
Abstract. The key types of magnetic polymeric microspheresThe key types of magnetic polymeric microspheres

are considered. Methods of synthesis of different types ofare considered. Methods of synthesis of different types of

magnetic nanoparticles and of preparation of stable mag-magnetic nanoparticles and of preparation of stable mag-

netic fluids on their basis are outlined. The overview of thenetic fluids on their basis are outlined. The overview of the

methods for the manufacture of magnetic polymeric micro-methods for the manufacture of magnetic polymeric micro-

spheres is presented. The effect of the synthesis conditionsspheres is presented. The effect of the synthesis conditions

on the characteristics of magnetic polymeric microsphereson the characteristics of magnetic polymeric microspheres

such as the diameter and the particle size distribution andsuch as the diameter and the particle size distribution and

the content of magnetic material is discussed by particularthe content of magnetic material is discussed by particular

examples. The application fields of magnetic polymericexamples. The application fields of magnetic polymeric

microspheres are briefly surveyed. The bibliographymicrospheres are briefly surveyed. The bibliography

includes 117 referencesincludes 117 references..

I. Introduction

Magnetic polymeric microspheres represent a kind of mag-

netically controlled disperse systems widely used at present

in solving different problems of biology, biotechnology,

pharmaceutics and medicine as the carriers of biologically

active compounds.1 Magnetic microspheres were employed

in magnetic separation of bio-molecules,2 sell sorting,3 drug

delivery,4 magnetic resonance imaging,5, 6 therapy and diag-

nostics,7 extraction of malignant cells from the organism

and hyperthermic treatment of neoplastic cells aimed at

their inactivation 8 and also for antibody detection in

immunologic responses or in agglutination diagnostic tests.9

Magnetic polymeric microspheres can also be consid-

ered as polymeric matrices with incorporated superfine

magnetized particles.10 ± 16 The main idea underlying the

synthesis of such polymeric microspheres was to combine

the mechanical, optical and electrical properties of organic

materials and inorganic nanoparticles in a single whole. The

properties of magnetic polymeric microspheres are deter-

mined first of all by their sizes and the magnetic material

bulk distribution. The possible morphological types of such

microspheres are discussed in Section V.

The polymeric shell can consist of different kinds of

polymers, e.g., polystyrene (PS), cross-linked polyacryla-

mide, polyacrylates, polyacrolein, poly(vinyl alcohol)

(PVA), poly(methyl methacrylate), polyamines, polyimines,

poly(ethylene glycol), dextran, etc.11, 12 The functional

groups introduced on the surface of polymeric microspheres

to impart the affinity for one or another biological object

can also be of different nature, namely:14 carboxyl, amine,

chloromethyl, amide, hydrazide, aldehyde, thiol, hydroxyl,

epoxide, etc.15, 16

For magnetic polymeric microspheres to be used in a

particular field of biotechnology, the size distribution and

the amount of the magnetic constituent are important. Thus

the rate of extraction of magnetic polymeric microspheres

from different media under the action of a magnetic field

depended on the iron content and their size.17 It is consid-

ered that the successful use of magnetic microspheres

requires the content of magnetic material to be no less

than 12 mass%.18

It should be emphasized that the currently accessible

commercial magnetic dispersions characterized by the wide

diversity as regards the particle size and the magnetic

material content, are optimized and destined mainly for

the processes based on magnetic separation.10

II. Magnetic materials and magnetic nanoparticles

Many important properties of a material depend substan-

tially on the particle size and change upon transition from

macroobjects to nanoobjects. This to the full extent applies

to magnetic properties. Macroscopic samples of magneti-

cally ordered materials below the ordering temperature were

found to have the domain structure with magnetic spins

oriented in the coordinated manner in each domain.19 Upon

application of the magnetic field, the magnetic domains

tend to be oriented along the field direction and the sample

as a whole becomes magnetized.
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As a rule, ferromagnetics exhibit high positive magnetic

permeability and are characterized by hysteresis (Fig. 1)

and remnant magnetization, the latter strongly depending

on the external effects and sample prehistory.20 Above the

Curie temperature, ferromagnetics become paramagnetics.

Ferromagnetics include three d-metals (Fe, Co, Ni), six

f-metals (Gd, Tb, Dy, Ho, Er, Tm), several alloys and

compounds of the mentioned metals with each other and

their compounds with other elements, certain Cr and Mn

alloys and compounds with non-ferromagnetic elements,

etc.

Ferrimagnetics are also magnetized in the external

magnetic field, exhibit remnant magnetization, and pass to

the paramagnetic state above the Curie point. However, the

existence of several different sublattices of magnetic atoms

(ions) leads to a more complex temperature dependence of

magnetization as compared with ferromagnetics. A large

class of ferrimagnetics is formed by ferrites, i.e., complex

oxides with the general composition MO .Fe2O3 , where M

is a bivalent metal (Fe, Ni, Co, Mn, etc.).21

As the particle size in the magnetic material decreases

below a certain critical value, the domain structure is no

more energetically favourable and the particles become

single-domain. A system of such single-domain nanopar-

ticles acquires new magnetic properties, i.e., passes to the

superparamagnetic state.22, 23 Below, the critical diameters

(dcrit) are shown for certain materials at room temperature.

Material dcrit /nm Material dcrit /nm

Cobalt 70 Nickel 55

Iron 14 Magnetite 128

Superparamagnetic particles behave like the paramag-

netic ones but have substantially higher magnetic moments.

Superparamagnetic materials exhibit no remnant magnet-

ization, the coercive force is zero and their magnetization

dependence on the external magnetic field lacks the hyste-

resis loop (see Fig. 1).24 For single-domain particles local-

ized in a solid, only the magnetic moment vector changes its

direction. In magnetic fluids, particles themselves can rotate

like the molecules in paramagnetic gases.

Yet another distinguishing feature of superparamag-

netics is the presence of heat fluctuations of the magnetic

moment (analogous to fluctuation for common paramag-

nets).

To synthesize single-domain particles, it is necessary to

control the particle size and prevent their aggregation.21

The magnetic behaviour of aggregated particles consider-

ably differs from that of individual particles; hence, aggre-

gation results in the uncontrolled and irreproducible

behaviour of magnetic materials.

III. Synthesis of magnetic nanoparticles

The choice of material for the production of magnetic

nanoparticles is determined by quite a number of factors.

For the further practical application, a material should be

easily accessible and exhibit sufficiently high Curie temper-

ature. Nanoparticles of magnetic materials are highly sus-

ceptible to aggregation; hence, any method of their

synthesis should envisage the particle stabilization. The

most popular nanoparticles are those of ferromagnetic

d-metals and their compounds, first of all, magnetite

(Fe3O4).

Iron nanoparticles can be manufactured by different

methods. One of them is the reduction of iron salts by

complex hydrides in surfactant-stabilized microemulsions.

For example, nanoparticles 2 ± 15 nm in diameter were

synthesized 25 by the reduction of FeCl3 with sodium boro-

hydride in the presence of dodecyltrimethylammonium

chloride. This method was also used for the synthesis of

iron nanoparticles with the diameter of no less than 100 nm

by reduction of FeCl2 with NaBH4 in the presence of

sodium bis(2-ethylhexyl) sulfosuccinate (AOT).26

The efficient methods of synthesis of magnetic nano-

particles include thermolysis of a mixture of bivalent metal

M (M=Co, Ni, Mn, Fe) and iron(III) oleates in octadec-1-

ene at 300 8C. As the result, cubic nanoparticles of the

corresponding ferrites MFe2O4 measuring from 9 to 24 nm

and exhibiting high-degree monodispersion were formed.27

A serious advantage of this method is the possibility of

producing nanoparticles in amounts of up to 40 g in a single

experiment.28

Several methods for the preparation of magnetic cobalt

nanoparticles were described of which the following meth-

ods were used most widely: reduction of CoCl2 in micro-

emulsions stabilized with ionogenic surfactants,29, 30

reduction of CoCl2 in micelles of amphiphilic block co-

polymers 31 and reduction of cobalt halides in a polystyrene

matrix.32 In another study,33 the organometallic precursor

Co(Z3-C8H13)(Z4-C8H12) (C8H13 is cyclooctenyl, C8H12 is

cycloocta-1,5-diene) was reduced with hydrogen in tetrahy-

drofuran containing polyvinylpyrrolidone giving rise to

cobalt. Superparamagnetic nanoparticles of cobalt ferrite

(CoFe2O4) were synthesized in the reaction of FeCl2 with

cobalt acetate.34

Magnetic nanoparticles were also manufactured by

thermal decomposition of organometallic compounds,35

dicobalt octacarbonyl serving as the starting material.

Quick heating to 110 8C produced cobalt atoms, which

was followed by their quick aggregation into clusters and

spherical nanoparticles. Cobalt nanoparticles possessed a

narrow size distribution and the diameter in the range of

2 ± 30 nm depending on such parameters of the decomposi-

tion process as dicobalt octacarbonyl concentration and

temperature.

M

H

Ms

Mr

Hc

1

2

Figure 1. Magnetization curves of a ferromagnet (1) and a super-

paramagnet (2).

Ms is saturation magnetization, Hc is coercive force, Mr is remnant

magnetization.
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Cobalt nanoparticles were synthesized by thermal

decomposition of Co2(CO)8 in micelles of a styrene ± 4-vi-

nylpyridine block co-polymer, which served as nanoreac-

tors.31 The decomposition was carried out at 110 8C for 1 h

in toluene under argon atmosphere. Transmission electron

microscopy has shown that the thus synthesized particles

were spherical with the average diameter of 10 nm.

Iron nanoparticles were synthesized 36 by thermal

decomposition of Fe(CO)5 in argon atmosphere at 150 8C
in the presence of block co-polymers of styrene with

butadiene, phenyl vinyl ketoxime, 4-vinylpyridine, etc. By

varying the polymer : solvent and iron : polymer ratios,

nanoparticles with the diameter in the range of 2 ± 20 nm

were obtained; moreover, it was found that only systems

with the particle size <10 nm exhibited superparamagnetic

properties.

The preparation of magnetic metal nanoparticles also

involved sonication as a method of decomposition of

organometallic precursors. This method was successfully

used in the manufacture of cobalt nanoparticles from

Co(NO)(CO)3 , nickel nanoparticles from Ni(CO)4 , iron ±

nickel alloy nanoparticles from a mixture of Fe(CO)5 and

Ni(CO)4 and CoFe2O4 nanoparticles from solutions of

Fe(CO)5 and Co(NO)(CO)3 .37

Particles of ferromagnetic 3d-metals (iron, nickel and

cobalt) are characterized by high magnetic moments; how-

ever, their drawbacks are electric conductivity and the

susceptibility to surface oxidation upon contact with atmos-

pheric oxygen,22 which results in the partial loss of magnetic

properties. From this viewpoint, preference should be given

to nanoparticles of iron oxides, for example, magnetite,

which has the cubic spinel structure and is a ferromagnetic

at temperatures below 858 K.38 The main advantage of

magnetite is its resistance to oxidation, which ensures the

stability of its magnetic characteristics in time.

There are several methods for the synthesis of magnetite

particles of which one of the first methods dates back to

1852. In this synthesis, aqueous solutions of a mixture of

FeIII and FeII salts in the molar ratio 1 : 2 were treated with

a base. This reaction is known as the method of chemical

co-deposition. In 1938, Elmore reported a method of

production of stabilized magnetite colloids.

In his method, an aqueous solution of FeCl2 . 4H2O and

FeCl3 . 6H2O was treated with a solution of NaOH with

stirring. The precipitate formed was washed with water and

0.01M hydrochloric acid and then boiled in a soap solution

to stabilize the colloidal particles. Methods proposed later

involved sonication of an aqueous solution of iron(II)

acetate and reduction of goethite [a-FeO(OH)] from a

glycol ± water solution at elevated temperatures and pres-

sures followed by controlled crystallization.39

IV. Synthesis and stabilization of magnetic fluids

One of the methods for stabilization of magnetic nano-

particles is the preparation of magnetic fluids. Magnetic

fluids or ferrofluids are surfactant-stabilized suspensions of

colloidal magnetic nanoparticles in water or another liquid

medium. The magnetic phase is most often represented by

iron oxides of which magnetite (Fe3O4), maghemite

(g-Fe2O3) and haematite (a-Fe2O3) are most common (the

latter is an antiferromagnet but in a certain temperature

range exhibits weak ferromagnetism).40 In the presence of a

magnetic field, ferrofluids behave as single-phase systems,

i.e., the system was not separated into liquid-carrier and

magnetic nanoparticles.41 Due to their unique structure and

magnetic properties, the scope of application of magnetic

fluids is very wide.42

A method for the manufacture of magnetic fluids was

developed and later refined by Rosenzweig (see, e.g.,

Ref. 43). After grinding, the magnetic particles are dis-

persed in an organic dispersion medium containing oleic

acid. Oleic acid is adsorbed on the particle surface thus

providing the steric stabilization factor. This method solved

the problem of synthesizing homogeneous and stable mag-

netic fluids in different organic solvents.

A process of dispersing magnetic particles in toluene was

described. 44

In the synthesis of magnetic particles, in contrast to the

known methods, iron(II) sulfate was first oxidized with

nitrite and then precipitated upon addition of concentrated

ammonia. The synthesized magnetic particles were dis-

persed in an aqueous solution containing a fatty acid salt

(e.g., oleate) as the surfactant; the addition of hydrochloric

acid to the system promoted destabilization and aggrega-

tion of nanoparticles. Next, water was removed and nano-

particles with a surfactant layer on their surface were

dispersed in toluene.

Other methods of the preparation of magnetic fluids are

known. For example, barium ferrite nanoparticles were

obtained 45 by mixing the following two inverse microemul-

sions (water in oil): one contained Fe(NO3)3 and Ba(NO3)2
and the other contained (NH4)2CO3. Homogenization of

the system led to the deposition of BaFe12O19 nanoparticles

which were stabilized in the organic medium by a surfactant

(a mixture of n-butanol and cetyltrimethylammonium bro-

mide) present in the latter medium.

Yet another original procedure consisted of electroex-

traction of metals from aqueous solutions of the corre-

sponding salts to afford cathodic deposits; the latter were

immediately dispersed in organic media containing dis-

solved stabilizers.46 This method was used for the prepara-

tion of polymer-stabilized suspensions of iron, cobalt,

nickel in mineral and vegetable oils. The particle sizes were

typically 70 ± 150 nm, the particle concentrations did not

exceed 0.1 mass%. Particles measuring 30 ± 80 nm could be

obtained by special selection of the process parameters.

Another no less original process was described 47 aimed

at the preparation of fine particles of Fe, Co or Ni in a

rotating cylindrical evaporation chamber. The metals were

evaporated in vacuo onto the surface of a film of a liquid

carrier (naphthalene) containing the pre-set concentration

of a polymer. The polymer adsorption on the metal nano-

particles favoured their stabilization in the organic medium;

the synthesized nanoparticles were agglomerated by heating

in a flow of argon and isolated from the organic medium by

centrifuging. Finally, the nanoparticles were redispersed in

toluene containing the polymer by sonication. This method

allowed manufacture of superparamagnetic particles meas-

uring *20 nm.

V. Synthesis of magnetic polymeric microspheres

Recently, the attention of scientists has become more and

more attracted to the synthesis of magnetic polymeric

microspheres. The first polymeric microspheres with a

narrow size distribution were prepared by Dow Chemical

in 1950, while the first composite microspheres were

obtained upon acrylamide polymerization in the presence

of magnetic iron oxide nanoparticles only in 1975. The
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particle size distribution of the hydrophilic magnetic poly-

meric suspension prepared was rather broad, which made it

unsuitable for the application in medicine and biotechnol-

ogy.

The past decades were marked by the appearance of a

large number of publications devoted to the methods of

synthesis of magnetic polymeric microspheres for biotech-

nology and medicine. Thus magnetic polymeric micro-

spheres were obtained in situ by the deposition of a

polymer that served as the stabilizer on the surface of

magnetic polymeric nanoparticles. The role of the stabilizer

was played by water-soluble carboxymethyldextran,48 poly-

ethyleneimine,49 poly(vinyl alcohol),50 poly(ethylene gly-

col),51 sodium polyoxyalkylene diphosphonates 52 and

starch derivatives.53

An alternative method for the manufacture of magnetic

polymeric microspheres is separate preparation of magnetic

nanoparticles and polymeric microspheres followed by their

mixing. Polymeric microspheres could be synthesized by

various methods of emulsion, suspension or precipitation

heterophase polymerization.54, 55

Heterophase polymerization of monomers can be car-

ried out in the presence of magnetic nanoparticles with a

surfactant adsorbed on their surface. For example, such

magnetic nanoparticles were added to a mixture of styrene

and glycidyl methacrylate after which the polymerization

was carried out. The resulting magnetic polymeric micro-

spheres had the diameter of 100 ± 200 nm.55 Magnetite-

containing microspheres measuring 150 ± 200 nm were syn-

thesized by seed precipitation polymerization of methacrylic

acid and hydroxyethyl methacrylate in the medium of ethyl

acetate.56 Magnetite particles with a narrow size distribu-

tion encapsulated into a co-polymer of methacrylic acid and

hydroxyethyl methacrylate were synthesized 57 by the

microemulsion seed co-polymerization; however, the con-

tent of magnetic material did not exceed 3.3 mass%.

Magnetic polymeric suspensions were prepared 58 by

dispersing magnetite in an organic dispersion medium con-

sisting of vinylaromatic monomers and a poorly soluble

initiator, emulsifying this mixture in water and its polymer-

ization. Polymeric microspheres with the magnetite content

in the range from 0.5 mass% to 35 mass% were produced

by this method. However, particle size distribution in

suspensions was broad (from 30 to 5000 nm). A similar

method was used 59 for the manufacture of magnetic com-

posite microspheres of a hydrophobic cross-linked vinyl-

aromatic polymer, which however afforded polymeric

suspensions containing both microspheres with incorpo-

rated magnetic nanoparticles and `empty' microspheres

(containing no magnetic nanoparticles). The encapsulation

of magnetic nanoparticles into hydrophilic polymers was

also carried out 60, 61 by inverse miniemulsion polymeriza-

tion.

Thus, magnetic polymeric microspheres can be divided

into the following three types with respect to their mor-

phology (Fig. 2):

Ð core ± shell structures with a magnetic core inside a

microsphere (Fig. 2 a);

Ð structures in which magnetic nanoparticles are uni-

formly distributed throughout the polymeric matrix

(Fig. 2 b);

Ð structures representing a polymeric core with a sur-

face layer of magnetic nanoparticles (Fig. 2 c).

The different methods of preparation of magnetic poly-

meric microspheres can be classified into the following three

groups:

Ð combination of magnetic nanoparticles and a poly-

mer prepared separately;

Ð preparation of magnetic nanoparticles inside poly-

meric microspheres or in the presence of pre-formed poly-

mers;

Ð polymerization of monomers in the presence of

magnetic nanoparticles.

In the following sections, these methods are considered

in more detail.

1. Combination of magnetic nanoparticles and a polymer
prepared separately
As follows from the very title, this method of fabrication of

magnetic polymeric microspheres makes use of preliminar-

ily prepared magnetic nanoparticles. Depending on the

nature and the size of nanoparticles and also on the polymer

nature, synthesis of composite microspheres can be carried

out by two different methods (Fig. 3), namely, by introduc-

ing magnetic nanoparticles into seed polymeric micro-

spheres or by applying polymeric surfactants on the

surface of an inorganic magnetic material. Evidently, the

former method requires that the polymeric microspheres

a b c

Figure 2. Morphology types of magnetic polymer microspheres

(see text).

Seed polymer
microsphere

Magnetic polymer
microsphere

Magnetic
nanoparticles

a

Polymeric
surfactants

Aggregates of magnetic
nanoparticles in
the polymeric
surfactant shell

Magnetic
nanoparticles

b

Figure 3. Synthesis of composite microspheres by incorporation of

magnetic nanoparticles into preliminarily prepared polymer micro-

spheres (a) and encapsulation of aggregated magnetic nanoparticles

into polymeric surfactant (b).
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have sufficiently large pores and the magnetic nanoparticles

be sufficiently small.

The first attempts to synthesize polymeric microspheres

for medicinal purposes were carried out with biocompatible

and biodegradable polymers such as albumin, poly(vinyl

alcohol), etc. The method of preparation 62, 63 of such

particles from albumin involved sonication of an inverse

emulsion of an aqueous solution containing albumin, a

surfactant and iron oxide nanoparticles in natural oil,

which was followed by its heating to 110 ± 165 8C or the

addition of a cross-linking agent for fixing magnetic nano-

particles in the polymer. The magnetic microspheres con-

tained 20 mass%± 50 mass% Fe3O4 and had the average

diameter of 1 mm.

This method also allowed manufacture of magnetic

polymeric microspheres with smaller diameters

(200 ± 500 nm). This was achieved by varying the amounts

of a solvent and a component as well as the intensity of

sonication.63 However, the size distribution of such micro-

spheres was broad (coefficient of variation 20%) and the

magnetite content was only 5 mass%± 9 mass%.

In the preparation of magnetic polymeric microspheres

from poly(vinyl alcohol), the emulsion was prepared from

oil and an aqueous suspension of a surfactant and magnetic

nanoparticles by mixing them in the presence of polyoxy-

ethylated non-ionic surfactants and glutaraldehyde as the

cross-linking agent.64 The synthesized polymeric micro-

spheres were characterized by a narrow size distribution,

the diameter of an order of magnitude of several tens of

micrometres and the content of magnetic material

*5 mass%.

Yet another method of preparation of magnetic poly-

meric microspheres consisted in mechanical trapping of

magnetic particles by the polymer.65 Magnetic polymeric

microspheres were manufactured by mixing a solution of

polystyrene (with the molecular mass *50 000) in a volatile

solvent (dichloromethane) to which iron oxide nanopar-

ticles with the diameter of 200 nm were added with an

aqueous solution of surfactant [poly(vinyl alcohol)],

mechanical stirring was continued until the volatile solvent

evaporated. Solid particles were washed with water and

lyophilized. The resulting microspheres were several hun-

dred micrometres in diameter and contained up to

50% Fe3O4 of the total mass. However, they were charac-

terized by a broad size distribution and irregular shape.

A method was proposed that made in possible to

introduce the magnetic material into pre-formed polymeric

matrices.66 The magnetic microspheres may consist of

Sepharose gel (cross-linked agarose beads, Pharmacia, Swe-

den) with immobilized affinity ligands containing magnetic

nanoparticles incorporated by adsorption on, or precipita-

tion into, the beads; they were used for affinity chromatog-

raphy. Their affinity properties were the same as those of

non-magnetic polymeric particles. However, due to the

weak fixation of magnetic nanoparticles inside the beads,

washing with any buffer solution could result in desorption

and liberation of ferrites, which is the major drawback of

their use.

A method of preparation of magnetic polymeric micro-

spheres that consisted of polymer adsorption on the surface

of a magnetic material was studied for magnetic nano-

particles of two diameters [*10 nm (see Ref. 18) and

200 ± 400 nm], which led to the formation of a thin poly-

meric layer on the surface of magnetic nanoparticles as the

result of physical 67 or chemical 18, 68 adsorption of the

polymer. The chemical adsorption was caused by the

interaction between functional groups of polymers (CO2H,

PO3H2 , NH2) and functional groups of magnetic nano-

particles introduced upon activation. Usually, hydrophilic

polymers were employed, for example, poly(acrylic acid),68

poly(methyl methacrylate),67 poly(propylene glycol)18 or

polysiloxane derivatives. It deserves mentioning that a thin

layer of a polymer adsorbed on inorganic magnetic nano-

particles did not change their supermagnetic properties.

2. Preparation of magnetic nanoparticles in polymeric
microspheres
Composite particles can be obtained from functionalized

polymeric microspheres pre-fabricated by heterophase pol-

ymerization. They are dispersed in solutions of salts of such

metals as iron (a mixture of FeCl2 and FeCl3), cobalt or

nickel followed by precipitation of the magnetic material

incorporated.

Ugelstad et al.69 pioneered the studies in the field of

magnetic polymer microspheres. The method included four

stages (illustrated in Fig. 4).

1. Synthesis of porous polymer microspheres (used later

as seed particles) with the large diameter (*2 ± 4 mm) and a

narrow size distribution.

2. Diffusion of metal salts into pores of dispersed

particles.

3. Precipitation of metal oxides in pores upon reaction

with ammonia or sodium hydroxide.

4. Fixation of iron oxides in pores of the microspheres

by a polymer formed in the seed polymerization.

Porous polymer microspheres to be later impregnated

with solutions of FeII and FeIII salts were prepared by seed

polymerization of vinyl monomer in the presence of mono-

disperse seed particles measuring *800 ± 1000 nm. As a

result of swelling, the volume of the microspheres increased

50 ± 1000-fold. The two-stage swelling process was carried

out in the presence of low-molecular-mass pore-forming

solvents with low water-solubility that diffuse inside the

particles. For example, such solvents can be represented by

hexadecane or dioctyl peroxide, the latter also serving as the

polymerization initiator. In the second stage of swelling,

diffusion of a vinyl monomer into the activated latex seed

particles occurred.

Polystyrene
microsphere Swollen

microsphere

saturation of pores in
a polymer microsphere
with iron salt solution

precipitation of iron
oxides by adding
a base

Magnetite nanoparticles
in the pores in a polymer
microsphere

Magnetic polymer
microsphere

fixing of iron oxides
by a polymer

Figure 4. Scheme of the fabrication of magnetic particles developed

by Ugelstad et al.
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The swelling process was determined by the thermody-

namic equilibrium between the following three phases: seed

polymeric microspheres, monomer droplets and the contin-

uous phase (water). The system equilibrium was character-

ized by the equality of the Gibbs energies of three phases

where the Gibbs energy of each phase was related by their

volume fractions, the surface tension and the size of seed

microspheres. If porous particles were to be prepared, a

volatile solvent introduced in the swelling stage was evapo-

rated to leave pores in microspheres.70 ± 72

The described swelling procedure was used for synthe-

sizing porous monodisperse poly(styrene-co-divinylben-

zene) particles measuring several micrometres.73 Then,

polymeric microspheres were chemically modified (by intro-

ducing NO2 groups), dried, redispersed in an aqueous

solution of FeII and FeIII salts and treated with a base.

The salt ratio FeII : FeIII varied in the range from 1 to 2

depending on the type of iron oxide (g-Fe2O3 or Fe3O4) to

be synthesized.

The synthesized polymer microspheres had the regular

shape and the irregular porous surface 73, 74 containing iron

oxide nanoparticles. To encapsulate iron oxide into the

polymer, in the last stage, co-polymerization of styrene

with divinylbenzene was carried out. Such magnetic poly-

meric microspheres had the size up to 5 mm and contained

up to 10 mass% of magnetic material.

For the covalent binding with functional groups of

biomolecules, certain functional groups (amine, hydroxyl,

carboxyl, thiol or aldehyde) should be present on the

surface of magnetic polymer microspheres. These groups

were obtained by seed polymerization of functional mono-

mers on seed polymeric particles.75, 76

Magnetic polyacrylamide microspheres cross-linked

with N,N 0-methylenebisacrylamide were manufactured 77

by dispersing polymer microspheres in a solution of iron

salts in the presence of dextran followed by the precipitation

upon addition of ammonia. Dextran served a dual role. On

the one hand, it enhanced the compatibility of a polymer

with biomolecules and, on the other hand, prevented

aggregation of magnetic nanoparticles in the dispersion

medium. Next, glycidyl methacrylate was added to the

suspension, which adsorbed on the surface of the particles.

This enhanced their stability and provided the presence of

epoxide groups on the microsphere surface. The manufac-

tured magnetic polymer microspheres had the inner diame-

ter of *0.4 mm and contained 20 mass% ± 25 mass% of

magnetic iron oxides, which corresponded to a half of the

initial amount of iron oxides introduced 70 during the syn-

thesis.

The preparation of hydrophobic polymeric micro-

spheres containing cobalt nanoparticles was described.78

First, polystyrene suspensions with the average particle

diameter of 0.35 mm were obtained. In the second stage,

polymer microspheres were impregnated with styrene,

divinylbenzene and dicobalt octacarbonyl in toluene.

Then, seed co-polymerization was initiated as a result of

which polymeric microspheres with the average diameter of

1.35 mm were formed. Thermolysis of cobalt carbonyl was

carried out at 120 8C. The synthesized magnetic polymer

microspheres exhibited superparamagnetic properties.

However, carbon monoxide formed throughout the reaction

led to deformation of the particle surface.78

The reduction of metal salts (FeII, NiII, CoII) on the

polymer particle surface is a method of manufacture of

composite microspheres. Such polymer microspheres (meas-

uring up to 300 nm) were used as conducting polymeric

materials or as catalytic systems. The emulsion co-polymer-

ization of styrene and a functional co-monomer, e.g.,

acrylonitrile, acrylamide or N-vinylimidazole, was carried

out.79 The amount of immobilized metal depended on its

nature, the initial concentration of the metal salts and the

type of the polymer used. For iron, this amount was merely

several percent, whereas for cobalt it reached 50% of the

overall mass of a composite particle.

3. Monomer polymerization in the presence of magnetic
nanoparticles
This approach to the fabrication of magnetic polymer

microspheres employs different methods of heterophase

polymerization in the presence of magnetic materials.

a. Emulsion and miniemulsion polymerization

Emulsion polymerizaton of monomers in the presence of

inorganic seed particles is the most popular process for the

preparation of composite microspheres.80

In this case, the inorganic material should meet the

following requirement.

1. The surface of the material should be hydrophobic,

which is achieved by adsorption of a surfactant 81, 82 or

chemical modification.83 Reactive groups capable of inter-

acting with the polymer functional groups or a substance

that favours the hydrophobic interaction with the polymer

surface should be present on the surface. The modifiers can

be represented, for example, by silanes, titanates, dihydric

acids, etc.

2. Inorganic particles should retain their colloidal stabil-

ity. Nanoparticles are stabilized by adsorbing surfactants

commonly used in emulsion polymerization.84, 85

Encapsulation of inorganic nanoparticles into a polymer

requires that the surfactant concentration was below the

critical micelle concentration (CMC) to prevent the micelle

formation in the original system and exclude the formation

of polymer microspheres containing no inorganic material.

Moreover, for polymerization, it was necessary that the

initiator and the monomer be water-insoluble to rule out the

formation of oligomeric water-soluble surfactants.86

Magnetic nanoparticles such as ferrites were often pre-

pared in an aqueous phase and stabilized by either a single

surfactant or a mixture of surfactants. In this case, poly-

layers could be formed on the particle surface where the first

layer consisted of surfactant chemically bound to the iron

oxide surface and the second was built of surfactant physi-

cally adsorbed on this surface (oleic acid and oleate)

(Fig. 5).86 The surface became negatively charged; the

emulsion polymerization could be initiated by potassium

persulfate (PP).

The effect of the ferrite : styrene mass ratio and the

concentration of the initiator (PP), monomer, fluorescent

dyes and surfactant on the encapsulation of iron oxide

nanoparticles in the polymer was studied.86 The diameter

of polymeric particles was 50 ± 150 nm depending on the

surfactant concentration, the content of magnetite nano-

particles was in the range of 12 mass%± 14 mass%. Dur-

ing the polymerization, the system remained stable and the

final amount of coagulum was merely several percent.

Magnetic polymer particles with the diameter exceeding

1 mm were prepared 62, 87 in several stages by emulsion

polymerization of acrylamide in inverse emulsions. They

were used in the PP-induced seed polymerization of styrene,

methyl methacrylate or vinyl acetate. The polymer obtained
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was polydisperse, the average particle size was 1 ± 3 mm,

particles had the core ± shell structure and comprised

13 mass% ± 23 mass% of iron.

Recently, polymer microspheres filled with inorganic

material were prepared by miniemulsion polymerization 88

carried out in two stages. In the first stage, a stable

dispersion of magnetite particles in styrene was obtained in

the presence of a surfactant. Then, the addition of new

surfactants transformed it into a dispersion in water.

Hexadecane was introduced as a hydrophobic additive into

the monomer (styrene) phase to prevent the Ostwald ripen-

ing process. The magnetite content in the thus prepared

polymer microspheres was 20 mass%.

The higher magnetite content in polymer particles was

achieved by applying another procedure.89 The monomer

(styrene) and magnetite were dispersed independently in

water in the presence of sodium dodecyl sulfate (SDS) as the

surfactant and gradually mixed in different mono-

mer : magnetite ratios with the aim of manufacturing mag-

netic polymeric microspheres with different concentrations

of inorganic nanoparticles. Then, the mixture was subjected

to sonication to reach the necessary degree of dispersion in

this system after which the polymerization process was

initiated.

The homogeneous distribution of magnetite, at its high

content, in polymeric microspheres, could be achieved by a

three-stage preparation route as illustrated in Fig. 6.90

Magnetite particles with the average diameter of 10 nm

were prepared in the co-precipitation 91 as a result of quick

addition of an ammonia solution to a solution of FeII and

FeIII salts.

In the first stage, using oleic acid as surfactant 1, at a

temperature above its melting point, hydrophobization of

magnetic particles occurred. Evaporation of water and

removal of non-adsorbed oleic acid resulted in the forma-

tion of a dry powder easily dispersible in octane (I, Fig. 6);

the average particle size was 20 nm. Insofar as microemul-

sions prepared in the presence and in the absence of

hexadecane were stable, it was concluded that oleic acid

could replace the hydrophobic additive that prevented the

Ostwald ripening.

In the second stage, the resulting dispersion in octane

was mixed with an aqueous solution of sodium dodecyl

sulfate (surfactant 2). As a result of sonication, an oil-in-

water microemulsion was formed (II ). Evaporation of

octane afforded the aqueous magnetic fluid containing

magnetite particles covered with a surfactant 1/surfactant 2

bilayer, where the external SDS layer provided the stabili-

zation of particles in water (III ).

In the third stage, a microemulsion of a monomer

(styrene) in water was prepared and the aqueous magnetic

fluid prepared in the previous stage was added. Then, this

mixture was co-sonicated in order to destroy the aggregates

and liquid droplets [i.e., to form miniemulsions (IV )], the

initiator was added and polymerization was started. The

resulting magnetic polymeric microspheres (V ) are charac-

terized by the uniform distribution of the magnetic material.

The preparation of ultrafine magnetic polymer micro-

spheres with the narrow particle size distribution and the

high content of magnetic material was carried out.92

The manufacture of magnetic polystyrene microspheres

involved the use of a styrene-based magnetic fluid prepared

by the dispersion medium exchange. In the first stage, a

stable aqueous suspension was prepared by chemisorption

of sodium oleate on the surface of magnetite nanoparticles.

Then acetic acid, which makes the nanoparticle surface

hydrophobic, and styrene were added to the system; soni-

cation was employed throughout the process.

The stable suspension of magnetite nanoparticles in

styrene was added to an aqueous SDS solution, which

gave rise first to a microemulsion and then to polymer-

ization.

This afforded ultrafine magnetic polystyrene micro-

spheres with the average diameter of 80 ± 100 nm, a narrow

Magnetite
nanoparticles

Surfactant adsorption
(monolayer)

Surfactant adsorption (bilayer)

Figure 5. Stabilization of magnetite nanoparticles by surfactant

monolayer and bilayer.

sonication

H2O, surfactant 2

sonication

styrene mini-
emulsion

polymeri-
zation

PP

Styrene

III IV

PS

V

I

7octane

II

Figure 6. Three-stage process of

formation of polymer-coated mag-

netite particles with high content of

magnetic material (see text).90
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size distribution and the magnetite content in the polymer

microsphere approaching *40 mass% (Fig. 7).

Functionalization of the surface of magnetic polymer

microspheres could be effected by seed polymerization of

chloromethylstyrene on polystyrene seed microspheres at

40 8C using the potassium persulfate ± sodium bisulfite

redox system.93

b. Suspension polymerization

Suspension polymerization of styrene in the presence of a

magnetic fluid was studied.94 Magnetic nanoparticles were

dispersed in styrene containing an oil-soluble initiator and

mixed with an aqueous solution of a surfactant to form

magnetic monomer droplets. The size of magnetic poly-

meric particles produced varied in the range of 0.03 ± 5 mm
and the magnetic material content approached 45 mass%.

Suspension co-polymerization of styrene and divinyl-

benzene afforded magnetic polymer microspheres

100 ± 300 mm in diameter.95 Seed magnetic particles 20 mm
in diameter were first dispersed in the organic phase with

sonication, the dispersion was mixed with the water phase,

and polymerization was carried out at 80 8C in the presence

of an oil-soluble initiator. After the end of polymerization,

the polymer suspension was subjected to UV radiation. As a

result of photooxidation of the polystyrene shell, carbonyl

groups emerged on the surface of microspheres, which was

confirmed by IR spectroscopy. The amount of iron oxide

incorporated into the polymer matrix was low and

amounted to 1.25% of the monomer mass.

The fabrication of magnetic polyacrylamide micro-

spheres by suspension co-polymerization of acrylamide,

methylenebisacrylamide and N-acryloyloxysuccinimide in

the presence of sorbitan monolaurate (Tween 20) in carbon

tetrachloride was induced by a redox system Fe2+ ± potas-

sium persulfate.96 However, the iron oxide content in

particles was rather low.

c. Dispersion polymerization

Dispersion polymerization was employed to obtain

poly(glycidyl methacrylate) microspheres with the diameter

of 1.6 mm containing superparamagnetic particles (up to

12 mass% of magnetite).97 Ferrite nanoparticles were pre-

pared in glycidyl methacrylate and dispersed in a water ±

alcohol solution containing a surfactant and an initiator.

The degree of inorganic material encapsulation was very

high and only insignificant number of empty microspheres

were formed.

Magnetic polymer microspheres were also obtained by

dispersion co-polymerization of styrene and hydroxyethyl

methacrylate. Preliminarily, ferrite nanoparticles measuring

0.3 ± 0.4 mm were dispersed in poly(ethylene glycol) (PEG)

with sonication.98 It was assumed that the presence of PEG

on the surface improved the affinity between ferrite and the

monomers. Dispersion polymerization was induced with

potassium persulfate. Magnetic polymer particles with sur-

face hydroxyl groups had the diameter from 50 to 500 mm.

A fraction with the diameter of 50 ± 60 mm was used for the

covalent immobilization of bacterial proteinase.

d. Polymerization on the surface of nanoparticles

The use of different polymerization methods and different

monomers makes it possible to vary the nature and the

properties of magnetic polymer microspheres.

A relatively old method of polymerization in the pre-

sence of ferrite particles is the polymerization of methacry-

late derivatives induced by cobalt-60 g-radiation 99 or a

redox reaction.100 The particle diameter was in the range

of up to 50 nm, and the ferrite suspension retained its

original magnetic properties.

Surface modification of inorganic materials substan-

tially affected the process of magnetite encapsulation into

polymer upon polymerization. These processes often uti-

lized surfactants; however, this is not the only approach.

For example, according to a patent, 101 magnetite nano-

particles were first dispersed in methanol and then trime-

thoxysilane derivatives [p-aminophenyltrimethoxysilane,

3-aminopropyltrimethoxysilane, N-(2-aminoethyl)-3-ami-

nopropyltrimethoxysilane] were deposited on the surface

of ferrite nanoparticles. Polymerization of silane by the

condensation reaction afforded particles with magnetic

cores and polysilane shells. Polysilanes form covalent

bonds with surface OH groups of ferrites through dehydra-

tion. Actually, silanization is carried out at elevated temper-

ature (90 8C) in an acidic medium containing a surfactant.

The presence of the latter made it possible to prevent

aggregation of particles following polymerization when

removing excess of water, silane and organic solvent by

evaporation at 160 8C. Average diameters of magnetic

polymer microspheres were in the range of 0.1 ± 1.5 mm.101

The surface of magnetic particles can be modified with

other inorganic compounds. Thus deposition of silica pre-

pared by controlled hydrolysis of sodium silicate onto

magnetite nanoparticles transformed them into silica-

coated particles.102 Then polymerization of pyrrole was

carried out in the presence of the magnetite ± silica particles

using the following redox systems: H2O2 ± Fe3+±HCl or

H2O2 ± (NH4)2S2O8 ±HCl. The particles obtained contained

from 10 mass% to 17 mass% of magnetite but had a broad

size distribution.

Manufacture of biodegradable magnetic polymeric

microspheres by other heterophase polymerization methods

is documented. Thus anionic polymerization of isobutyl

cyanoacrylate in the presence of ferrite particles was

described to afford polymer microspheres with the diameter

of 0.22 mm containing 28 mass% of ferrite. Polymerization

occurred at the interface between the magnetic fluid and the

monomer; capsules were obtained as a result of gel for-

mation or interface precipitation.103, 104

A method of preparation of aqueous dispersions of

magnetic nanoparticles in the presence of a polymeric

stabilizer, namely, a co-polymer of maleic anhydride with

vinyl monomers, was proposed.103 Adsorption of the co-

polymer on the surface of inorganic nanoparticles was

followed by cross-linking as a result of the temperature

500 nm500 nm

a b

Figure 7. Microimages of magnetic polymer microspheres obtained

by transmission electron microscopy (a) and scanning electron micro-

scopy (b).92
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increase to 90 8C and acidification of the medium. In this

case, a dense polymer shell was formed around magnetic

nanoparticles, which efficiently prevented their oxidation

thus retaining their magnetic properties.

4. Preparation of multilayer composite particles
Multilayer composite particles consist of an organic core

surrounded by a magnetic layer of iron oxide nanoparticles

and a polymer shell. There are two methods of their

preparation.

The first method consists of carrying out low-temper-

ature seed polymerization of styrene in the presence of

ferrites and polystyrene microspheres, potassium persulfate

as the initiator and a surfactant being added. However, in

the course of styrene seed polymerization, new polymer

particles appear in the aqueous phase.105 The synthesized

polymer microspheres had the size of *4 mm, a broad size

distribution, a rough surface and a low ferrite content.

Another method of manufacturing multilayer composite

particles was proposed,106 this is illustrated in Fig. 8.

Positively charged particles of a magnetic material

(NiO .ZnO .Fe2O3 powder) 20 nm in diameter were

adsorbed on the surface of negatively charged polystyrene

microspheres (containing sulfonic or carboxylic surface

groups) due to electrostatic interaction to afford complexes.

The electrostatic interaction was determined by the ionic

strength of the medium, the nature of solvent and pH. For

pH>9, oxide particles had the same charge as the polymer

microspheres so that the amount of inorganic nanoparticles

adsorbed on the surface of polymer particles was very small

due to electrostatic repulsion. To prevent the oxide release

and provide its interaction with biomolecules, polymeric

microspheres with adsorbed inorganic nanoparticles were

covered with a polymer layer.

An ionogenic surfactant (e.g., sodium oleate) should be

present for stabilization of composite particles. However, its

concentration should be limited to avoid the formation of

microspheres of surfactant micelles containing no iron

oxide.106 This method allowed the control over the diameter

of magnetic polymeric microspheres by varying the size of

seed particles. However, this publication provided no infor-

mation on the size distribution and the metal oxide content

in the composite particles.

Later, it was proposed to form hydrophilic thermosensi-

tive polymer suspensions 107, 108 by using polymer micro-

spheres with amine and amide groups, for example, based

on a co-polymer of styrene and aminoethyl methacrylate or

vinylbenzylamine,109, 110 poly(N-isopropylacrylamide) 111 or

a co-polymer of styrene and N-isopropylacrylamide.112, 113

These hydrophilic thermosensitive magnetic microspheres

were monodisperse and had surface carboxyl groups. Such

composite microspheres were used in covalent immobiliza-

tion of antibodies.114

To form monodisperse composite microspheres of con-

trollable morphology, Fe3O4 particles were deposited on

preliminarily prepared monodisperse microspheres of

poly(methyl methacrylate-co-acrolein) (PMMAAC). 115

Then polymerization of styrene was carried out in the

presence of the resulting dispersion to form a polymeric

layer coating the magnetite layer.

As a basis for the preparation of composite particles,

monodisperse polystyrene microspheres with surface car-

boxyl groups were tested 116 as well as PMMAAC with

carboxyl and aldehyde groups.117 As a result, monodisperse

three-layer composite particles were obtained. They repre-

sented regular spheres and consisted of a PMMAAC core, a

magnetite interlayer and a PS shell with surface carboxyl

groups for binding immunoreagents. The thermogravimet-

ric analysis has shown that the magnetite content in par-

ticles was *17 mass%.

* * *

Thus, several methods for the manufacture of magnetic

polymeric microspheres are currently available; however,

each has its advantages and drawbacks. From our view-

point, the most promising method for the preparation of

magnetic polymer microspheres is the monomer polymer-

ization in the presence of magnetic nanoparticles. Its merits

include the efficient protection of magnetic nanoparticles

from the environment and the possibility of varying widely

the size of magnetic polymeric microspheres and the content

of magnetic nanoparticles in them.

The use of different methods of heterophase polymer-

ization makes it possible to obtain magnetic polymer micro-

spheres with different morphology, different sizes (both in

the nanometre range and *4 mm in diameter) and different

amounts of the magnetic material in the microsphere. These

magnetic polymer microspheres have the extremely wide

application field varying from the magnetic separation of

different technological media to the preparation of poly-

meric suspensions for biomedicinal purposes.

This study was carried out with financial support from

the Russian Foundation of Basic Research (Project

Nos 08-03-00624-a and 09-03-00888-a).
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