLPs, various polymerizations were performed at different concentrations.
Following parameters were evaluated for characterization like Transmission Electron
Microscopy (TEM) Particle Size Measurements, Zeta Potential measurement, Thermo
gravimetric Analysis (TGA) Fourier Transform Infrared Analysis (FIR) and Magnetic
Properties.

After the characterization, results showed three types of morphologies that is Janus, moon
like Janus and the desired perfect core-shell magnetic latex particles. Core-shell
morphology of the magnetic latex nanoparticles is the most favorable for in-vitro
biomedical diagnostic field. This morphology has an added advantage that it prevents
release of ferric, ferrous and magnetic pigments, not suited for any biological based
process, in the dispersion medium.

Interestingly, characterizations revealed two remarkable morphologies; Janus-like
morphology was obtained with 10% of St and 90 % of DVB. While, perfect core-shell
MLPs were obtained by 60 % St and 40 % DVB and no s econdary nucleation was
observed. Another remarkable characteristic of these MLPs was that they contained about
63.9 % of supramagnetic iron oxide that is very much desirable for fast magnetic
separation.

Furthermore, the obtained MLPs after functionalization can be used as solid support in
microfluidic, lab-on-chip and microsystems facilitating fast magnetic separation.
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Micrometer magnetic hybrid particles are of great interest in biomedical field, and various morphologies have been
prepared via encapsulation processes. Regarding submicron, only few processes have been investigated and the

most recent one leading to highly magnetic submicron magnetic hybrid particles is based on oil in water magnetic
emulsion (MES) transformation. The encapsulation of magnetic iron oxide nanoparticles forming oil in water MES
was investigated using different styrene/cross-linker divinylbenzene volume ratio in the presence of potassium
persulfate initiator. The encapsulation performed in this work is basically conducted by using well-defined oil in wa-
ter MES as a seed in radical emulsion polymerization. The chemical composition, morphology, iron oxide content,
magnetic properties, electrokinetic properties, particle size, and size distribution of the prepared magnetic hybrid
particles were examined using various techniques. The desired perfect magnetic core and polymer shell morphology
were successfully obtained, and the final magnetic hybrid particles are superparamagnetic in nature and exhibit
high iron oxide content (64 wt %). Copyright © 2015 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this paper.

Keywords: magnetic emulsion; seeded polymerization; hybrids; magnetic latex particles; iron oxide
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INTRODUCTION

Colloidal particles are used as solid support in biomedical field,
which include immunoassay," cell sorting,”’ and nucleic acid
capturing and detection.”? However, such applications require
different tedious and time consuming separation processes,
mainly when two kinds of separation processes are used, i.e. (a)
filtration and (b) centrifugation. These processes limit the
automation of biomedical diagnosis resulting in loss of time
and delay in diagnosis.” Although magnetic latex particles
are overcoming these methods, improving the process of auto-
mation while also decreases time delay and providing fast par-
ticles separation upon applying even low magnetic field.”®!
Magnetic latex (ML) is a hybrid material consisting of polymer-
encapsulated magnetic particles.”? The purpose for the prepara-
tion of magnetic composite and latexes in biomedical area is to
protect the inorganic part and to induce reactive chemical func-
tionality, which is capable of immobilizing biomolecules through
chemical reactions.® Furthermore, it is important to mention
that the target in the preparation of (MLs) is the elaboration of
superparamagnetic magnetic latex particles containing well-
defined amount of iron oxide, submicron in size and with
narrowly size distribution.”'®""

Different approaches have been reported for the preparation
of magnetic latex particles for in vitro biomedical diagnostic
applications. These approaches are based on classical
polymerization in dispersed media such as emulsion,”'? suspen-
sion,!"* miniemulsion,"¥ dispersion,!'*! combination of various
polymer-based process,'® and inverse emulsion.""”'® The pioneer
work was described by Ugelstad et al.'® by reporting not only the
preparation of MLs but also their uses for in vitro biomedical

diagnosis. On the other hand, Elaissari et al®' have reported the
synthesis of magnetic latexes using a process called seeded emul-
sion polymerization. This process leads to submicron ML particles
containing high iron oxide content. These prepared functional,
submicron, and highly ML particles have been used for nucleic
acid extraction and purification,”” capturing of biological sam-
ples, 2?2 controlling of protein adsorption and desorption,®®! mo-
lecular imaging,?* and specific antigen detection.””’

However, the properties of nano/submicron particles are
dependent on both size and shape. For this reason, controlling
the morphology of the obtained material has a crucial role on
its applications. In this sense, core-shell structures — where poly-
mer protects the magnetic core - can enhance both the chemical
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stability and biocompatibility of the ML. In addition, its surface
may be modified for obtaining specific functionalities.?®!

On the other hand, Janus microparticles, which have aniso-
tropic morphology, offer more possibilities in terms of achiev-
able structure and behavior. The simplest case of Janus
particles is achieved by dividing in two distinct hemispheres,
such as hydrophobic and hydrophilic parts.2”?® This feature is
very important in industry, since such material could be applied
as stabilizers in emulsions,”” biological sciences,* textile in-
dustry,®" and so forth.

It is well known that the final morphology of the ML nanopar-
ticles can be controlled by adjusting some factors, such as (i)
monomer chemical nature, (ii) type of initiator, (iii) surfactant or
stabilizer, (iv) polymerization process, (v) monomers/magnetic
seed ratio, and (vi) amount of internal oil phase of the used oil
in water magnetic emulsion.2%33!

In order to evaluate the influence of the main monomer
concentrations and also for purpose of obtaining the desired
morphology, the aim of this work was to synthesize submi-
cron ML particles with magnetic core and homogeneous poly-
mer shell bearing sulfate surface groups. These magnetic
colloidal particles were prepared by seeded emulsion copoly-
merization of styrene (St} monomer with divinylbenzene
(DVB) crosslinker, in the presence of potassium persulfate
(KPS) as hydrophilic initiator and well-controlled oil in water
magnetic emulsion as a seed. In this study, special attention
was dedicated to the influence of St/DVB weight ratio on
the particle size, morphology, and magnetic properties of
the obtained latex particles.

MATERIALS AND METHODS

Materials

Styrene (99%) and DVB 80% were purchased from Sigma-Aldrich
and used after washing with 5% NaOH solution. KPS initiator and
sodium dodecyl sulfate (SDS) emulsifier were obtained from
Sigma-Aldrich and used without purification. Deionized water
was used in all experiments. Home-made magnetic emulsion
was prepared according to our previous work 243!

Methodology

Magnetic latex particles with different morphologies were
achieved by using oil in water magnetic emulsion as seed in
the emulsion polymerization of St with cross-linker DVB using
KPS as initiator.

The polymerization was carried out in a 60 ml three-necked
double wall glass reactor made up of glass anchor type stirrer,
a reflux condenser, and a nitrogen inlet. The temperature was
controlled at 70°C by using a thermal bath. The home-made
magnetic emulsion (approximately 50 ml of 4% solid content)
was stabilized with 1gl™" aqueous solution of SDS (below its
critical micelle concentration, CMC) via serum replacement
process performing only one time separation/dispersion cycle
and introduced in the reactor. Then after, the magnetic emulsion
was purged with nitrogen for 1 hr under stirring of 300 rpm for
removal of the residual oxygen. The concentration of SDS solu-
tion was below the CMC because the excess of surfactants,
during polymerization, could increase the amount of particles
formed without magnetic seed leading to secondary nucleation.

After that, a total amount of monomers (1200 pul) at different
St/DVB (volume/volume) ratios was charged at once into the
reactor containing the magnetic emulsion and kept under
continuous stirring (300 rpm) for 60 min. This time was necessary
in order to favor monomers diffusion into the oil in water mag-
netic seed droplets. The polymerization temperature was then
rapidly increased up to 70°C, followed by the addition of 2 wt
% of KPS (with respect to the total weight of monomers) into
the polymerization medium. The radical polymerization was
then conducted at constant mechanical stirring (300 rpm) and
was left overnight for 18hr. Then after, the polymerization
reaction was terminated by cooling to room temperature.

CHARACTERIZATION

Transmission electron microscopy

Transmission electron microscopy (TEM) images were obtained
by a Phillips CM120 microscope (CMEABG, University of Claude
Bernard Lyon |, Villeurbanne, France) to investigate the
morphology and microstructure of the magnetic polymer latex
particles. Briefly, a drop of sample diluted in distilled water was
deposited on a carbon-coated copper grid and then left to dry
at room temperature overnight before TEM imaging.

Particle size measurements

A Malvern Zetasizer (Nano ZS, Malvern Instruments Limited, UK)
was used to measure the average hydrodynamic size (Dy,) of the
magnetic polymer colloidal particles in 10~ M NaCl solution.
The average of at least three measurements (10 runs for each
colloidal dispersion) was taken into consideration.

Zeta potential measurement

A Malvern Zetasizer (Nano ZS, Malvern Instruments limited) was
used to measure the electrophoretic mobility, which is converted
to Smoluchowski’s zeta potential.*®*”) The measurements were
performed using highly diluted dispersion of the considered col-
loidal particles in 107> M NaCl solution at different pH. The pH
was adjusted using NaOH or HCl solutions. Each recorded value
was the average of at least three measurements.

Thermal gravimetric analysis

Thermo gravimetric analysis (TGA) measurements were carried out
on a thermogravimetry analyzer (NETZSCH, model TG 209 F1).
The measurements were performed under inert N, atmo-
sphere from ambient temperature up to 700°C at a heating
rate of 10°Cmin~". All samples were washed with distilled
water and then dried at 50°C for 24 hr before analysis.

Fourier transform infrared analysis

The investigation of surface properties of the obtained sample
was performed using attenuated total reflectance-Fourier trans-
form infrared spectrophotometer (Shimadzu, Japan). All samples
were cleaned and dried before analysis. The spectra were

scanned over range 4000-400cm ™"

Magnetic properties

The saturation magnetization and magnetic behavior of the dried
magnetic polymer latexes were investigated using a vibrating
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sample magnetometer. Magnetization measurements were car-
ried out at room temperature on the automatic bench of mag-
netic measurements at CNRS-IRC Lyon.

RESULTS AND DISCUSSION

The seeded emulsion polymerization was performed by varying
St/DVB (volume/volume) ratio. The influence of St/DVB ratio
was investigated in order to point out the relationship between
the initial monomers composition and the final morphology of
the obtained magnetic hybrid particles. The used initial chemical
compositions are summarized in Table 1.

Particle morphology analysis

Figure 1 shows TEM images of various magnetic hybrid particles
prepared with different contents of St and DVB. According to the
state of the art,'**® it is well known that the final morphology of
ML nanoparticles may be controlled by adjusting various factors,
such as (i) type of monomer, (ii) type of initiator, (iii) surfactant,
(iv) polymerization time, (v) monomers/seed ratio, and (vi)
amount of octane in the magnetic-seed emulsion.’®2'>® |n order
to evaluate the influence of St concentration or St/DVB ratio on
the final morphology of ML particles, various polymerizations
were performed at different St concentrations. The experimental
conditions are reported in Table 1. Polymerizations were con-
ducted using KPS as initiator, SDS as surfactant, and the mag-
netic emulsion as seed. The used magnetic emulsion contains a
negligible amount of octane, which was found to be below
10mg of octane/g of dried emulsion. In fact, the presence of
high octane content in the used emulsion leads to the formation
of magnetic hybrid particles with heterogeneous morphology
(non-core-shell structure).

As shown in Fig. 1A the particles of prepared magnetic emul-
sion (MES) exhibit a spherical shape with wide size distribution.
When emulsion polymerization of DVB was carried out without
St (Fig. 1B), surprisingly, Janus nanoparticles were obtained.
The formation of submicron particles with this morphology can
be explained in terms of chain mobility. During early stage of
polymerization, the cross-linked oligomeric DVB radicals which
are into the oil droplet cannot diffuse very well. As a conse-
quence, the DVB monomer, which had not been reacted, moves

Table 1. Composition of monomers employed during seeded
emulsion polymerization

Sample name St (% vol) DVB (% vol)
ML1 0 100
ML2 10 90
ML3 20 80
ML4 40 60
ML5 60 40
ML6 80 20
ML7 90 10
ML8 100 0

Constant polymerization parameters: total monomers (DVB
and St) 1200ul, total reaction volume 50ml, potassium
persulfate concentration 2wt% of the total monomers

weight, stirring rate 300 rpm, and reaction temperature 70 °C.

"3"
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Figure 1.
netic emulsioon, (B) ML1, (C) ML2, (D) ML3, (E) ML4, (F) ML5, (G) ML6, (H)
ML7, and (I) ML8. Scale bar of images is 200 nm.

Transmission electron microscopy images of samples (A) mag-
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near of the cross-linked oligomeric DVB chains, while the iron oxide
moves to the opposite side leading to phase separation. Due to this
incompatibility, Janus particles were obtained. For sample ML2,
which has approximately 10% of St in its composition, the
appearance of some particles from secondary nucleation (SN) was
observed without any marked changes in the final morphology
(Fig. 1C). When St was added in the initial composition, the
monomers diffusion, into the oil droplet, was enhanced. Polysty-
rene oligomers have high chain mobility if compared with oligo-
mers containing DVB. In this case, the styrene oligomer radicals,
originating from the water phase, can either enter into the mag-
netic droplet/particle or undergo homogeneous nucleation, which
contributes to the growth of secondary nucleated particles./***

By increasing St content (i.e., increasing the St/DVB ratio), the
obtained submicron particles were becoming spherical-like,
and the SN was reduced as can be seen in Fig. 1D, 1E, and 1F
images. The high mobility of St monomer reduces, inside mag-
netic droplets, phase separation between formed polymer and
iron oxide nanoparticles. In addition, polystyrene oligomers
(or oligomers rich in styrene) have sulfate-end groups, which in
turn contribute to anchor the polymer chains on the particle
surface. This effect is similar to the surfactant property (hydro-
phobic chain and hydrophilic end group). When St concentration
increases up to 60%, a perfect-core shell morphology could be
obtained as shown in Fig. 1F.

When the amount of styrene was increased to between 80%
and 90%, the influence of DVB on polystyrene oligomers mobil-
ity was drastically decreased. It can be seen in Fig. 1G and 1H
that the prepared samples exhibit a non-uniform size distribu-
tion. Furthermore, when the emulsion polymerization was per-
formed using 100% of St, the obtained particles showed small
nodules randomly distributed around the magnetic core as
shown in Fig. 1. This morphology may be explained taking in
account the high specific surface developed by the presence
of small polymer particles compared with large ones. In the
early stage of emulsion polymerization, the St monomer is initi-
ated in water phase and not inside the oil droplet because of
water-soluble KPS used." Because the polymerization starts
in water phase, the oligomers chain length increases (i.e., in-
creasing polymerization degree). For this reason, the polysty-
rene oligomers become less and less water soluble (i.e., more
hydrophobic). As a consequence, these oligomers are deposited
on the magnetic-core surface. Based on these results, the

morphology change versus St/DVB ratio is schematically sug-
gested as shown in Fig. 2.

Chemical composition and size determination

The chemical composition of the magnetic hybrid particles was
investigated using TGA. Before analysis, the MLs were separated
from the supernatant by applying permanent magnetic field
and then washed with deionized water. This procedure was
performed three times, in order to remove the non-magnetic
material such as surfactant and free polymer particles.

Figure 3A shows the thermogram of MES used as seed during
polymerization. In this figure, it can be visualized that degrada-
tion of magnetic emulsion could be divided into three steps: (i)
25-150°C, (ii) 150-500°C, and (iii) above 500°C, which corre-
sponds, respectively, to dehydration of physically adsorbed
water (1.1%), degradation of organic part (16.6%), and residual
inorganic part (82.3%). In the same figure, it can be observed
in derivative thermogravimetric graph that the organic con-
tent present in the MES showed three peaks, which overlaps
each other. These peaks were assigned to the degradation of
free oleic acid, SDS, and oleic acid complexed on magnetic
nanoparticles.’®

Figure 3B shows the thermograms of magnetic particles ob-
tained after emulsion polymerization for samples with different
morphologies ML1 (Janus), ML2 (Janus moon-like), ML5 (perfect
core-shell), and ML8 (heterogeneous shape). As a general trend,
all samples showed higher weight loss than the used seed MES.
This is due to polymer being induced during the polymerization
process. However, the ML8 prepared using St only showed lower
polymer content than sample ML5 (perfect-core shell). The
difference of the residual mass can be attributed to the second
nucleation favored in the case of ML8. In fact, TEM analysis of
crude sample ML8 (data not shown) showed the presence of
high amount of submicron polymer based particles. Then, the
polymer partition between SN and encapsulation of magnetic
particles induced drastic decreases of polymer content in the
washed ML8 sample.

Table 2 shows the percentage of both polymer and iron con-
tent in the prepared MLs obtained at different St/DVB ratios
and the average particle size. In this study, residual mass at
500°C was attributed to percentage of iron oxide content for
each sample. This consideration is reasonable, because there

[St)/[DVB]

)

< |
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I
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| |
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Janus: Janus: Perfect high mobility Aglomeration
Aglomeration ~ Moon-like core-shell  of St chains: of polySt
of DVB chains  Decresing Increasing on the

in one side phase the second surface of
separation nucleation seed

Figure 2. Proposed scheme for controlling the morphology of the prepared magnetic latex particles during the polymerization process depending on
styrene/divinylbenzene (St/DVB) ratio. The used magnetic iron oxide emulsion (seed) has low octane content (<10 mg octane /g of dried emulsion).
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Figure 3. Thermogravimetric curves of samples analyzed in dried state.
(A) TGA/dTG of magnetic emulsion seed and (B) TGA of magnetic latexes
ML1 (Janus), ML2 (Janus moon-like), ML5 (perfect core-shell), and ML8
(surface polystyrene aggregated). Derivative thermogravimetric, dTG. This
figure is available in colour online at wileyonlinelibrary.com/journal/pat

was no increase in weight resulting from oxidation of Fes0,4 to
Fe,03, because TGA experiment was carried out under nitrogen
atmosphere.®***” The polymer content was calculated by the
difference between weights of organic and inorganic part taking
into account the amount of organic surfactants (OS). In this work,
it is important to mention that OS corresponds to 16.6% of iron
oxide content as shown in Fig. 3A (organic part).

As a result, it can be deduced from this study that both poly-
merization conversions (30-70%) and iron content (50-83%)
were not directly correlated to St/DVB ratio. However, St/DVB ra-
tio seems to have a significant role in the particles morphology.
Moreover, it was observed that all the synthesized MLs particles
ML1 (Janus), ML2 (moon-like Janus), and ML5 (perfect core-shell)
are submicron in diameter, because the average particle size is in
between 257 nm and 300 nm with near narrow size distribution
(Fig. S1, Supporting Information). It can be clearly seen at Table 2
that after polymerization, the particle size of all the synthesized
magnetic latex particles with respect to magnetic seed (237 nm)
increased irrespective of morphologies. The increase in particle
size is attributed to the formation of organic polymer shell upon
polymerization of monomers. In addition, the measured sizes and
size distribution show that the obtained dispersions are not un-
der aggregated state after polymerization process.

Comparing the size of seed magnetic emulsion with the pre-
pared MLs (ML1 to ML8), it could be observed that the final

Table 2. Percentage of polymer and iron oxide content
in the magnetic latexes obtained at different styrene/
divinylbenzene ratios

Sample Iron oxide  Polymer  Monomers Particle
name content content  conversion  size (nm)
(Wt%)? (Wt%)? (%)°
MES 823 — — 237
ML1 68.8 15.3 35 270
ML2 717 11.2 46 295
ML3 63.8 21.6 41 272
ML4 52.7 354 44 339
ML5 63.9 21.8 68 269
ML6 719 11.7 24 242
ML7 66.2 18.7 56 247
ML8 76.6 6.0 31 300

“Determined by thermo gravimetric analysis.
PPolymerization conversion was calculated based on
gravimetric measurements.

particles size as well as the size distribution are not dramatically
affected (because the SN is discarded) by both low polymeriza-
tion conversions and high polydispersity.

Attenuated total reflectance Fourier transform infrared
spectroscopy analysis

Figure 4 shows the ATR-FTIR spectra of MES and the sample ML5
(60% St: 40% DVB) after polymerization. The polymer-containing
sample was chosen because of its perfect core-shell morphology,
as shown in TEM images. For both MES and ML5 samples a com-
mon characteristic peak of Fe-O was observed at 580 cm™ . After
polymerization, new characteristic C-H aromatic stretching vibra-
tion bands of St and DVB were appeared at 3000-3030 cm ™. In
addition, the bands at 763 and 698 cm™' were attributed to out-
of-plane C-H bending vibrations of styrene aromatic rings. The
same vibration for DVB 1,4-disubstituted aromatic ring was ob-
served at 796cm ™. This in turn proves the formation of
crosslinked polystyrene on the surface of magnetic nanoparti-
cles. Furthermore, in the same spectrum, two characteristic
bands at 987 and 840cm ' were observed ascribing to
stretching vibrations of SO~ and C-O-S, respectively.*'~**! The
presence of —SO,~ on the polymeric nanoparticle surface was
attributed to sulfate initiator linked to the crosslinked polysty-
rene organic shell.

Zeta potential measurement

To study the electrokinetic properties of the prepared magnetic
latex dispersions, zeta potential was deduced from the measured
electrophoretic mobility as a function of pH at constant ionic
strength and temperature. The obtained results are shown in
Fig. 5.

In order to point out the surface modification after encapsula-
tion of magnetic seed, the zeta potential of all prepared ML par-
ticles (ML1 to ML5) was examined as a function of pH and in
1 mM NaCl solution. As can be clearly seen from Fig. 5, magnetic
emulsion and ML particles possess negative charges in the inves-
tigated pH range (from pH3 to pH 11). Zeta potential values of
the seed MES particles are almost unchanged irrespective of
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Figure 5. Zeta potential of magnetic emulsion seed (MES) and prepared
magnetic latex particles (ML1-ML5). This figure is available in colour on-
line at wileyonlinelibrary.com/journal/pat

pH of the aqueous medium. This behavior can be attributed to
the presence of the strong acid sulfate groups (—SO4 ) emana-
ting from SDS of the stabilizing agent of the magnetic emulsion.
On the other hand, zeta potential values of the magnetic latex
particles were significantly increased by increasing the pH of
the medium due to the possible presence of carboxylic groups
originated from oleic acid used in the preparation of organic
ferrofluid. The presence of these carboxylic groups is mainly
due to the diffusion of oleic acid chain during the swelling pro-
cess and polymerization step. As a conclusion, this indicates that
both magnetic emulsion and all prepared ML particles (ML1 to
ML5) possess good colloidal stability over the pH range studied.

Magnetization study

The saturation magnetization (Ms, emu g”) and magnetic be-
havior of the dried magnetic polymer latexes were investigated

Applied magnetic field (Oe)

Figure 6. Magnetization curves of the magnetic emulsion (MES) and
magnetic latexes ML1, ML2, ML3, ML4, and ML5. This figure is available
in colour online at wileyonlinelibrary.com/journal/pat

using a vibrating sample magnetometer. This study was carried
out on the automatic bench of magnetic measurements using
all dried particles by decreasing the magnetic field (H) strength
from +20,000 to —20,000 oersted at room temperature. Mag-
netic properties (saturation magnetization and magnetic
behavior) of the prepared latex particles mainly depend on
amount of inorganic magnetic material in the final particles
which control their physical separation in a magnetic field.
Therefore, proper control of the magnetic properties before
and after polymer encapsulation is of great importance.

Figure 6 shows the magnetization curves for seed MES before
and after polymerization (ML1 to ML 5). From this figure, it is
clearly obvious that saturation magnetization (Ms) of the seed
magnetic emulsion (28.3emug™') decreased to 15.4emug™"
after polymerization in the case of perfect core shell (ML 5).
The other magnetic latex samples (ML1, ML2, ML3, and ML4)
also showed similar behavior; their Ms values decreased,
respectively, to be 145emug ', 56emug ', 19.8emug ',
and 12.6emug . The decrease in saturation magnetization
after polymerization is attributed to the increase of organic
material and consequently the decrease of magnetic content in
the prepared latex particles. Importantly, at zero magnetic field
(H=0), there is no marked residual magnetization revealing
negligible remanence of all prepared magnetic particles. So this
interesting result indicates that all of the magnetic particles
before and after polymerization are superparamagnetic in
nature.”® The conserved superparamagnetism after polymerization
indicates that the polymerization conditions had no effect on the
intrinsic magnetic properties of the iron oxide nanoparticles in
the used oil in water magnetic emulsion.

CONCLUSION

In order to prepare submicron ML particles bearing high mag-
netic properties, oil in water magnetic emulsion was first
prepared. Characterization of the resulting magnetic dispersion
was performed by examining size, size distribution, chemical
composition, colloidal stability and magnetic properties. Then
the oil in water magnetic emulsion was used as seed of radical

wileyonlinelibrary.com/journal/pat
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emulsion polymerization of St, cross-linker DVB in the presence
of KPS as initiator.

After performing various polymerizations as a function of St/
DVB ratio, three types of morphologies were observed; Janus,
moon-like Janus and the desired perfect core-shell magnetic la-
tex particles. Core-shell morphology of the magnetic latex nano-
particles is the most favorable for in vitro biomedical diagnostic
field. In fact, such well-prepared magnetic core-polymer shell
prevents the release of ferric, ferrous, and magnetic pigment in
the dispersion medium, which is not suitable in any molecular
biology based process.

Anyway, the prepared MLs were characterized using various
techniques such as TEM for morphology analysis, light scatter-
ing for particle size, TGA for chemical composition, magnetiza-
tion for magnetic property, and zeta potential measurements
as a function of pH for possible surface charge modification
and surface charge density. Interestingly, two marked morphol-
ogies were obtained: (i) Janus-like morphology obtained when
10% of St (90% DVB) was used and (ii) perfect core-shell ML
particles was obtained using 60%/40 St/DVB with negligible
secondary nucleation. In addition, the obtained core-shell mag-
netic particles contain a large amount of superparamagnetic
iron oxide (approximately 63.9%), which is highly favorable in
fast magnetic separation applications. Moreover, such particles
after functionalization step are expected to be used as a solid
support in microsystems, microfluidic, and lab-on-a-chip in
which submicron size and fast magnetic separation are
necessary.
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Summary

Core-shell morphology of the colloidal magnetic nanoparticles is the most favorable for
biomedical diagnostic field. In this regard, the current research aims to optimize magnetic
latex particles with magnetic core and polymer shell containing carboxylic, starting from a
magnetic emulsion which is used as a seed in the emulsion polymerization of styrene (St) with
divinylbenzene (DVB). The prepared magnetic particles with carboxylic groups (-
COOH) were first characterized using various techniques like , magnetic properties, TEM,
TGA, and zeta potential measurements as a function of pH of the dispersion media and then
by using this as second seed, for influence of methacrylate acid with different volumes on
this prepared latex particles in order to enhance carboxylic groups.

Submicron ML particles bearing high magnetic properties, oil in water magnetic emulsion
was first prepared. Characterization of the resulting magnetic dispersion was performed by
examining size, size distribution, chemical composition, colloidal stability and magnetic
properties. Then the oil in water magnetic emulsion was used as seed of radical emulsion
polymerization of St, cross-linker DVB in the presence of ACPA as an initiator. After
preparation of magnetic latex particles, the prepared MLs were characterized using various
techniques such as TEM for morphology analysis, light scattering for particle size, TGA for
chemical composition, magnetization for magnetic property, and zeta potential measurements
as a function of pH for possible surface charge modification and surface charge density. Then
this magnetic latex was used as second seed for influence of MAA on the prepared latex.

The polymerization was carried out in specially designed 60 ml glass reactor. Temperature

was maintained at 70 C. The home-made magnetic emulsion stabilized by aqueous solution
of SDS was introduced in the reactor .Magnetic emulsion was mixed with nitrogen for 1 hour
at 300 rpm for removal of oxygen. Subsequently, total amount of monomers at different
St/DVB (60%:40% respectively ) ratios were introduced at once in the reactor and was mixed
at 300 rpm for 60 min followed by addition of 2 weight % of ACPA into the medium .The
radical polymerization was carried out at 300 rpm for 18 hours. Finally, the polymerization
was terminated by cooling the reactor to room temperature.

In order to evaluate the influence MAA on prepared magnetic latex particles various
polymerizations were performed by keeping same Styrene (St) volume constant in all
experiments were used with different volumes of MAA respectively by keeping 2wt. % of an
initiator ACPA constant in all experiments. Polymerizations were conducted using ACPA as
an initiator, SDS as surfactant, and the magnetic emulsion as seed. The used magnetic
emulsion contains a negligible amount of octane, which was found to be below 10mg of
octane/g of dried emulsion

It was clear from TEM and particle size that there is gradually increase in polymer shell and
in size especially, when used high volume of MAA. The prepare magnetic latex particles with
carboxylic groups exhibit 58% iron oxide wt .content. Zeta potential measurements clearly
indicated the enhancement of polymer shell while using high volume of MAA.

Moreover, such particles after functionalization step are expected to be used as a solid support
in biosensors.
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Abstract:
Great attention has been paid to colloidal magnetic nanoparticles (MNPs) due their

superparamgnetic properties emanating from their nano-size. They have been found
promising applications in various industrial and particularly biomedical diagnostic domains
(e.g. fast separation, purification and detection of biomolecules). The structure and
morphology of these MNPs play a significant role for their final use. Core-shell morphology
of the colloidal magnetic nanoparticles is the most favorable for biomedical diagnostic field.
In this regard, the current research aims to optimize magnetic latex particles with magnetic
core and polymer shell containing carboxylic, starting from a magnetic emulsion which is
used as a seed in the emulsion polymerization of styrene (St) with divinylbenzene (DVB). The
prepared magnetic particles with carboxylic groups (-COOH) were first characterized using
various techniques like , magnetic properties, TEM, TGA, and zeta potential measurements as
a function of pH of the dispersion media and then by using this as second seed, for influence
of methacrylate acid with different volumes on this prepared latex particles in order to
enhance carboxylic groups.

Keywords:

Magnetic emulsion, Seed emulsion polymerization, Magnetic latex particles,
Functionalization.

INTRODUCTION:

Colloidal particles' are used as solid support in field of biomedical applications which include

immunoassay, cell sorting, and nucleic acid capturing and detection’. However such
applications require different tedious and time consuming separation processes, mainly two
kinds of separation processes are used i.e. a) filtration and b) centrifugation .These processes
lead to limit automation of biomedical diagnosis resulting in loss of time and delay in
diagnosis®’. However, magnetic latexes particles are overcome these methods and improve
the process of automation ,also decreasing time delay and providing fast particle separation
upon applying even low magnetic field. Magnetic latex is a hybrid material consisting of
polymer-encapsulated magnetic particles. Purpose for the preparing of magnetic composite
and latexes in biomedical area is to safe inorganic part and to produce reactive chemical
functionality which is capable of immobilizing biomolecules through chemical reactions'*. It
is important to mention here that target in the preparation of magnetic latexes is the
elaboration of superparamagnetic magnetic latex particles with reasonable amount of iron
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oxide, submicron in size and with better size distribution’. These prepared functional,
submicron, and highly ML particles have been used for nucleic acid extraction and
purification®, molecular imaging’* , and specific antibody detection®.

Different approaches have been reported for the preparation of magnetic latex particles for
diagnostic applications. These approaches are based on classical polymerization in dispersed
media like emulsiong’lo, suspension“, miniemulsionlz’l3,dispersion14, commination of various
polymer-based process'> and inverse emulsion'®'’. The pioneer work were reported by
Ugelstad’ by reporting not only the preparation of magnetic latexes but also their use in
biomedical diagnosis. Recently, new process has been reported by Montage et al'® the process
is called seed emulsion polymerization and this process leads to highly magnetic submicron
magnetic latex particles

The aim of this paper is to prepare submicron core-shell like magnetic latex particles with

carboxylic groups by following same procedure as mentioned in our previous work'® with
functionality group like carboxyl. Then measure effect of methacrylatic acid with different
volumes in order to enhance carboxylic group on prepared latex particles by considered this
as second seed.

Materials and methods
Materials
Styrene (99%) and DVB 80% were purchased from Sigma—Aldrich and used after washing

with with 5% NaOH solution. 4, 4-azobis cyanopentanoic acid (ACPA) as an initiator along
with carboxylic group functionality , Methacrylicacid (MAA) and sodium dodecyl sulfate
(SDS) emulsifier were obtained from Sigma-Aldrich were used. Deionized water was used in
all experiments. Home-made magnetic'® emulsion was used according to our previous work.

Methodology
Magnetic latex particles with carboxylic group functionality with same concentration of

styrene 60%:divenylbenzene40 % and 4, 4'-azobis cyanopentanoic acid (ACPA) with same
methodology'® were prepared according to our previous mentioned work. General
representation of prepared magnetic latex particles are shown in figure 1.

an
-
St/DVB (60/40 %) 2 000‘3‘
- AcPA: COOH HOOO— § oot
Temperature: 70°C O &
O/W magnetic emulsion DS § %
(Seed) = '
MLP with COOH
Second Seed

Fig 1: Magnetic latexes particles having carboxylic group.
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CHARACTERIZATION

Transmission electron microscopy

Transmission electron microscopy (TEM) images were obtained by a Phillips CM120
microscope (CMEABG, University of Claude Bernard Lyon I, Villeurbanne, France) to
investigate themorphology and microstructure of the magnetic polymer latex particles.
Briefly, a drop of sample diluted in distilled water was deposited on a carbon-coated copper
grid and then left to dry at room temperature overnight before TEM 1imaging.

Particle size measurements

A Malvern Zetasizer (Nano ZS, Malvern Instruments Limited, UK) was used to measure the
average hydrodynamic size (Dh) of the magnetic polymer colloidal particles in 10 3 M NaCl
solution.The average of at least three measurements (10 runs for eachcolloidal dispersion) was
taken into consideration.

Zeta potential measurement

A Malvern Zetasizer (Nano ZS, Malvern Instruments limited) was used to measure the
electrophoretic mobility, which is converted to Smoluchowski’s zeta potential.The
measurements wereperformed using highly diluted dispersion of the considered colloidal
particles in 10_3 M NaCl solution at different pH. The pH was adjusted using NaOH or HCI
solutions. Each recorded value was the average of at least three measurements.

Thermal gravimetric analysis

Thermo gravimetric analysis (TGA) measurementswere carried out on a thermogravimetry
analyzer (NETZSCH, model TG 209 F1). The measurements were performed under inert N2
atmosphere from ambient temperature up to 700°C at a heating rate of 10°C min_1. All
samples were washed with distilled water and then dried at 50°C for 24 hr before analysis.

Fourier transforms infrared analysis

The investigation of surface properties of the obtained sample was performed using attenuated
total reflectance-Fourier transform infrared spectrophotometer (Shimadzu, Japan). All
samples were cleaned and dried before analysis. The spectra were scanned over range 4000—
400 cm’™.

Magnetic properties

The saturation magnetization and magnetic behavior of the dried magnetic polymer latexes
were investigated using a vibrating sample magnetometer. Magnetization measurements were
carried out at room temperature on the automatic bench of magnetic measurements at CNRS-
IRC Lyon.

Results and discussions
Magnetic latex particles with carboxylic group functionality were prepared as mentioned
above. Then this magnetic latex was used as second seed for measuring influence of
methacrylicacid (MAA).
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Particle morphology analysis
The experimental conditions and monomer conversion are reported in Table 1. In order to

evaluate the influence MAA on prepared magnetic latex particles (MPSACPA) various
polymerizations were performed by keeping same Styrene(St) volume 720 p L were used
with ) with different volumes of MAA as 0 uL,50 pL,100uL,200uL and 360uL respectively
by keeping 2wt.% of an initiator ACPA constant in all experiments. Polymerizations were
conducted using ACPA  as an initiator, SDS as surfactant, and the magnetic emulsion as
seed. The used magnetic emulsion contains a negligible amount of octane, which was found
to be below 10mg of octane/g of dried emulsion. In fact, the presence of high octane content
in the used emulsion leads to the formation of magnetic hybrid particles with heterogeneous
morphology (non-core-shell structure)'”. Figure 2 shows TEM images of (a) magnetic
emulsion seed (MES), (b) magnetic latex particles with carboxylic groups (MPSACPA) and
MAA with different volumes (c) FM, (d) FM; (e) FM; (f) FM3 and (g) FM4.By using higher
concentration of St content (i.e., increasing the St/DVB ratio that is 60%:40%DVB), the
obtained submicron particles were becoming nearly spherical-like, and the secondary
nucleation (SN) was reduced as can be seen in Fig.2b, 2¢,2d,2e,2f and 2g images. The high
mobility of St Monomer reduces, inside magnetic droplets, phase separation between formed
polymer and iron oxide nanoparticles. In addition, polystyrene oligomers (or oligomers rich in
styrene) have carboxylic-end groups, which in turn contribute to anchor the polymer chains
on the particle surface. This effect is similar to the surfactant property (hydrophobic chain and
hydrophilic end group). When St Concentration increases up to 60%'’, perfect-core shell
morphology could be obtained as shown in Fig 2b. These magnetic latex particles MPSACPA
were then used as second seed for further measuring influence of MAA.

Samples name Further fyn%tionalization Monomers Particle Size
with “MAA conversion'
(nm)
(uL) (%)
MES.....cccooii Seed 1 - - 237
PMPSACPA.............. Seed 2 - 76.3 275
°[FMo] 720 °St. + 0 MAA 77.2 358
[FM1] 720 St. + 50 MAA 78.6 428
[FM2] 720 St. + 100 MAA 79.1 471
[FMs] 720 St. + 200 MAA 79.9 480
[FM4] 720 St. + 360 MAA 80.40 496

a Magnetic emulsion seed
b Magnetic polystyrene carboxylic particles
¢ Functional monomer
d Methacrylic Acid
e Styrene
f Polymerization conversion was calculated based on gravimetric measurements .
Table 1. Functionalized with different methacrylic acid to enhance carboxylic group.
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Figure 2. Transmission Electron Microscopy images of samples (a) magnetic emulsion, (b)
MPSACPA, (c) [FMy], (d) [FM1], (e) [FM2],(f) [FM3] and (g) [FM4]. Scale bar of
Images are 200nm.

Chemical composition and size determination

Chemical composition investigated using TGA. Before analysis, all samples (a) MES, (b)
MPSACPA and MAA with different volumes (¢) FM, (d) FM; (e) FM; (f) FM3 and (g) FM4
were separated from the supernatant by applying permanent magnetic field and then washed
with deionized water. This procedure was performed three times, in order to remove the non-
magnetic material such as surfactant and free polymer particles'’. Figure 3 s hows the
thermogram of (a) MES used as seed during polymerization. In this figure, it can be
visualized that degradation of magnetic emulsion occurred 150-500°C and above 500°C.
Magnetic emulsion MES, reduced weight between 150 to above 500°C mainly assigned to
thermal degradation of Oleic acid contained in ferrofluid droplets SDS and oleic acid
complexed on magnetic nanoparticles part.

As a general trend, all samples showed higher weight loss than the used seed MES. For
magnetic latex(b) MPSACPA and others (c) FMy  (d) FM;, (e) FM;, (f) FM3 and ( g) FM4 loss
occurred in the range of 450°C and tends to almost plateau after 650°C.After degradation of
organic part, it was found that remaining content is almost (a) 82.3% in MES. While in (b)
58.42% (c) 57.51% (d) 56.00 % (e) 54.97% (f) 53.45 % and (g) 50.05 % respectively. This
degradation in prepared magnetic latex particles is due loss of the organic part (oleic acid
and polymer and oleic acid complexed o magnetic nanoparticles.

The magnetic content in the final particles is sufficient to be a very good magnetic sensitive in
an external magnetic field and can be separated quickly from the separation medium without
difficulties. This is because the produced magnetic polymer particles can be used for
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biomedical applications (e.g. antibody, antigen, virus, bacteria, etc). It can be clearly seen at
table 1 that after polymerization, the particle size of all the synthesized magnetic latex
particles with respect to magnetic seed (237 nm) increased irrespective of morphologies. The
increase in particlesize is attributed to the formation of organic polymer shell upon
polymerization of monomers. In addition, the measured sizes and size distribution show that
the obtained dispersions are not under aggregated state after polymerization process. Average
hydrodynamic diameter (Dy) of the particles were measure, at least three readings of each
particles were taken. After measuring, it was observed that all the synthesized latexes are
submicron in size with almost narrow size distribution as shown in figure 4.

100
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Figure.3 Therogravietric curves of samples analyzed in dried state.
(a) » MES, (b)s PSACPA, (c) s FMO, (d)s FM1, (¢) @ FM2, (f)@ FM3 and (g)® FM4
respectively

-15.... .......... S L R

.....................................................

Intensity (%)
=

i

[#

0 i i ' . |
.1 1 10 100 10040 10000
Size (d.nm)

Fig 4.Size distribution of magnetic latex particles MPSACPA and FM, FM, FM, FM3 and
FM,4
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Fourier transforms infrared spectroscopy analysis
Figure 5 shows the ATR-FTIR spectra of MES and the second seed MPSACPA (60% St:

40% DVB) after polymerization. The polymer-containing sample was chosen because of its
perfect core-shell morphology, as shown in TEM images. For both MES, MPSACPA, FM,
FM; FM;, FM3 and FM4 samples a common characteristic peak of Fe-O was observed at 580
cm’™'. After polymerization, new characteristic C-H aromatic stretching vibration bands of St
and DVB were appeared at 3000-3030 cm™. In addition, the bands at 763 and 698 cm™ was
attributed to out of plane C-H bending vibrations of styrene aromatic rings. The same
vibration for DVB 1, 4-disubstituted aromatic ring was observed'® at 796 cm™. This in turn
proves the formation of cross-linked polystyrene on the surface of magnetic nanoparticles.
Furthermore, in the same spectrum characteristic bands at 1750 cm™ were observed ascribing
to stretching vibrations of Carboxylic group. The presence of COOH onthe polymeric
nanoparticle surface was attributed to ACPA initiator linked to the cross-linked polystyrene
organic shell.
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Figure 5. Fourier transforms infrared spectra of MES, MPSACPA, FM, FM1, FM2, FM3 and
FMy

Zeta potential measurement

The obtained results of zeta potential of MES, MPSACPA and MAA with different volumes
FMO. FM1, FM2, FM3 and FM4 are shown in figure 6. In order to point out the surface
modification after encapsulation of magnetic seed, the zeta potential of all above prepared ML
particles was examined as a function of pH and in 1mM NacCl solution. As can be clearly seen
from Fig.6, magnetic emulsion and ML particles possess negative charges in the investigated
pH range (from pH 3 to pH 11). Zeta potential values of the seed MES particles are almost
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unchanged irrespective of pH of the aqueous medium. This behavior can be attributed to the
presence of the strong acid sulfate groups (SO47) emanating from SDS of the stabilizing
agent of the magnetic emulsion On the other hand, zeta potential values of the magnetic latex
Particles were significantly increased by increasing the pH of the medium due to the possible
presence of carboxylic groups originated from oleic acid used in the preparation of organic
ferrofluid. The presence of these carboxylic groups is mainly due to the diffusion of oleic acid
chain during the swelling process and polymerization step. However zeta potential values of
the FM 4 particles were significantly increased by increasing the pH of the medium due to the
high amount (360 pL) of MAA used during polymerization.

0 pH
0 2 4 6 8 10 12
-10 -
—o— MES

S 20 —8— PSACPA
=
: 30 - A FMO
<
E X FM1
g —%—FM 2
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P .50 - o-FM3
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Figure.6. Zeta potential of MES, MPSACPA and MAA with different volumes

FMO0 FM1, FM2, FM3 and FM,4
Magnetization properties
The saturation magnetization (Ms, emu g ') and magnetic behavior of the dried magnetic
polymer latexes were investigatedusing a vibrating sample magnetometer. This study was
carried out on the automatic bench of magnetic measurements using all dried particles by

decreasing the magnetic field (H) strength from +20,000 to —20,000 oersted at room
temperature. Magnetic properties (saturation magnetization and magnetic behavior) of the
prepared latex particles mainly depend on amount of inorganic magnetic material in the final
particles which control their physical separation in a magnetic field. Therefore, proper control
of the magnetic properties before and after polymer encapsulation is of great importance.

Figure 7 shows the magnetization curves for seed MES before and after polymerization
(MPSACPA and MAA with different volumes FMO FM1, FM2, FM3 and FMy). From this
figure, it is clearly obvious that saturation magnetization (Ms) of the seed magnetic emulsion
(28.3 emu g') show similar behavior; their Ms Values decreased, respectively,. The decrease
in saturation magnetization after polymerization is attributed to the increase of organic
material and consequently the decrease of magnetic content in the prepared latex particles.
Importantly, at zero magnetic field (H = 0), there is no marked residual magnetization
revealing negligible remanence of all prepared magnetic particles. So this interesting result
indicates that all of the magnetic particles before and after polymerization are
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superparamagnetic in nature'®. The conserved superparamagnetism after polymerization
indicates that the polymerization conditions had no effect on the intrinsic magnetic properties
of the iron oxide nanoparticles in the used oil in water magnetic emulsion.

Figure 7.

Conclusion
Submicron ML particles bearing high magnetic properties, oil in water magnetic emulsion

was first prepared. Characterization of the resulting magnetic dispersion was performed by
examining size, size distribution, chemical composition, colloidal stability and magnetic
properties. Then the oil in water magnetic emulsion was used as seed of radical emulsion
polymerization of St, cross-linker DVB in the presence of ACPA as an initiator. After
preparation of MPSACP, the prepared MLs were characterized using various techniques such
as TEM for morphology analysis, light scattering for particle size, TGA for chemical
composition, magnetization for magnetic property, and zeta potential measurements as a
function of pH for possible surface charge modification and surface charge density. Then this
magnetic latex was used as second seed for influence of MAA on the prepared latex.

It was clear from TEM and particle size that there is gradually increase in polymer shell and
in size especially at when used high volume of MAA. The prepare MPSACPA exhibit 58%
iron oxide content. Zeta potential measurements clearly indicated the enhancement of
polymer shell while using high volume of MAA.

Moreover, such particles after functionalization step are expected to be used as a solid support
in biosensors, microfluidic, and lab-on-a-chip in which submicron size and fast magnetic
separation are necessary.
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Development of a novel capacitance electrochemical
biosensor based on silicon nitride for Ochratoxin A
detection: food analysis
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Summary

Ochratoxin A (OTA), is a secondary fungal metabolite produced by various Aspergillus and
Penicillium strains, which was found to be one of the predominant contaminating mycotoxins
in a wide variety of food commodities such as cereals, dried fruits, nut, spices, coffee beans.
High performance liquid chromatography with fluorescent detection, gas chromatography
coupled with mass spectroscopy and enzyme linked immunosorbent assay methods are used
for detection of OTA. However these methods lead to some limitations like expensiveness,
time —consuming sample preparation steps such as extraction and often analyte derivation in
order to enhance sensitivity of detection.

Beside the choose of a good and stable material for biosensor substrates, other spherical nano
particles (NPs) have been used as immobilization support in biosensing technology in order to
enhance the sensitivity of the biosensors. These NPs are available with a wide variety of
surface functional groups and show advantages in the process of immobilization by increasing
the surface area, the stability of the surface-bound antibodies, improving orientation of the
immobilized antibody as well as achieving faster assay kinetics.

Biosensor is a compact analyte device or unit incorporating a biological or biologicall derived
sensitive element associated with a physicochemical transducer. Nanoparticles have been used
as immobilization support in biosensing technology where these particles possesses different
functional groups play an important role in immobilization process by increasing surface area.
The OTA antigen was detected using Si-p/Si02/Si3N4 substrate that combined with magnetic
latex particles (MLPs) with carboxylic acid groups attached on s urface of particles. For
developing sensitive, selective, cost-effective and fast detection of OTA. Mott—Schottky
analysis was performed for OTA detection. The biosensor surfaces have been characterized by
Contact Angle (CA) measurements, Atomic Force Microscopy (AFM), Scanning Electron
Microscopy (SEM), and fluorescence microscopy Microcontact printing (nCP) was
performed to confirm the magnetic latex particles binding onto silicon nitride substrate.
Functionalization of biosensor surface with Self-Assembled Monolayers (SAMs) is most
important step for the development of robust and stable biosensors. In recent past, silicon
nitride (Si3N4) based micro- and nano-fabrication technology has been successfully combined
with biochemistry, enabling fabrication of novel biosensing devices with high sensitivity and
selectivity. This material offers more advantages when compared to other materials, such as
the absence of undesirable impurities and the excellent control of the film composition and
thickness. This is especially important for ultra-thin layers used in gate and tunnel dielectrics
in the fabrication of biosensor devices with metal-oxide-semiconductor (MOS) technology.
The combination of its electronic and mechanical properties makes Si3N4 an extremely
attractive material for biosensor applications. Thiols group on gold has been explained in past
literature based on S AMs on di fferent metals. Though, less work has been devoted to the
study of the electronic properties of SAMs deposited on silicon nitride. The surface of this
latter is usually modified with organosilanes carrying chemically active groups, to provide a
suitable interface between silicon-based transducer and immobilized biomolecules.
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Si3N4 coated Si substrates were obtained from the Centre Nacional de Microelectronica
(CNM-IMB, CSIC, Spain).

Micro-contact printing (LCP) technique was used to confirm the MLPs bonding onto
silicon nitride surface. An elastomeric stamp based on polydimethylsiloxane (PDMS) was
created by replica molding (RM). A mixture of pre-polymer PDMS and curing agent was
poured onto a salinized silicon mold which contains micro pillars on relief of its surface.
The whole PDMS/silicon-mold degassed to ensure all air bubbles in the PDMS mixture
were removed. This avoids the creation of defects on the PDMS stamp surface. The stamp
was then brought into immediate and conformal contact with silicon nitride substrate
previously activated by piranha. The SAMs of octadecyltrichlorosilane (OTS) were formed
on silicon nitride surface which was placed afterward on the oven for 45min in order to
enhance OTS adhesion on the surface. Silicon nitride subtract was immersed afterward in
ethanol solution containing 1% of (3-Aminopropyl)triethoxysilane ( APTES) for 30 min,
rinsed with ethanol, dried with a stream of nitrogen and placed again on the oven for 45
min. The APTES silane was bonded onto the remained active silicon nitride surfaces.
Finally, the silicon nitride surface was dropped in 500uL of MLPs solution mixed with
0.4M EDC and 0.IMNHS for 3hr at 37°C. This allows a covalent bonding of MLPs with
amine of APTES.

Afterwards, measured of all characterization parameters it was found as ensitive and
selective biosensor based on Si-p/Si02/Si3N4 structure combined with MLPs for specific
detection of OTA. At the end high sensitivity and limitation was found at 0.027 pg/mL and
1.845 pg /mL respectively.
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ABSTRACT

We report in this paper about the development of a novel capacitance electrochemical biosensor based
on silicon nitride substrate (SizN4) combined with a new structure of mangnetic nanoparticles (MNPs).
SisNy is highly stable as it was fabricated by a combination of several layers of Aluminum (Al), silicon
p-doped (Si-p), silicon dioxide (SiO,) and silicon nitride (Si3Ng4). This structure (Si3N4/SiO,/Si-p/Al) has
provided several advantages compared with other materials commonly used, and in particular in solid-
state physics for electronic-based biosensors. The MNPs with terminated carboxylic acid were covalently
bonded to Si;N4 through a Self-Assembled Monolayers (SAMs) of the silane-amine (3-Aminopropyl) tri-
ethoxysilane (APTES). Finally anti-ochratoxin A antibodies were immobilized on MNPs by amide bonding.
Contact Angle measurements, Atomic Force Microscopy, Scanning Electron Microscopy and Fluorescence
Microscopy characterizations were performed during the biofunctionalization of the biosensor surface.
Electrochemical measurements were carried out using Mott-Schottky analysis for ochratoxin A detec-
tion. The biosensor was highly sensitive and specific for ochratoxin A antigens, with a limit of detection of
4,57 pM, when compared to other interferences ochratoxin B and aflatoxin G1. The measurements were
highly stable and reproducible for detection and interferences. The proposed method is very promising
for ochratoxin A detection of several agro-food industry applications.

© 2016 Published by Elsevier B.V.

1. Introduction

for all types of wines (2 pg/kg) [4]. Currently, the methods com-
monly used for OTA detection are based on high-performance liquid

Ochratoxin A (OTA), is a secondary fungal metabolite produced
by various Aspergillus and Penicillium strains, which was found
to be one of the predominant contaminating mycotoxins in a
wide variety of food commodities such as cereals, dried fruits,
nut, spices, coffee beans, cocoa, beer, wine, etc [1-3]. In the Euro-
pean Union, some regulatory limits have already been introduced
for the levels of OTA in food products such as raw cereal grains
(5 ng/kg), dried fruits (10 pg/kg), roasted coffee and coffee prod-
ucts (5 pg/kg), grape juice (2 pg/kg) (EC No. 123/2005) and also

* Corresponding author.
E-mail addresses: abdelhamid.errachid@univ-lyon1.fr,
errachid-el-salhi@univ-lyon1.fr (E. Abdelhamid).

http://dx.doi.org/10.1016/j.snb.2016.03.166
0925-4005/© 2016 Published by Elsevier B.V.

chromatography (HPLC) with fluorescent detection [5]; the LOD of
the proposed method was 0.0025 wg/L. However, HPLC is laborious,
time-consuming, and requires sophisticated equipment and qual-
ified personnel. Furthermore, gas chromatography coupled with
mass spectrometry (GC-MS) [6] or enzyme-linked immunosorbent
assay (ELISA) [7] have also been used for OTA detection and the
LOD was around 0.15 ng/mL. Although this technique is used for
rapid screening and allows multiple analyses in a short time, it
remains limited by using labeled bio reagents which are expensive.
To overcome the above limitations, several types of biosensors have
aroused the interest of researchers for OTA detection.

In the last years, several optical and electrochemical techniques
based on biosensors have been investigated for OTA detection
[8-10].Liuetal. have reported about an ultrasensitive electrochem-
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ical immunosensor for ochratoxin A using gold colloid-mediated
hapten immobilization. The detection limit achieved in this work
was 8. 2pg/mL [9]. Biosensors used for this interest in the liter-
ature were mainly based on gold or polymer substrate combined
with SAMs or cross-linkers for biomolecules immobilization [11].
The functionalization of the biosensor surface with SAMs is the
most important step for the development of robust and stable
biosensors. Recently, Silicon nitride substrate (Si3N4) based micro-
and nano-fabrication technology has been successfully combined
with biochemistry, enabling the fabrication of novel biosensing
devices with high sensitivity and selectivity [12-14]. This mate-
rial offers more advantages when compared to others, such as the
absence of undesirable impurities and the excellent control of the
film composition and thickness. This is especially important for
ultra-thin layers used in gate and tunnel dielectrics in the fabrica-
tion of biosensor devices with metal-oxide-semiconductor (MOS)
technology [15]. The combination of its electronic and mechanical
properties [13,14,16] makes Si3N4 an extremely attractive material
for biosensor applications. There is a large work in the literature
based on SAMs on different metals [17-20], in particular thiols on
gold. However, less work has been devoted to the study of the
electronic properties of SAMs deposited on Si3N4. The surface of
the latter is usually modified with organosilanes carrying chemi-
cally active groups [21,22], to provide a suitable interface between
silicon-based transducer and immobilized biomolecules.

Beside the choice of a good and stable material for biosensor
substrates, other spherical nano particles (NPs) have been used
as immobilization support in biosensing technology in order to
enhance the sensitivity of the biosensors [23]. These NPs are avail-
able with a wide variety of surface functional groups and show
advantages in the process of immobilization by increasing the sur-
face area, the stability of the surface-bound antibodies, improving
orientation of the immobilized antibody as well as achieving faster
assay kinetics [24-26].

The aim of the present work was to develop a sensitive, selec-
tive, cost-effective, and comparatively fast method for quantitative
OTA detection. The silicon nitride substrate (Si3N4) combined with
a new structure of mangnetic nanoparticles (MNPs) was used to
develop an electrochemical biosensor for OTA detection. Magnetic
Nanoparticles (MNP) were composed from a conductive core and
carboxylic acid modified shell allowing amid bonding with OTA
antibodies. This electrochemical structure using Mott-Schottky
analysis was proposed in our knowledge for the first time for OTA
detection. In order to control all steps of the biosensing layer, the
surface of the biosensor has been characterized by Contact Angle
(CA) measurements, Atomic Force Microscopy (AFM), Scanning
Electron Microscopy (SEM), and fluorescence microscopy.

2. Experimental
2.1. Chemicals and reagents

Ochratoxin A (OTA), ochratoxin B (OTB), aflatoxin G1 (AFG1),
potassium chloride (KCl), hydrogen chloride (HCI), sodium hydrox-
ide (NaOH), sulfuric acid (98%) (H2S04), ethanol (98%), hydrogen
peroxide (30%) (H20,), N-hydroxysuccinimide (NHS), 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
(3-Aminopropyl) triethoxysilane (APTES), ethanolamine (ETA),
octadecyltrichlorosilane (OTS), styrene (St), divinyl-benzene (DVB),
4,4'-Azobis(4-cyanopentanoic acid) (ACPA) and sodium dode-
cyl sulfate solution (SDS) were all supplied by Sigma-Aldrich.
The monoclonal anti-OTA antibody was purchased from Abcam.
Polydimethylsiloxane (PDMS) was purchased from Dow Corning,
France. Phosphate buffer saline (PBS) with pH 7.4 was used in Mott-
Schottky experiments.

Senrrmoce oF ffre Hroserrsor

WE

Electrical contact

Fig. 1. Schematic illustration of the capacitive biosensor based on Si3N4/SiO,/Si/Al
substrate.

2.2. Process for Si3N4 substrate fabrication

SisNg coated Si substrates <100> (Si-p/SiOy/Si3Ny)
1.2cm x 1.2cm in size were obtained from the Centre Nacional
de Microelectronica (CNM-IMB, CSIC, Spain). Silicon wafers were
thermally oxidized at 850°C (78 nm thickness) followed by a
deposition of a thin layer (100 nm) of Si3N4 using low-pressure
chemical vapor deposition. The Si-p layer was uniformly doped
with boron (dose 1 x 10> cm~2). An ohmic contact was realized
by a deposition of 1 wm of aluminum on the backside of the wafer
(Fig. 1).

2.3. Magnetic nanoparticle preparation

Core-shell structure was prepared using a given St/DVB weight
ratio (20 wt.% St and 80 wt.% DVB), 2 wt.% ACPA was used as an ini-
tiator and solubilized first in 0.1 M NaOH solution. Total amount
(1200 pL) of St/DVB respectively was used. The polymerization
was carried out in a 60 mL three necked double wall glass reac-
tor made up of glass anchor type stirrer, a reflux condenser and a
nitrogen inlet. The temperature was regulated at 70°C by using a
thermal bath. The SDS solution was prepared at a concentration
below the critical micelle concentration (CMC) 1gL~1. Magnetic
emulsion was finally dispersed in the SDS solution of the boiled
and degassed Milli-Q water. First, 50 mL of magnetic emulsion
was stabilized with an aqueous solution of anionic surfactant SDS
via serum replacement process performing only one time separa-
tion/dispersion cycles and introduced in the reactor and purged
under nitrogen for 1 h under stirring (300 rpm) for removal of oxy-
gen flux. After that introduced St and DVB at once into reactor
for 70 min for swelling of magnetic droplets by monomers, tem-
perature was rapidly increased to 70°C and 2wt.% ACPA (with
respect to the weight of monomer and cross-linker) was added
in the monomer swollen magnetic emulsion. The polymerization
was run at constant stirring (300 rpm) for 20 h till complete syn-
thesis of magnetic latexes particles which having carboxylic group
on surface as shown in Fig. S1 (Supplementary material).

2.4. Contact angles measurements (CAM)

Contact angle measurements were carried out using an Easy
drop OCA 20, DataPhysics Instruments (Germany ) to characterize sil-
icon nitride substrate after each chemical surface modification. The
measurements were analyzed with a droplet of 3 pL of deionized
water. Four values of CAM were recorded for each substrate.

2.5. Microcontact printing (j.CP)

Micro-contact printing (J.CP) technique was used to confirm the
MNPs bonding onto modified silicon nitride surface. For this inter-
est, an elastomeric stamp based on PDMS was fabricated by replica
molding (RM). Here, a mixture of pre-polymer PDMS and curing
agent (10:1 w/w) was poured onto a silanised silicon mold which
contains micropillars on relief of its surface (Fig. 2a, b). The whole
PDMS/silicon-mold degassed to ensure all air bubbles in the PDMS
mixture were removed. This prevents the creation of defects on the
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Fig. 2. Micro contact printing (.CP) process to immobilize MNP onto APTES pattern.

PDMS stamp surface. After polymerization, the PDMS stamp was
peeled-off from the silicon mold bearing the microhols on its sur-
face (Fig. 2c). The stamp was then inked by immersion in heptane
solution containing OTS (5 wM) and carbon tetrachloride (4 mM) for
1 min and dried with stream of nitrogen (Fig. 2d).The stamp was
then brought into immediate and conformal contact with silicon
nitride substrate previously activated by piranha (Fig. 2e, f). After
ICP, the PDMS stamp was peeled-off from silicon nitride surface
(Fig. 2g). Here SAMs of OTS were formed on silicon nitride surface
which was placed afterward on the oven for 45 min in order to
enhance OTS adhesion on the surface (Fig. 2h). Silicon nitride sub-
tract was immersed afterward in ethanol solution containing 1% of
APTES for 30 min, rinsed with ethanol, dried with a stream of nitro-
gen and placed again on the oven for 45 min. The APTES silane was
bonded onto the remaining active silicon nitride surface (Fig. 2i).
Finally, the silicon nitride surface was dropped in 500 p.L of MNPs
solution mixed with 0.4 M EDC and 0.1 M NHS for 3 h at 37 °C. This
allows a covalent bonding of MNPs with amine of APTES (Fig. 2j).

2.6. Fluorescence microscopy

Fluorescence images were taken using a fluorescence micro-
scope (Zeiss Axioplan 2 Imaging apparatus, equipped with 10x and
40x lenses and a monochrome camera). Samples were observed
by fluorescent light: OTA sample was excited with a 550 (+25) nm
band-pass filter and fluorescence from the sample was observed
with a 605 (+70) nm band-pass filter.

2.7. Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) was performed in air under
ambient conditions using a Nano observer, CSI Company (France).
AFM Nano-Observer has XY scan range 110 wM (tolerance +10%),
Zrange 9 wm (tolerance +10%) and XY drive resolution 24 bit con-
trol - 0.06 A. Measurements were made using silicon cantilever tip
(ScienTec AppNano). The cantilever size L: 125 pum, W: 35 umand T:
4.5 pm. The tip radius: <10 nm, H: 14-16 pm and with a frequency
of 200-400 kHz and spring constant of K: 25-75 N/m. The scanning
images were performed at 5V amplitude, 8V set point and Tip DC
at 477 nV. Measurements were performed in taping mode with a
speed of 0.5 lines per second and 1024 resolution. Samples were
analyzed in a (5 wm x 5 pm) area.

2.8. Mott-Schottky analysis

Mott-Schottky analyses were performed in a conventional 1 mL
electrochemical Teflon cell containing a three-electrode system
(Fig. 3). Measurements were made by a VMP3 potentiostat (Bio-
logic-Science Instrumentation, France). Platinum (Pt) and Calomel

FElectrical contact

Fig. 3. Teflon electrochemical cell used for electrochemical analysis, with external
reference electrode (RE), counter electrode (CE). The working electrode (WE) was
sandwiched between the two parts of Teflon cell.

saturated electrode (CSE) were used as counter and reference elec-
trodes, respectively. Silicon nitride electrodes functionalized with
monoclonal anti-OTA antibodies acted as working electrodes. The
substrate was sandwiched between the two parts of Teflon cell.
Electrical contact was realized through the aluminum layer from
the back side of the substrate (Fig. 3). Mott-Schottky plots were
obtained on the films by sweeping the potential from —1 V/SCE to
+3 V/SCE; at frequency range 2 kHz-70 kHz and a step rate of 25 mV.

The measurements were carried out in the absence of a redox
probe, in PBS at room temperature. The pH was kept constant
throughout all the measurements (pH 7.4). All connections were
made with coaxial cables to minimize any external electrical noise
and the measurements were performed in the dark inside a Faraday
cage.

2.9. Antibodies immobilization

Silicon nitride substrates were cleaned by sonication in acetone
for 15min, 3 times and washed with distillated water in order to
remove the resin protecting layer. Surface activation of the SizN4
was performed using a Piranha solution (1:3, v/v, H,05:H;S04)
for 30 min, and sequential surface chemical treatments in aque-
ous solutions of NaOH (0.5 M) for 20 min, HCI (0.1 M) for 10 min
and a final immersion in NaOH (0.5 M) solution for 10 min [22]. For
all these surface chemical treatments, the substrate was floating on
the surface and not totally immersed in aqueous solutions. Indeed,
silicon nitride was floating and in contact with the solutions leav-
ing the aluminum back side in the air. This procedure was made
to protect aluminum layer from all these chemical solutions. After-
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Fig.4. Schematic representation of the functionalization procedure based on MNPs (® ) and anti-OTA antibodies. Ethanol-amine (®) was used after antibodies immobilization

to avoid nonspecific adsorption.

Fig. 5. AFM images of (a) bare (b) Activated, and (c) APTES modified silicon nitride surface. (d) Shows the MNPs distribution onto APTES modified silicon nitride substrate.

Table 1

Contact angle of cleaned substrates, Piranha oxidation, followed by APTES formation on SizNg.

" - -

UV ozone Cleaned Si3N4 (60.5°) | After piranha oxidation (8.3°)

After APTES treatment (86.3°)

ward, the samples were then rinsed thoroughly with HCI (0.1 M)
and Milli-Q water and dried in an oven at 120°C for 10 min [22].
The Si3N4 substrates were functionalized using 1% of APTES
in ethanol over night at room temperature. Afterward samples
were rinsed with ethanol to remove the unbonded APTES and
dried with nitrogen and put in the oven at 100°C for one addi-
tional hour. Consequently, SAMs of APTES were formed onto the
Si3Ny4 surface with amine terminal groups outward from the sur-
face. These were covalently bonded to carboxylic acid groups of the
MNPs which have been previously activated with a mixture of EDC
(0.4 M), NHS (0.1 M) and KCI (1 mM) in 500 L MNPs for 3 h at 37 °C
[26]. This activation enabled the bonding of amine group of APTES
with MNPs. Afterwards the immobilized MNPs were rinsed with
HCI (0.1 M) and incubated in anti-OTA solution (25 pg/mL) for 3hr
at room temperature. The monoclonal anti-OTA antibodies were
covalently bonded to MNPs though the acid-amine linkage. The
residual activated carboxylic acid groups of MNPs were blocked
with 1% of ethanolamine diluted in PBS for 30 min at room temper-

ature. This step is very important to reduce non-specific binding
during the detection process. Finally, the biosensor was rinsed with
PBS and used for ochratoxin A detection. Fig. 4 depicts the bio-
functionalization of the biosensor as detailed in Section 2.

3. Results and discussion
3.1. Contact angle measurements

In order to assess the effectiveness of the functionalization, con-
tact angle measurements were performed on bare SisN4, before
and after activation, and also after its functionalization with APTES.
The results in Table 1, demonstrate a slightly hydrophilic nature on
bare silicon nitride with a contact angle of 60.5°, which is in agree-
ment with values found in literature [27]. After surface oxidation
with Piranha, Si3N4 surface becomes highly hydrophilic 8.3°. This
was due to the presence of a high amount of hydroxyl groups on
the surface. The contact angle has increased again to 86.3° after
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Fig. 6. Fluorescent image of (a) a homogenous pattern of MNP/anti-OTA antibodies after recognition of the corresponding antigen (b) magnification of the positive pattern

showing specific detection by the immobilized anti-OTA.
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Fig. 7. Mott-Schottky plots of the electrodes: (a) SizNg4, (b) SizN4+APTES, (c)
Si3N4 + APTES + EDC-NHS-MNP + Ab-OTA.

the functionalization process with the APTES. This hydrophobic
character can be explained by the presence of APTES hydrocarbon
chains.

3.2. Atomic force and scanning electron microscopy

Fig. 5 shows the topography of the silicon nitride modified sur-
faces, observed by AFM compared to bare Si3N4 electrode (Fig. 5a).
The roughness of the activated Si3N4 (0.337 nm) was clearly higher
than the bare SizN4 surface (0.152 nm) which confirm the good
activation of the surface (Fig. 5b). After the passivation of SizNy4
with APTES, the roughness was changed from 0.337 nm to 0.23 nm
indicating the good formation of APTES SAMs onto the electrode
surface (Fig. 5c). Finally, the AFM image of the MNPs shows good
coverage of the surface of the electrode with homogeneous distri-
bution (see Fig. 5d). The MNPs contribute to the high roughness
on the modified silicon nitride surface. The layer of MNPs presents
a very high textured surface with average depth of ~0.2 wm and
average roughness of 13.5 nm. This configuration is very important
for 3D bio-functionalization (Fig. S2 Supplementary material). This
configuration allows the immobilization of a large amount of anti-
bodies which can increase the sensitivity of the biosensor. Fig. S3 in
Supplementary material shows a SEM image of MNPs onto silicon
substrate and confirms the homogenous distribution of MNPs.

3.3. Fluorescence analysis

Fluorescent imaging is a rapid tool for analyzing bio-layers.
This technique is based on the reaction of labeled fluorochrome
biomolecules with the corresponding bioreceptor in order to
ensure detection or bio-recognition processes. In the present study
OTA is on itself fluorescent, and it has an emission maximum
at 467 nm in 96% ethanol and 428 nm in absolute ethanol after
excitation at 340 nm [28]. The soft-lithographical technique, .CP,
facilitates the printing of the required pattern by applying a struc-
tured PDMS stamp as mentioned in previous paragraph. Fig. 6
shows fluorescent pattern of OTA. The labeled fluorescent tags for-
mulate positive structures, while the non-fluorescent regions were
blocked with OTS. Here well-proportioned positive patterns were
shown with perfectly immobilized OTA antigens.

3.4. Mott-Schottky results

Mott-Schottky analyses were performed in order to character-
ize the semi-conducting behavior of silicon nitride substrate after
each step of chemical surface modification (SAMs of APTES and the
MNPs/anti-OTA antibodies). Fig. 7 shows the Mott-Schottky plots
evolution for bare silicon nitride, APTES modified silicon nitride and
after MNPs/anti-OTA antibodies immobilization at the frequency
of 70 kHz. This latter has been optimized and chosen as the appro-
priate frequency, as it gives a better capacitive behavior (Fig. S4
Supplementary material). The capacitance of the substrate (Cs) was
normalized by dividing the value of Cs by the maximum value of
each curve of C (V) and presented as Cs/Cmax versus the potential
of the working electrode (Ewg). Here, the capacitance of the APTES
modified silicon nitride has increased when compared to the bare
Si3N4 due to the formation of new layer onto SizN,4 surface. The
same behavior of the capacitance increase has been observed after
MNPs/anti-OTA antibodies immobilization onto APTES monolayer.

After MNPs/anti-OTA antibodies immobilization,
Mott-Schottky analysis has been performed in order to determine
blank measurements (Fig. 8a). Then the biosensor was maintained
in the electrochemical cell and incubated for 30 min in 1 mL of PBS
containing OTA antigens at 4°C. The biosensor was then rinsed
with PBS in order to remove any adsorbed proteins and analyzed
afterward by Mott-Schottky using 1mL of PBS as electrolyte.
This procedure of the biosensor incubation was made for all OTA
concentrations. The detection of OTA antigens at various concen-
trations is shown in Fig. 8a. Here the Cs/Cmax shows a shift in the
X-direction by increasing OTA concentrations, which confirms a
built-in potential difference, equivalent to a flat band voltage vari-
ation, and thus an increase in the conduction current value. Based
on all these elements, the biosensor sensitivity can be obtained by
measuring the potential shift of the flat bond of the Cs =f (V) curves.



M. Bougrini et al. / Sensors and Actuators B 234 (2016) 446-452

451

T T T T
19} (a)
09l 1
5 08} :
£
Q
[} ———————
o 07 ——OTA OpgimL |
—OTA 247 pM
06 —OTA 12,38 pM
—— OTA 24.76 pM|
osl — OTA37.14 pM
: OTA 49,52 pM
4 0 1 2 3
<Ewe>/V

: : :
06|
—a— OTA (b)
o5l [+ 0TB P
- A— AFG1 S
04 - %/"/
5 03}
w /
w ¥
02 P J
P /.,/
01 f o
S |
00} o — 2
01 . . . .
0 10 2 40 50
[C] (pM)

Fig. 8. (a) Mott-Schottky plots for OTA detection using the capacitance biosensor, (b) The Calibration curves of the OTA detection (black curve), and of the two interferences:
OTB (red curve) and AFG1 (blue curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

11 1,1
10(®) — 10[(0) -
09 09
0,8+ 0,8+
X
s 071 8 070
£ &
Q, 06f < 061
0 —OTAOpg/mL | © — OTA Opg/mL
05 - —— OTB 1pgimL 05r — AFG1 1pgimL
04| —— OTB 5pg/imL 04L —— AFG1 5pg/mL
; - OTB 10pgimL —— AFG1 10pg/mL
0,3+ —— OTB 15pg/mL| 0,3+ ) —AFG1 15 pg/mL
- OTB 20pg/mL| - AFG1 20pg/mL
0’2 I 1 L T p? 0,2 ! L n I n T n pg{’
-1 0 1 2 3 -1 0 1 2 3

<Ewe>/V

<Ewe>/V

Fig. 9. (a) Mott-Schottky plots for OTB detection and (b) for AFG1 detection using the capacitance biosensor.

Fig. 8b shows the calibration curve of the capacitive biosensor
based on silicon nitride in a linear range of 2.47-49.52 pM of OTA.
Calibration curve was presented as the absolute value of relative
variation of potential |E-Eo| versus concentration of OTA in pM,
where E is the potential of different OTA concentrations and Eo is
the potential of the antibodies anti-OTA. The developed biosensor
provides a high sensitivity of 0.01VpM~!, and a good linearity
with a correlation coefficient (R2) of 0.99. The limit of detection of
this capacitive biosensor was defined at 4.57 pM.

The specificity of the prepared biosensor was realized using
ochratoxin B (OTB) and aflatoxin G1 (AFG1) other compounds with
similar structures. Mott-Schottky analyses were carried out, using
the same experimental process based on MNPs/anti-OTA antibod-
ies immobilization. The detection of OTB and AFG1 was made in
the same linear range of 2.47-49.52 pM. The potential difference of
both OTB and AFG1 was negligible when compared to OTA detec-
tion Fig. 9. This shows an excellent specificity and sensitivity of the
biosensor for OTA antigens (Fig. 8b) and can offer credible results
despite the presence of the interfering species.

4. Conclusion

Novel sensitive and selective biosensor based on Si-p/SiO,/Si3 Ny
structure combined with new mangnetic nanoparticles for the spe-
cificdetection of OTA was developed. Si3N4 was chosen for its many
attractive physical and chemical properties as well as its stability
for long periods. Moreover, making electrochemical analysis using
this material provides a stable measurement and rapid response.

Under optimized conditions, the developed biosensor provides a
high sensitivity of 0.01VpM~1, and a limit of detection of 4.57 pM
was obtained. The biosensor was highly selective for ochratoxin A
antigens, when compared to other interferences ochratoxin B and
aflatoxin G1.The proposed method is very promising for OTA detec-
tion for several agro-food industry applications. To our knowledge
this is the first silicon nitride biosensor reported for the detection
of OTA.

Acknowledgments

We acknowledge the funding through the SMARTCANCERSENS
project (FP7-PEOPLE-2012-IRSES) under the grant agreement No.
31805, the SEA-on-a-CHIP project (FP7-KBBE) under the refer-
ence 614168, the NATO project, SPS (NUKP.SFPP984173) and the
HEARTEN under the grant agreement No. 643694.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2016.03.166.

References

[1] A.Jodra, M. Hervas, M. AngelL6pez, A. Escarpa, Disposable electrochemical
magneto immunosensor for simultaneous simplified calibration and
determination of Ochratoxin A in coffee samples, Sens. Actuators B 221
(2015) 777-783.



452 M. Bougrini et al. / Sensors and Actuators B 234 (2016) 446-452

[2] F. Gentile, G.L. La Torre, A.G. Potorti, M. Saitta, M. Alfa, G. Dugo, Organic wine
safety: UPLC-FLD determination of Ochratoxin A in Southern Italy wines from
organic farming and winemaking, Food Control 59 (2016) 20-26.

[3] F. Dridi, M. Marrakchi, M. Gargouri, A. Garcia-Cruz, S. Dzyadevych, F.
Vocanson, J. Saulnier, N. Jaffrezic-Renault, F. Lagarde, Thermolysin entrapped
in a gold nanoparticles/polymer composite for direct and sensitive
conductometric biosensing of ochratoxin A in olive oil, Sens. Actuators B 221
(2015) 480-490.

[4] European Commission, Commission regulation 472/2002 of 12 March 2002
amending regulation (EC) N. 466/2001 setting maximum levels for certain
contaminants in foodstuffs, Off. ]. Eur. Commun. L75 (2002) 18-20.

[5] J. Mao, S. Lei, X. Yang, D. Xiao, Quantification of ochratoxin A in red wines by
conventional HPLC-FLD using a column packed with core-shell particles, Food
Control 32 (2013) 505-511.

[6] S.Kirin, B. Skrjanc, N. Kos, B. Kozolc, N. Pirnat, G. Tavcar-Kalcher, Mycotoxins
in cereals and cereal products in Slovenia—official control of foods in the
years 2008-2012, Food Control 50 (2015) 157-165.

[7] A.Zhang, Y. Ma, L. Feng, Y. Wang, C. He, X. Wang, H. Zhang, Development of a
sensitive competitive indirect ELISA method for determination of ochratoxin
A levels in cereals originating from Nanjing, China, Food Control 22 (2011)
1723-1728.

[8] B. Prieto-Simon, M. Campas, J. Marty, T. Noguer, Novel highly-performing
immunosensor-based strategy for ochratoxin A detection in wine samples,
Biosens. Bioelectron. 23 (2008) 995-1002.

[9] X.P.Liu, Y.J. Deng, X.Y.Jin, L.G. Chen, ].H. Jiang, G.L. Shen, R.Q. Yu,
Ultrasensitive electrochemical immunosensor for ochratoxin A using gold
colloid-mediated hapten immobilization, Anal. Biochem. 389 (2009) 63-68.

[10] S.H. Alarc on, G. Palleschi, D. Compagnone, M. Pascale, A. Visconti, I.
Barna-Vetro, Monoclonal antibody based electrochemical immunosensor for
the determination of ochratoxin A in wheat, Talanta 69 (2006) 1031-1037.

[11] M.M. Barsan, M.E. Ghica, C.M.A. Brett, Electrochemical sensors and biosensors
based on redox polymer/carbon nanotube modified electrodes: a review,
Anal. Chim. Acta (2015) (accepted manuscript).

[12] K. Awsiuk, A. Bernasik, M. Kitsara, A. Budkowski, P. Petrou, S. Kakabakos, S.
Prauzner-Bechcicki, J. Rysz, I. Raptis, Spectroscopic and microscopic
characterization of biosensor surfaces with
protein/amino-organosilane/silicon structure, Colloids Surf. B 90 (2012)
159-168.

[13] N.H.Z. Ariffin, H. Yahaya, S. Shinano, S. Tanaka, A.M. Hashim, Fabrication of
conical micropore structure on silicon nitride/silicon using focused ion beam
milling for biosensor application, Microelectron. Eng. 133 (2015) 1-5.

[14] Q. Liy, X. Tu, KW. Kim, ].S. Kee, Y. Shin, K. Han, Y.-]. Yoon, G.-Q. Lo, M.K. Park,
Highly sensitive Mach-Zehnder interferometer biosensor based on silicon
nitride slot waveguide, Sens. Actuators B 188 (2013) 681-688.

[15] P.M. Levinea, P. Gonga, R. Levickyb, K.L. Sheparda, Real-time, multiplexed
electrochemical DNA detection using an active complementary
metal-oxide-semiconductor biosensor array with integrated sensor
electronics, Biosens. Bioelectron. 24 (2009) 1995-2001.

[16] J.Y. Kim, K. Choi, D. Moon, J.H. Ahn, T.J. Park, S.Y. Lee, Y.K. Choi, Surface
engineering for enhancement of sensitivity in an underlap-FET biosensor by
control of wettability, Biosens. Bioelectron. 41 (2013) 867-870.

[17] A.Szwajca, J. Wei, MLI. Schukfeh, M. Tornowa, Self-assembled monolayers of
alkyl-thiols on InAs: a Kelvin probe force microscopy study, Surf. Sci. 633
(2015) 53-59.

[18] F.C. Fernandes, A. Santos, D.C. Martins, M.S. Gées, P.R. Bueno, Comparing label
free electrochemical impedimetric and capacitive biosensing architectures,
Biosens. Bioelectron. 57 (2014) 96-102.

[19] M.S. Gées, ].J. Davis, P.R. Bueno, Label free redox capacitive biosensing,
Biosens. Bioelectron. 50 (2013) 437-440.

[20] ]. Lehr, F.C. Bedatty, P.R. Bueno, ].J. Davis, Label-free capacitive diagnostics:
exploiting local redox probe state occupancy, Anal. Chem. 86 (2014)
2559-2564.

[21] K. Awsiuk, A. Bernasik, M. Kitsara, A. Budkowski, J. Rysz, J. Haberko, P. Petrou,
K. Beltsios, J. Raczkowska, Protein coverage on silicon surfaces modified with
amino-organic films: a study by AFM and angle-resolved XPS, Colloids Surf. B
80(2010) 63-71.

[22] D. Caballero, ]. Samitier, J. Bausells, A. Errachid, Direct patterning of
anti-Human serum albumin antibodies on aldehyde-Terminated silicon
nitride surfaces for HSA protein detection, Small 5 (13) (2009) 1531-1534.

[23] C.Jianrong, M. Yuging, H. Nongyue, W. Xiaohue, L. Sijiao, Nanotechnology and
biosensors, Biotechnol. Adv. 22 (2004) 505-518.

[24] W.M. Hassen, L. Angnes, A. Abdelghani, F. Bessueille, D. Leonard, N.
Jaffrezic-Renault, Under flow impedimetric measurements using magnetic
particles for label-free detection affinity target, Mater. Scie. Eng. C 28 (2008)
820-825.

[25] R. Rawal, S. Chawla, C.S. Pundir, An electrochemical sulfite biosensor based on
gold coated magnetic nanoparticles modified gold electrode, Biosens.
Bioelectron. 31 (2012) 144-150.

[26] L.G. Zamfir, . Geana, S. Bourigua, L. Rotariua, C. Bala, A. Errachid, N.
Jaffrezic-Renault, Highly sensitive label-free immunosensor for ochratoxin A
based on functionalized magnetic nanoparticles and EIS/SPR detection, Sens.
Actuators B 159 (2011) 178-184.

[27] D. Caballero, E. Martinez, . Bausells, A. Errachid, J. Samitier, Impedimetric
immunosensor for human serum albumin detection on a direct
aldehyde-functionalized silicon nitride surface, Anal. Chim. Acta 720 (2012)
43-48.

[28] K. Bird, L. Solti, I. Barna-Vetro, G. Bago, R. Glavits, E. Szabd, ]. Fink-Gremmels,
Tissue distribution of ochratoxin A as determined by HPLC and ELISA and
histopathological effects in chickens, Avian Pathol. 31 (2) (2010) 141-148.

Biographies

Madiha Bougrini is currently a PhD student in the Institute of Analytical Sciences at
the University of Lyon and in the Laboratory of Electronics, Automatic and Biotech-
nology, University Moulay Ismail, Faculty of Sciences in Meknes, Morocco. Her
research interests include sensors networks based electronic noses/tongues for food
analysis and the design of electrochemical biosensors.

Abdoullatif Baraket received his B.S. in physics and M.S. in scientific computing
in physics and experimental high energy from Hassan 2 University in 2006 and
2008 respectively. He also received a M.S. in physics and nanomaterial from the
University of Maine in 2009. He obtained his Ph.D at the Université de Lyon in 2013
and afterwards he was a postdoctoral researcher at the Commissariat a I'énergie
atomique (CEA) Grenoble. He is now a postdoctoral researcher in the group of Prof.
Abdelhamid Errachid.

Joan Bausells was born in Barcelona, Spain, in 1957. He graduated in physics in 1980,
and received M.S. (1982) and Ph.D. (1986) degrees in solid-state physics, all from
the University of Barcelona. From 1981 to 1986 he worked as an R&D engineer in
the semiconductor industry. In 1986 he joined IMB-CNM, where he is a permanent
researcher since 1988 and Research Professor since 2002. At IMB-CNM he was man-
ager of the Sensor and Actuator Group (1990-1995), the Microsystems Department
(1999-2002) and the Nanotechnology Group (2002-2006). From 2008 to 2012 he
was Deputy Director of IMB-CNM, and Acting Director from January to June 2012. He
has published more than 90 papers in international journals, and has contributed
more than 220 papers to Conferences. He has participated in 14 projects funded
by the EC Framework Programmes in the micro- and nano-systems field, and has
coordinated two of them. His current research interests include micro- and nano-
electromechanical structures and nanoelectronic devices, and their applications to
micro/nano (sensor)systems based on silicon.

Miguel Zabala graduated in telecommunications engineering at the Universitat
Politécnica de Catalunya, Barcelona, in 1994. In 1995, he joined the Centro Nacional
de Microelectronica (CNM) where he is currently working. His main area of interest
is thermal process engineering for nano-microelectronic technologies and analog
circuitry for microsystems.

NazhaElBarireceived her PhD degree in 1989 from the University of Nancy (France).
She joined the University of Moulay Ismail in 1990, and she was a wanted a Doctor
of Sciences degree in 1995 in this university. She has been Professor since 1999, and
she created a Biotechnology research group in 2005. Her research interests include
quality control of milk and their products.

Benachir Bouchikhi received his PhD degree in 1982 from the University of Aix
Marseille (France). He joined the University of Nancy I in the same year, and he
award a Doctor of sciences degree in 1988. In 1994, he has been Professor at the
Faculty of Sciences of Moulay Ismail University (Morocco), and he created a Sensors,
Electronics and Instrumentation Group in 2005. His current major research interests
involve electronic nose and characterization of thin film chemical sensors.

Abdelhamid Errachid is a Full Professor in Claude Bernard University-Lyon 1 since
the end of 2008. He has been involved as a principal investigator and team leader
in several European Projects under 5th, 6th, and 7th Framework Programmes: FP6
(DVT-IMP, MAPTech, Nano2Life, Cell-PROM, ARES, VECTOR, SPOT-NOSED) and FP7
(SensorART, BOND, SEA-on-a-CHIP) as well as NATO, INTAS and TEMPUS Interna-
tional Projects, and Spanish national projects (MICROMENCE, MINAHE I, MINAHE II,
and PETRI). Prof. Errachid is a head of the SIMS (Surface-(bio) Interfaces-Micro/nano
Systems”) group from 2010 to 2014. Papers: 130, Congress: 322, h-index: 219,
Patents: 3 (1 PTC), Publications: Books: 8. His current research activity is focused in
BioElectronics, Biofunctionalization, and NanoBiotechnology.

Nadia Zine received her B.S. in chemistry from the University M. Ismail, Meknes in
1994 and her Ph.D. from the Centro Nacional de Microelectrénica (CNM) Barcelonain
2005. Currently, she is a lecturer/researcher at the Université Claude Bernard Lyon
1. Her research interests are within chemical characterization of silicon chemical
sensors, and specially, of ISFET devices.



II1.4

Development of Novel magneto-biosensor for
Sulfaperidine detection.

144



Summary
At current time, main objective in biomedical diagnosis is to enhance the specificity and
sensitivity and to reduce time consumption. One way to solve this problem is to increase
the concentration of captured targets like antigen, viruses, bacteria and nucleic acid before
detection step. Different magnetic particles, for example, magnetite
nanoparticles and polymer matrix micro beads, have been used for the labeling and
detection of biomolecules. These can be detected with variety of approaches like liquid
nitrogen-cooled SQUIDs Hall cross semiconductor-based electronic devices. It is quite
difficult to compare sensitivities of different approaches without taking into account the
practical aspects of biosensing, because of differences in magnetic properties and sizes of
particles employed. Assay sensitivity combined with detector sensitivity is used to
determine the actual sensitivity of a biosensor system based on magnetic particles labeling.
Magnetic colloidal particles are mainly used as solid supports for biomolecules in order
to enhance the specific capture of the targeted biomolecules. For instance, the individual
magnetic nanoparticles were examined in specific capture and isolation of bacteria. In this
context, iron oxide nanoparticles were first chemically modified with a specific reactive
shell by introducing commonly used functionalized compounds such as carboxylic acid.
From last ten years, a great attention has been paid to magnetic latex nanoparticles
(MLPs) due their superparamgnetic properties emerging from their nano-size. They have
found promising applications in various industrial and particularly biomedical diagnostic
domains for example fast separation upon applying even low magnetic field, purification
and detection of biomolecules.
Gold working electrodes (WEs) having silicon were cleaned first by rinsing them with
ethanol and then completely rinsed with deionized water. They were then dried under
steam of nitrogen genteelly. The device was connected to the potentiostat (VMP3, EC-
Lab,France.) Cyclic voltammetry (CV) and electrochemical impedence spectroscopy (EIS)
were made. An external reference electrode and counter electrode was applied.CV and
EIS measurements were made.For checking the sensitivity of biosensor, magnetic latex
particles with carboxylic groups (MLPs-COOH) were immobilized on silicon nitride (Si;N,)
surface using micro-contact printing (LCP) technique. Si;N,/Si102/Si-p/Al substrate was
used as biosensor surface. Briefly, this surface was functionalized with amino-reactive
groups by chemical immobilization of the salinizing agent 3-Aminopropyl triethoxysilane
(APTES) on the silicon substrate. MLPs with terminated carboxylic acid groups were then
covalently bonded to SizNy via the reaction with amino groups on the SAMs of APTES
using EDC activation chemistry. Finally anti-ochratoxin A (amine-containing) antibodies
were immobilized on MNPs by covalent bonding through amide bonding.
Electrochemical measurements were carried out using Mott-Schottky analysis for OTA
detection. The biosensor was highly sensitive and selective for ochratoxin A antigens, with a
limit of detection of 1.845 pg/mL a high sensitivity of 0.027 pg/mL were obsereved, when
compared to other interferences ochratoxin B and aflatoxin G1. The measurements were
highly stable and reproducible for detection and interferences. The proposed method was
very promising for OTA detection for several agro-food industry applications.
Finally, MLPs were used through application of competitive assay in order to increase
sensitivity of biosensor and for detection of sulfapyeridine (SPY). This assay was performed
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in two ways; one without the use of MLPs and second with MLPs.

Immobilization of the coating antigen (SA2BSA) was done onto separate microelectrodes
first. Fixed concentration of antiboby (Ab155) with different concentration of antigen (SPY)
was performed. In case of high concentration of SPY, all Ab155 were saturated with SPY
and there was no respond in EIS. However, in case of weak concentration of SPY, the
Ab155 was shared with SPY and also SA2BSA which gave weak EIS response. Finally in
the absence of SPY, all ab155 will be detected by SA2BSA and the EIS respond was high.
The same principle of competition detection was applied again, but this time Ab155 were
immobilized onto MLPs which was helpful to increase the sensitivity of the biosensor.
Nyquist plot was performed which showed a stepwise increase of Rct in both cases (without
and with MLPs immobilized Ab 155). However, it was clearly observed that there
was more linearity with MLPs. This linearity was indicated the increase in sensitivity of
biosensor.
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Abstract:

In this article, we report on the development of a highly sensitive biosensor for SPY detection
In this interest, magnetic latex particles have been used to create 3D architecture to increase
sensitivity of biosensor .Microelectrodes, which consist of 4 working electrodes (WEs) , a
platinum counter microelectrode (CE) and reference electrode (RE) was used in all
experiments. The microchip was cleaned and then 4-aminophenylacetic acid 98% (CMA)
was electro dressed onto individual gold electrodes. The carboxylic acid functionalization of
the diazoted aromatic amine was activated by carbdimide chemistry and the coating antigen
SA2BSA was immobilized onto the transducers surface. First ,immobilized fixed
concentration of SA2BSA  with electrochemical impedance spectroscopy (EIS) with
increasing concentrations of Ab 155.Subsequently, the optimized concentration of Ab 155
was analyzed as acompetitive assay with different concentrations of sulfapyridine (SPY)
and finally with phosphate buffer solution (PBS) using EIS. From data fitting calculation and
drawing graph it can be clearly observe that there is more linearity while using magnetic
latex particles instead of without use of magnetic nanoparticles, which indicates the increase
in sensitivity of biosensor as compared to competitive assay without magnetic latex particles.

Keywords:
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Biosensor, Antigen ( SA2BSA), Antibody (Ab 155), magnetic latex particles( MLPs),
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV).

1. Introduction

Increasing attentions have been paid to antibiotics as aquatic micropollutants with their
environmental fate and impact to be understood (Rosi-Marshall and Kelly, 2015).
Sulfonamide antibiotics (SAs), as one of the most important classes of antibiotics, are widely
used in aquaculture, livestock husbandry, and human medicine. Recently, SAs have been
detected ubiquitously in the aquatic environment, which may pose risks toward organisms.
Among the SAs, sulfapyridine that is commonly used in aquaculture, was frequently detected
in various environmental waters (e.g. wastewater effluents and receiving water bodies, as well
as fish farms and adjacent water bodies (Yan et al., 2013)).For the detection of Sulfaperidine
various methods have been used such as chromatographic methods likely high-performance
liuid chromatography coupled with mass spectrometric detection ( HPLC-MS ) have been
applied due to their sensitivity and compound quantification data. Sample preparation is
required using commercially available cartridges for solid-phase extraction (SPE). Also gas
chromatography (GC), thin layer chromatography, GC-MS , LC-MS and radio- active
immune receptor for purpose of foodstuffs have been employed (Pang et al., 2003). However,
the above mentioned techniques require complex sample-preparation procedures, expensive
laboratory equipment and skilled professional required to handle these techniques which
requires time consuming. Biosensor is a compact analytical device or unit incorporating a
biological or biologically derived sensitive element associated with a physicochemical
transducer .Recently, magnetic particles have been produced as labels for bio sensing. For the
biosensing purpose, different types of biosensors have been produced like giant
magnetoresistive (GMR) sensors and spin valves (SV) cantilevers, inductive sensors,
superconducting quantum interference devices (SQUIDs), anisotropic magneto resistive
(AMR) rings, and miniature Hall crosses. Detection ofbiological molecule is usually achieved
by using bimolecular recognition between the target molecule and a specific receptor as for
example antibody that is tagged with a label.

Magnetic latex particles are promising candidates to improve automation avoid time
consumption and also enhancing sensitivity of diagnosis by increasing the concentration of
the captured targets (Jamshaid et al., 2014)

In this work, we present the magneto-biosensor for Sulfaperidine detection by optimization
fixed concentration of coating antigen SA2BSA and Ab 155 by application of competitive
assay that is with magnetic latex particles and without these particles. Simple representation is
shown in figurel.
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(a) (b)
Fig 1. (a) No increase in sensitivity of biosensor (b) while there is increase in sensitivity with

Magnetic latex particles combined with antibody Ab 155 (MLP-Ab 155).

2.Materials and Methods

All chemicals were purchased from Sigma-Aldrich, France apart from 4-aminophenylacetic
acid 98% which was purchased from Acros Organics, France, sodium nitrite from Fisher
Scientific, France, phosphate buffer saline tablet from Sigma, Ethanolamine from Fluka
analytical and hydrochloric acid 37% from VWR, France.

Coting antigen (SA2BSA), antibody (Ab155), sulfapyridine were supplied from R§D system.
Magnetic particles with functionality of carboxylic groups were produced in LAGEP
laboratory under university Lyonl, France.

2.1. Cleaning of chips and microelectrodes

Gold WEs based on silicon substrate were cleaned by rinsing them with ethanol for 5 minutes
and then properly rinsed with deionized water. They were then dried under steam of nitrogen.
The surface Wes was then cleaned from organic contaminants by using UV/O3; (UV/ Ozone
Pro Cleaner TM, Bio Force Nano sciences) for 30 m inutes. The device was connected
afterward to the potentiostat (VMP3, EC-Lab, France). Analysis was then monitored and
modeled using the EC-Lab software. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were applied to characterize the surface of WEs before and
after bio functionalization, using Kj;[Fe(CN)¢]/K4[Fe(CN)¢s] (5 mM) as electrolyte in
phosphate buffered saline (PBS, pH 7.4). CV measurements were made at potential of 0.5 V
to -0.3 V, scan rate at 80mV/s and minimum 3 cycles taken. EIS measurements were made at
potential of 0.228 V, frequency at 200 kHz to 200 mHz and sinus amplitude of 25 mV.

2.2. Deposition of 4-aminophenylacetic acid (CMA)

ectrochemical deposition of 4-aminophenylacetic acid 98% (CMA) was made by using 5 mM
of CMA in water with 15 mM of sodium nitrite and 15 mM of hydrochloridric acid. Both
sodium nitrite and hydrochloride solutions were added to solution of CMA solution and kept
in ice bath for 15 minutes. This is a modification of the electrode preparation reported by
(Allongue et al., 1997) .The final solution was kept at 0°C and immediately used. Figure 2

shows a schematic illustration of CMA deposition onto gold WEs.
HO
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Fig 2. Schematic illustration of CMA deposition onto gold WEs.

The reductive adsorption of the salt onto the electrode was achieved by four repetitive scans
of CV between 0.3 and -1.0 V at 200 mV/s. The initial cycle in Figure 3(i) shows a broad
and irreversible cathodic wave with a peak potential at —0.9 V that indicates diazotised CMA
attachment onto the gold surface by diazonium salt reduction. The cathodic current was
remarkably weakened in the successive scans. These were attributed to the large passivation
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area of the microelectrode. Here, the results were confirmed by CV with before and after gold
WEs modification Figure 3(ii a). Here, an important decrease in peak-to-peak of the CV cycle
was seen when compared to the bare gold microelectrodes Figure 3(ii b).
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Fig 3. (i) CV for electro deposition of CMA. Four repetitive potential cycles from 0.3 V to —1 V with a scan
rate of 0.2 V/s were applied in SmM of CMA with 15mM of Hcl and 15mM of NaNO,. (ii) A CV scan for: (a)
bare gold WEs and (b) CMA immobilized onto the WEs and (iii) EIS analysis of bare gold and CMA modified
WEs.

These results were confirmed by EIS analysis before and after CMA deposition Figure 3 ( iii).
Therefore, the first semi-circle of Nyquist plot image correspond to impedance of gold WEs which is
too weak when compared to CMA modified WEs. This was related to the passivation of WEs with
CMA layer which increase the transtfert charge resisrance (Rtc) between the modified WEs and the
electrolyte solution.

2.3. Carboxylic group activation

A solution of N-(3-Dimethylaminopropyl)-N ethylcarbommide hydrochloride (EDC) of 0.4 M
and N-Hydroxysuccinimide (NHS) of 0.1 M respectively was made up in 1ml of anhydrous
ethanol and the device was incubated in a 2 mL eppendorf for 1hr at room temperature. After
this time, the device was rinsed with 0.1M HCI and dried with nitrogen stream carefully.
Immediately, the CMA modified WEs were incubated in 60uL. of SA2BSA antigens at
100pg/mL for lhour at room temperature. Then, the microelectrodes were rinsed with PBS
and incubated in 0.1% solution of ethanolamine (ETA) in PBS for 20 m in at room
temperature. This deactivates all remaining carboxylic activated sites. This step is very
necessary in order to prevent no-specific binding. At this stage the Biosensors is ready for
antibodies detection.

2.4. Detection of antibodies Ab155.
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Electrochemical impedance spectroscopy (EIS) was made for the coating antigens SA2BSA
(Figure 4). Here the first semi-circle of Nyquist plot correspond the coating antigens without
any detection. Afterword, the biosensors was rinsed with PBS and incubated in 60 p L of
antibodies Ab155 at 1pg/mL for 30 min, then rinsed with PBS and analyzed with EIS. The
second Nyquist plot semi-circle was shifted from the first showing thus an increase of the
transfer charge resistance (Rtc). The shift between Nyquist plot semi-circles continue to
increase by increasing the concentration of antibodies Ab155.
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Fig. 4. EIS measurements of different concentratons of Ab 155 (1, 5, 20 and 50 ug/mL respectively)
with fixed concentration of SA2BSA.

2.5 Competitive assay with SPY

After showing the interactivity of the coating antigens with different concentrations of Abl155
antibodies, the same principle of EIS detection will be applied in this section by using Abl55
antibodies with another antigen sulfapyridine (SPY) which is also specific to Ab155 antibodies. Here a
mixture of 20 uL of fixed concentration of Ab155 antibodies (50 pg/ml) was added to 20 pL of
different concentrations of SPY 40 uM, 4 uM, 2nM and finally OM (only PBS) respectively.
For each concentration the two solutions (20 pL of Ab 155 and 20uL of SPY) were then
allowed to incubate the SA2BSA modified biosensor for 30 min and kept at 4°C. After each
incubation, the surface of microelectrodes was rinsed with PBS and analyzed by EIS
measurements. Here there will be a competition between SPY and SA2BSA to detect Ab155
antibodies.

Figure 5 shows the Nyquist plot image for all SPY concentrations. The first and second semi-
circles correspond to the bare gold and the the coating antigens SA2BSA respectively. After
the first incubation of the biosensor within 40 pL of (Ab155 and 40uM of SPY), the third
Nyquist plot semi-circle has shifted showing a detection of SA2BSA by Ab155 antibodies.
Here the concentration of SPY is too high which means a big amount of Ab155 has been
reacted with SPY and the rest was attached to the coating antigens SA2BSA. By decreasing
the concentration of SPY, there more antibodies Ab155 free in the solution of incubation
which react with SA2BSA. This was confirmed by the increase of Nyquist plot semi-circles.
Finally, when the biosensor was incubated only in Ab155 antibodies with PBS, the totality of
the antibodies has reacted with the coating antigen thus giving big shift between Nyquist plot
semi-circles.
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Fig.5. EIS measurements of Ab 155 with different concentrations of SPY (40uM, 4uM, 2nM) and
PBSS only

2.6 Biofunctionalization of magnetic latex particles

In order to increase the sensitivity of the biosensor, the antibodies Abl55 has been
immobilized onto spherical magnetic nanoparticles with carboxylic acid function. These
magnetic latex particles have been fabricated by (Jamshaid et al., 2015). MLPs were firstly
washed with PBS in order to maintain pH of medium constant and also for an optimal binding
capacity. Therefore, a vial of ImL of MLPs was placed in a magnetic rack to immobilize the
MLPs and to remove the support solution. Afterward, the magnetic rack was removed and
ImL of PBS was added in order to wash MLPs. This operation was repeated three times to
insure that all surfactants were removed.

The carboxylic acid function was activated by adding MLPs in solution of NHS 100mM and
EDC 100mM during 90 m inutes with stirring continuously at 500 r pm and at room
temperature. MNP were washed then 3 times to remove EDC/NHS by using magnetic rack
with cold HCI ImM in order to keep the activity of carboxylic acid. Immediately a 500 pL of
a purified antibody Ab155 (100png/ml in PBS10mM) was added to the activated MLPs with
stirring continuously at 500 rpm and at room temperature during 2-3 hours. Finally the vial of
Abl155 modified MLPs was washed with PBS for three times using the magnetic rack and
stored in PBS at 4°C.

2.7 Immobilization of Ab 155 with magnetic latex particles and competitive assay with
SPY

Firstly, the immobilization of the coating antigen with 100 pg/mL solution of SA2BSA was
made onto WEs surface as explained previously. Afterward, the Ab155 modified MLPs with
fixed quantity of 20uL are mixed with different concentrations of SPY that is 40 uM, 4 uM,
2nM and finally only with PBS respectively. Here the same principle of competitive detection
between SPY and SA2BSA was applied (Figure 6). Always by decreasing the concentration
of SPY the shifted between Nyquist plot semi-circle increase. Here the shift is more important
for the concentrations 40uM, 2uM and 2nM when compared to the competitive detection
without MLPs. This was due to the high amount of antibodies present onto the MLPs surface.
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Nyquist plots were fitted for both figures 5 and 6 concerning the detection of Ab155 with and
without MLPs by using the equivalent circuit in figure 7 (i) (inset) (Baraket et al., 2013).
Here R, indicates electrolyte solution resistance; Q2 is the constant phase element which
corresponds to the charge distribution at the interface electrode/electrolyte. This latter is in
parallel with R, which the resistance of charge transfers. Finally W corresponds to Warburg
resistance which is related to the diffusion phenomenon at the interface electrode/electrolyte.

After calculating fitting parameters from the applied equivalent circuit it is observe that there
1s more linearity for biosensor with ab155 modified MLPs (Figure 7 (ii) ) when compared to
competitive detection without magnetic nanoparticles (Figure 7 (i) ). This is very important to
increase the sensitivity of the biosensor and to understand the behavior of the interaction of
Ab155 antibodies in the presence of SA2BSA and SPY in the same time. When response of
the biosensor is too weak this means that there is an important concentration of SPY that has
saturated all the antibodies Ab155. We are in the case of sample contaminated with SPY. On
the other hand, if the response of the biosensor is too high, this means that all the antibodies
are collected with the coating antigens SA2BSA. We are in the presence of sample without
contamination or it contains a weak amount of SPY.
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Fig .7. (i) Graphical representation of fixed concentration of SA2BSA and Ab155 without
magnetic particles, (ii ) Graphical representation of fixed concentration of SA2BSA and Ab155
with magnetic particle

3. Results and discussion

After the cleaning procedure of microelectrodes, the devices were connected to a potentiostat
and electrochemical properties were measured. Fig. 3 (ii a) the bare gold microelectrode
shows characteristic CV peak currrents for the redox reaction with ferri /Ferro cyanide
solution. After diazotation, of CMA onto the gold microelectrode surface, the peak currents
decreased fig 3 (i1 b) because of blocking behaviour of the CMA on the modified gold
microelectrode (Baraket et al., 2013) w hich indicates the functionalization of the gold
surface with a self-assembled monolayer (SAM) of CMA. For EIS measurements bare gold
Fig.3 (iii) charge transfer resistance (Rct) was measure at 68.031 kQ, however after CMA
electrodressing, the Rct increased to 901.185kQ which clearly indicates that the gold
microelectrode surface was functionalized with CMA.

After the immobilization of the SA2BSA, there was decreased in Rct through carbodiimide
cross-linker at 56.048 kQ which indicates that the coating antigen was successfully hitch on
the surface figure 4, also shows Nyquist plots for the detection of Ab155 with increasing
concentrations against the immobilized coating antigen (SA2BSA) at 100 p g/mL. After
measuring EIS the results indicate the detection of the antibody was made against fixed
concentration of coating antigen SA2BSA. From Nyquist plot it can be observed that there is
stepwise increasing R of Ab 155 which clearly represents the strongly biorecognition of the
Ab-Ag complex.

The Nyquist plot figure 5 and 6 respectively shows a stepwise increase of the R.; which
represents that the biosensor was sensitive for the competitive assay measurements. However,
after calculating fitting parameters from the applied equivalent circuit for detection of SPY by
using fixed concentration of SA2BSA and Abl155 without and with magnetic particles in
figure 7 (i and ii respectively ) that there is more linearity while using magnetic latex
particles which increase the sensitivity of biosensor as compared to competitive detection
without magnetic latex particles.

4.Conclusion

In this article, we reported the sensitivity of the biosensor by using the application of
competitive assay by immobilized fixed concentration of SA2BSA (100png/mL) and fixed
concentration of Ab 155 (50pg/mL) against different concentrations of SPY like 40 uM, 4
uM, 2nM and finally only with PBS respectively, with and without use of magnetic nano
particles. Using CV and EIS the microelectrodes were characterized for the bare gold, surface
functionalization with CMA, immobilized SA2BSA and fixed concentration of magnetic
nanoparticles that contain immobilized Ab155 with different concentration of SPY.

The Nyquist plot showed a stepwise increase of Ry in both cases ( Ab 155 without and
magnetic particles that contain immobilized Ab 155 with different concentration of SPY).
However, after calculations from fitting parameters and drawing graph, it can be clearly
observe that there is more linearity while using magnetic nanoparticles instead of without
use of magnetic nanoparticles, which indicates the increase in sensitivity of biosensor as
compared to competitive assay without magnetic nanoparticles Thus, reported the
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development of a highly sensitive biosensor for SPY detection using competitive assay, so in
this interest magnetic nanoparticles have been used to create 3D architecture to increase
sensitivity of biosensor.
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Discussion and Conclusion

Various types of nanoparticles were employed for their potential applications in
biomedical field, yet most interesting of them was hybrid particles having both the magnetic
properties and the ability to functionalize with important drug moieties and biomolecules.
Among the key features of such functional colloidal particles were their soft hybrid core-shell
structures, which were engineered in such a way that the core consists  of an inorganic
material whereas the shell is composed of a soft organic substance.

Magnetic nanoparticles (magnetite and m aghemite) and their pol ymer dispersion (m agnetic
latexes) were used in various applications. In addition to their biocompa tibility (low toxicity)
and their superparamagnetic properties which make them easily affected even by low
magnetic field, their high specific area was important for immobilization of large
amount of biomolecules. F urthermore, the n arrow size distribution allows a ho mogenous
particle behavior. Additionally, the magnetic content was high enough to obtain magnetic latex
nanoparticles with hig h saturation magnetization which was critical  criterion for their
application in fast magnetic separation and to avoid contact with biomolecules and alteration of
their biological properties.

The (o/w) magnetic emulsion was first prepared in two steps: first iron oxide nanoparticles were
prepared in water phase via coprecipitation method by using ferrous chloride (FeCl,) and ferric
chloride (FeCl;) solutions in concentrated ammonia m edium. Then the prepared m agnetic
nanoparticles were chemically modified using oleic acid in order to prevent their aggregation, to
maintain their particles size and to be easily compatible with organic solvent (i.e. Octane)
forming organic ferrofluid. The second step consists of high shear emulsification of the prepared
organic ferrofluid in water phase containing a hi gh concentration of the anionic surfactant SDS.
The obtained stable o/w m agnetic emulsion was then purified by rem oving free surfactants
before magnetic particles sorting through consecutive magnetic separations.

The prepared (hom e-made) oil-in-water (0 /w) magnetic emulsion was (used as seed)
successfully transformed to submicron magnetic polymer latex particles using seed em ulsion
polymerization technique. The final physico-chemical properties of m agnetic latex particles
(MLPs) was controlled during their preparation by adjusting various factors such as (i) type of
monomer, (ii) type of initiator, (iii) surfactant, (iv) polymerization time, (v) m onomers/seed
ratio, and (vi) am ount of octane in the magnetic-seed emulsion.

The emulsion polymerization of styrene (St) and divinylbenzene (DVB) with different ratios in
the presence of (o/w) magnetic emulsion and potassium persulfate (KPS) initiator conferred
three distinct m orphologies (a) Janus,(0% St :100% D VB) (b) Moon like Janus (10%
St:90%DVB) and (c) desired core-shell . The desired core-shell morphology was obtained by
the use of St and DVB at the ratio (60/40, v/v %).

After optimization of the reacti on conditions at this m onomers ratio, the sam e seed emulsion
polymerization method was perform ed, buti n presence of carboxylic acid initiator 4,4
aziobiscyanopentonic acid (ACPA) leading to  the formation of core-shell magnetic latex
particles with magnetic core and carboxylic group functionality on polymer shell. The obtained
submicron (275 nm ) magnetic latex particles po ssessed superparamagnetic properties with
narrow size distribution, and high magnetic content (58 wt %).

In order to point ou t surface modification after encapsulation zeta potential was examined as a
function of pH. Zeta potential values of the prepared magnetic latex particles were signif cantly
increased by increasing the pH of the medium, due to the possible presence of carboxylic groups
originated from oleic acid used in the preparation of organic ferrof uid. The presence of these



carboxylic groups is mainly due to the diffusion of oleic acid chain during the swelling process
and polymerization step and also ACPA as an initiator moreover because of MAA .The influence of
methacrylic acid (MAA) was also o bserved on the prepared magnetic latex particles. For this
purpose, various polymerizations experiments were performed with different volumes of
MAA. Polymerizations experiments were conducted using ACPA  as an initiator, SDS as
surfactant, and t he magnetic emulsion as se ed. The used m agnetic emulsion contains a
negligible amount of octane, which was found to be below 10mg of octane/g of dried emulsion
After experiments, it was observed that the MAA helpful to enhance the carboxylic acid groups
on the surface of magnetic latex particles. TEM and particle size measurements clearly indicated
the enhancement of carboxylic g roups on the surf ace of magnetic latex particles as ind icated
from the increase in size from 275 nm to 496 nm atm aximum concentration of MAA.
Moreover, these reactive magnetic particles could be easily immobiliz ed on solid surfaces in
order to be suitable for biosensor applications.

For checking the sensitivity of biosensor, m  agnetic latex particles with carboxylic groups
(MLPs-COOH) were immobilized on silicon nitride (Si;N,) surface using micro-contact printing
(LCP) technique. Si ;N,/Si02/Si-p/Al substrate was used as  biosensor surface. Briefly, this
surface was functionalized with am ino-reactive groups by chemical immobilization of the
salinizing agent 3-Am inopropyl triethoxysilane (APTES) on the si licon substrate. MLPs with
terminated carboxylic acid groups w ere then covalently bonded to Si ;N4 via the reaction with
amino groups on the S AMs of APTES using EDC ac tivation chemistry. Finally anti-ochratoxin
A (amine-containing) antibodies were imm obilized on M NPs by covalent bond ing through
amide bonding.

Electrochemical measurements were carried out using Mott-Schottky analysis for OTA
detection. The biosensor was highl y sensitive and selective for ochratoxin A antigens, with a
limit of detection of 1.845 pg/m L a high sensitivity of 0.027 pg/mL were obsereved, whe n
compared to other interferences ochratoxin B an d aflatoxin G1. The m easurements were highly
stable and reproducible for detection and in ~ terferences. The proposed m ethod was very
promising for OTA detection for several agro-food industry applications.

Finally, MLPs were used thr ough application of competitive assay in order to increas e
sensitivity of biosensor and for detection of sulf apyeridine (SPY). This assay was perform ed in
two ways; one without the use of MLPs and second with MLPs.

Immobilization of the coating antigen (SA2BSA) was done onto separate microelectrodes first.
Fixed concentration of antiboby (A b155) with di fferent concentration of antigen (SPY) wa s
performed. In case of high concentration of SPY , all Ab155 were saturated with S PY and there
was no respond in EIS. However, in case of weak concentration of SPY, the Ab155 was shared
with SPY and also SA2BSA which gave weak EI S response. Finally in the absence of SPY, all
ab155 will be detected by SA2B  SA and the EIS respond was hi gh. The sam e principle of
competition detection was applied again, but this tim e Ab155 were immobilized onto MLPs
which was helpful to increase the sensitivity of the biosensor.

Nyquist plot was performed which showed a stepwise increase of Rct in both case s (without
and with M LPs immobilized Ab155). However, it was clearly observed that there was
more linearity with MLPs. This linearity was indicated the increase in sensitivity of biosensor.
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Desired morphology with perfect core-shell having sulfate and carboxylic functionality on the
surface of particles were obtained by using oil in water (o/w) magnetic emulsion .However,
by using this emulsion as seed ,in future further functionalization will possible with different
functional groups like amine, aldehyde, ester ,epoxy .

Tremendous interest for preparation of magnetic nanocomposites has been observed due to
their potential applications in various biomedical and microelectronics (e.g. biosensors) areas.
Recent developments in both inorganic nanoparticles and polymer chemistry provide
extensive techniques to prepare novel hybrid materials that can found wide applications in
these areas.

Multifunctional latex particles are highly needed, which combine not only magnetic, but also
photonic properties, etc. Regarding to in vitro diagnosis, nowadays, various applications need
to combine various aspects, such as sample preparation consisting of specific biomolecules
extraction, purification and then local concentration in well-designed microfluidic system for
analysis on s ophisticated biosensors. Such new technologies need the use of well-defined
magnetic particles in order to avoid in vitro aggregation in the microfluidic systems. The
encapsulation of iron oxide is well recommended in order to avoid the release of iron oxide
nanoparticles or ferric and ferrous salts which may affect the sensitivity of the molecular
diagnosis. In addition, such particles should have high capture efficiency and also good
release of adsorbed or specifically capture biomolecules in order to enhance the diagnostic
efficiency after pre-concentration step.

These magnetic latex particles (MLPs) can be used in specific RNA extraction evaluation
using automated and microsystems. Because of ability of covalent bonding, these particles
will chemical graft for well-defined antibody. Furthermore, these particles can be used to
create photonic crystals in a photocurable resin, with optical properties that can be handle
with external magnetic field.Heterodimer oe core-shell type magnetic latex particles will use
in not only combining the properties of their single consituents but also enhance material
properties .

MLPs can be used to express their activities in a desired process (e.g. immobilized enzymes),
or as affinity ligands to capture or to modify the target molecules or cells (e.g. antibodies or
Their fragments, streptavidin, lectins, oligonucleotides, aptamers, oligo- and polysaccharides,
metal chelate binding groups, etc.). MLPs with immobilized antibodies form the basis of
immunomagnetic procedures, especially used in microbiology and cell biology for selective
capture of target cells. MLPs can be used by activated of 3-aminopropyltriethoxysilane for the
immobilization of various enzymes, antibodies and protein A after glutaraldehyde treatment.
Extremely inexpensive magnetic microparticles for large scale biotechnology applications
(E.g. separation of biologically active compounds from agricultural wastes or removal of
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xenobiotics from waste water) are necessary. In vivo and analytical applications require
specific MLPs covered by appropriate biocompatible molecules in a precisely predefined
way (quantity, orientation, geometric arrangement). Introduction of a biotin molecule at the
oligonucleotide will use in combination with MLPs coated with streptavidin.

In future, MLPs will be used in different process steps of a lab-on-a- chip diagnostic assay.
Actuated by applied magnetic fields, these particles can be used in to mix fluids, to
selectively capture specific analytes, to transfer analytes to another fluid, to label particles
for detection, to form clusters for detection, to induce surface binding for detection, and to
apply stringency forces in order to improve the signal-to-noise ratio. MLPs will use as a
fundamental tools for studying in development of miniaturized biosensing systems and
allow a range of unique stationary-fluidic system concepts.
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