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1
METHOD OF SYNTHESIS OF AMPHIPHILIC
MAGNETIC COMPOSITE PARTICLES

FIELD OF THE INVENTION

The present invention relates to amphiphilic magnetic
composite particles, and to a process of making amphiphilic
magnetic composite particles.

BACKGROUND TO THE INVENTION

There is an increasing interest in magnetic particles
because of their wide application in such fields as biotechnol-
ogy, biomedical, electromagnetics, magnetic storage and
coating to name just a few. Various approaches to the prepa-
ration of magnetic particles have been investigated including
co-precipitation of ferrous and ferric salts under alkaline con-
ditions in the presence of either polymers or surfactants,
crosslinking of functional polymer in an emulsifier-stabilized
magnetic nanoparticle dispersion and layer-by-layer (LBL)
self-assembly of alternating layers of polyelectrolytes and
magnetic nanoparticles onto colloidal templates.

Despite of the success of these, and other, approaches in
preparing the magnetic particles, there are still some major
drawbacks with respect to the methods and the properties of
the particles produced. For example, synthesis involves
tedious multiple step reactions and the use of large amounts of
toxic solvent agents, emulsifiers and surfactants. Leaching of
magnetic nanoparticles from the polymeric particles and
nanoparticle dissolution in acidic medium are still serious
concerns. In addition, magnetic polymeric particles produced
through these approaches generally have broad size distribu-
tions and usually lack of surface functional groups, which are
highly desirable for further chemical modifications.

SUMMARY OF THE INVENTION

The present invention provides amphiphilic, magnetic
composite particles comprising a core and shell. The core
contains both hydrophobic vinylic graft copolymer, hydro-
phobic vinylic homopolymer and vinylic coated magnetic
nanoparticles, and the shell to which the hydrophobic vinylic
polymer is grafted is a hydrophilic, nitrogen-containing poly-
mer.

The present invention further provides a method of making
magnetic composite particles comprising the generation of
radicals on nitrogen atoms of the water-soluble polymer, and
initiation of free-radical copolymerization of vinylic mono-
mer(s) and vinylic-coated magnetic nanoparticles, whereby
vinylic polymer(s) undergo(es) phase separation and the
vinylic coated magnetic nanoparticles are encapsulated
within the vinylic polymer to form a composite latex. The
method does not use any surfactants, emulsifiers or toxic
solvent agents. The method also provides for the making of
magnetic composite particles with different polymer cores,
such as hard, soft or temperature sensitive.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described by way of example
only and with reference to the accompanying drawings in
which:

FIG. 1 illustrates a magnetic composite particle according
to the invention,

FIG. 2 illustrates a first of three preferred steps in making
amphiphilic magnetic composite particles according to the
invention,
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2

FIG. 3 illustrates the second preferred step in making the
vinylic coated magnetic nanoparticles,

FIG. 4 illustrates the third, and final, preferred step in
making the magnetic composite particles,

FIG. 5 shows the infrared (IR) spectrum of magnetic com-
posite particles, wherein the hydrophobic core contains poly
(methyl metharylate) (PMMA) and vinylic coated grama-
phase iron oxide (MPS-Fe,O;) nanoparticles.

FIG. 6 shows the IR spectra of (a) isolated magnetic,
PMMA graft copolymer composites using chloroform as a
solvent in a Soxhlet extraction and (b) isolated PMMA after
extraction.

FIG. 7 shows the IR spectra of (a) isolated magnetic, chi-
tosan grafted copolymer composites using a 1 v/v % of acetic
acid solution as a solvent in a Soxhlet extraction and (b)
isolated chitosan after extraction.

FIG. 8 shows the thermogravimetry analysis (TGA) ther-
mograms of (a) PMMA/chitosan core-shell particles without
encapsulated magnetic nanoparticles, and b) magnetic com-
posite particles (containing 8.4 w/w % of y-Fe,0;).

FIG. 9(a) shows a transmission electron micrograph of a
magnetic composite particle according to the invention and
FIG. 9(b) is a graph of particle size distribution of magnetic
composite particles according to the invention, wherein the
hydrophobic core contains PMMA and vinylic coated
gamma-phase iron oxide nanoparticles.

FIG. 10 shows pH dependence of zeta-potential of the
magnetic composite particles.

FIG. 11 shows the room temperature magnetization mea-
surement of the magnetic composite particles with a 8 w/w %
ofy-Fe,O; content.

FIG. 12 shows the images of film formation of magnetic
composite particle through annealing the magnetic compos-
ite particle dispersion at 155° C.: (a) is a surface topographic
image (5 pumx5 um) and (b) is a top view of magnetic force
microscopy image (5 umx5 pm).

FIG. 13 shows transmission electron microscopy images of
the magnetic composite particles with different core compo-
nents: (a) hard (PMMA) (b) soft (a mixture of PBA and
PMMA) and (c) temperature sensitive (PNIPAM with 10%
crosslinking), according to the invention, and

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 illustrates a preferred amphiphilic magnetic com-
posite particle according to the invention. The particle con-
tains a shell 101 and a core 102.

The shell 101 is a hydrophilic, nitrogen containing com-
pound, such as a polymer, which can be natural or synthetic.
The nitrogen can be present as an amino group. Primary
amine (—NH,), secondary amine (—NRH), and tertiary
amine (—NR,) are examples of functional groups for this
reaction. Structurally, the amino-containing polymers may be
in the form of cyclic aliphatic or linear or aromatic amine. The
amino function may be located in the polymer main chain or
in the side chain. Examples of the nitrogen-containing com-
pounds include natural amino polymers such as N-acetyl
sugars such as chitosan, or proteins such as casein, gelatin,
bovine serum albumin, and cellulase, and synthetic amino
polymers such as polyethyleneimine, poly(vinyl amine)-co-
poly(vinyl alcohol)poly(vinyl amine)-co-poly(acrylonitrile),
etc. In the preferred embodiment, the nitrogen containing
compound used in the shell is made of chitosan.

The core 102 is composed of a grafted copolymer of the
hydrophobic vinylic monomer, and homopolymer of a hydro-
phobic vinylic monomer or a mixture of two or more hydro-
phobic vinylic monomers or hydrophobic temperature sensi-
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tive polymers of a hydrophilic monomer, and encapsulated
vinylic coated magnetic nanoparticles. The vinylic polymer is
prepared using a vinylic monomer. The nature of the mono-
mer can be, for example a vinylic monomer, an acrylate
monomer, an acrylamide monomer, polymerizable nitrile,
acetate, chloride monomers, a styrenic monomer, N-substi-
tuted acrylamide monomers. Examples of vinylic monomers
include those of formula R'R*C—CH,, where R' is hydrogen
or alky, and where R? is alkyl, aryl, heteroaryl, halo, cyano, or
other suitable hydrophobic group. Groups for R* can include
hydrogen and methyl. Group for R? include C,-C, alkyl;
phenyl; monocyclic heteroaryl with 4 to 8 ring atoms, more
preferably 5 or 6 ring atoms, and with 1, 2 or 3 ring hetera-
toms, preferably 1 or 2, more preferably 1 ring atom, selected
from nitrogen, oxygen, or sulfur; chloro; and cyano.
Examples of acrylate monomers include those of formula
CH,—CR>*COOR?*, where R is hydrogen or alkyl, and where
R* is alkyl or substituted allyl, or other suitable hydrophobic
group. Groups for R? include hydrogen and methyl. Group for
R* include C,-C,, for example C,-C,, alkyl which may be
straight-chain or branched, and such groups substituted with
one or more substituents chosen from unsubstituted amino,
monosubstituents amino or disubstituted amino, hydroxy,
carboxy, or other usual acrylate substituent. Acrylate mono-
mers can comprise ethyl(meth)acrylate, isopropyl(meth)
acrylate, n-butyl(meth)acrylate, etc. Examples of acrylamide
monomers include those of formula CH,—CR>*COONHR?*,
where R* and R* as defined. Examples of N-substituted
include those of formula CH,—CR'CONR?, where R' is
hydrogen or alkyl and R? is alkyl or substituted alkyl or
another suitable hydrophobic group. Examples of encapsu-
lated magnetic nanoparticles includes those of formula
MO.Fe,0;, where M is iron, nickel, cobalt, manganese, cop-
per and platinum. In preferred embodiment, the core is com-
posed of poly(methyl methacrylate) and vinylic coated
maghemite nanoparticles.

The magnetic composite particles according to the inven-
tion are made by firstly preparing the magnetic nanoparticles.
Secondly coating the surface of the nanoparticles with a vinyl
surface coating. And thirdly, the vinyl surface coated mag-
netic nanoparticles are encapsulated via the peroxide-induced
graft copolymerization of vinylic monomer(s) from water
soluble polymer containing amino groups in the presence of
vinylic coated magnetic nanoparticles.

The first step of preparing the magnetic nanoparticles is
achieved as follows. Two metal salts are dissolved in de-
ionized water, the resulting solution is mixed with an alkaline
solution under vigorous stirring, and the solution is allowed to
react for 1 h at room temperature, and reflux for another 1
hour to form magnetic nanoparticles. In one embodiment,
iron(Il)chloride and iron(IlT)chloride are dissolved in de-ion-
ized water. The metal salts comprise ferromagnetic elements
selected from the group consisting of ferrites that have for-
mula MO.Fe,O;, where M is iron, nickel, cobalt, manganese,
copper and platinum. The surface of magnetic nanoparticles
is coated with carboxylic acid to form acid modified magnetic
nanoparticles. Adding a carboxylic acid can include for
example trisodium citrate, gluconic acid sodium salt, sodium
oleate, and lauric acid. In one embodiment, trisodium citrate
in a 0.2 molar concentration of total volume is added.

A preferred example of this first step shown in FIG. 2.
FeCl,,4H,0 (1.99 g) and anhydrous FeCl; (3.25 g) are dis-
solved in water (20 mL) separately, and mixed under vigorous
stirring. A NH,OH solution (0.6 M, 200 mL) is then added the
stirring mixture at room temperature, immediately followed
by the addition of a concentrated NH,OH solution (25 w/w
%, 30 mL) to maintain the reaction pH between 11 and 12.
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The resulting black dispersion is continuously stirred for 1
hour at room temperature and then heated to reflux for 1 hour
to yield a brown dispersion. The magnetic nanoparticles are
then purified by a repeated centrifugation (3000-6000 rpm for
20 min), decantation, and redispersion cycle for 3 times until
a stable brown magnetic dispersion is obtained. A total of 100
ml of the y-Fe,O; nanoparticle dispersion (2.42 w/w %)
prepared as stated previously was acidified with a HNO,
solution (4 M, 100 mL) and then centrifuged at 3000 rpm for
20 min to collect the magnetic nanoparticles. The collected
magnetic nanoparticles were redispersed in water (200 mL),
and the dispersion was heated to reflux. Trisodium citrate
dihydrate (11.7 g) was then added, followed by heating the
mixture for 1 hour under reflux to produce citrate-coated iron
oxide nanoparticles. The brown dispersion was purified by
being placed into a dialysis tube (10 kDa molecular weight
cutoff, Sigma-Aldrich) and dialyzed against water for 8 days
with a daily change of water until the conductivity of water
was comparable to that of purified H,O used.

The second step of coating the surface of the nanoparticles
with a vinyl surface coating is achieved as follows. The acid
modified magnetic nanoparticles are treated with an alkaline
solution and mixed with silanol precursor, the resulting solu-
tion is allowed to react at 40° C. for 24 h. Adding a silanol
precursor can include tetramethyl orthosilicate (TMOS), tet-
raethyl orthosilicate (TEOS), mtetrapropyl orthosilicate,
(TPOS), tetrabutyl orthosilicate (TBOS), methyl polysilicate,
ethyl polysilicate, etc. In one embodiment, tetraethyl ortho-
silicate in a molar concentration from 0.02 to 0.16 M is added.
The resulting mixture is subsequently mixed with a silane
coupling agent containing vinylic groups in a alcohol/water
mixture, preferably 4 to 1 volume ratio, and the mixture is
allowed to react at 40° C. for 24 h to form vinylic coated
magnetic nanoparticles. The silane coupling agent comprises
(3-triethoxysilyl)propyl methacylate (MPS), (3-methyldi-
ethoxysilyl)propyl methacrylate, (3-triethoxysilyl)propyl
2-propenoate, (trimethoxysilyl)methyl methacrylate, (tri-
ethyoxysilyl)methyl methacylate, etc. In one embodiment,
3-(trimethoxysilyl)propylmethacrylate in a molar concentra-
tion from 0.2 to 0.8 M is added.

A preferred example of this second step shown in FIG. 3.
The y-Fe,O; nanoparticles were first obtained as described
with reference to FIG. 2. A layer of a silanol precursor is
coated on the surface of the y-Fe,O; nanoparticles by premix-
ing a dispersion of the purified citrate-coated nanoparticles
(8.5 w/w %, 20 mL) with methanol (80 mL) for 1 hour at 40°
C. Concentrated ammonia solution (25 w/w %, 1.8 mL) is
added and the resulting mixture is stirred at 40° C. for 30 min.
Subsequently, tetracthyl orthosilicate (TEOS, 1.0 mL) is
charged to the reaction vessel and the mixture is continuously
stirred at 40° C. for 24 hours. Finally, 3-(trimethoxysilyl)
propyl methacrylate (MPS, 5.3 mL) is added and the mixture
is allowed to react at 40° C. for 24 hours to give vinyl-coated
v-Fe,O; nanoparticles. The vinylic-coated nanoparticles
were collected by placing a permanent magnet (4 Tesla) next
to the container wall, followed by discarding the solution. The
collected magnetic nanoparticles were redispersed in ethanol
(20 mL)) and the dispersion was transferred into a dialysis tube
(10 kDa molecular weight cutoff, Sigma-Aldrich) and dia-
lyzed against ethanol for 1 week with a daily change of
ethanol to remove the unreacted MPS, TEOS, and NH;. The
amounts of unreacted MPS molecules removed through the
dialysis were monitored with ultraviolet (UV) measurements
using a PerkinElmer UV-vis spectrophotometer (Lambda 35)
at203.5 nm. Finally, the purified dispersion was concentrated
to a 10.0 w/w % solid content for subsequent reactions.
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The third step of encapsulating the vinyl surface coated
nanoparticles is achieved as follows. A nitrogen containing
compound is dissolved in an aqueous medium, the resulting
solution is then mixed with the vinylic coated magnetic nano-
particles and a vinylic monomer or a mixture of two or more
monomers. A catalyst is added, and the solution is allowed to
react at 80° C. for 2 h. The nitrogen containing compound can
be dissolved in an aqueous medium such as water, acid or
other appropriate system chosen to suit the polymer or pro-
tein, such as having an appropriate pH and temperature. In
one embodiment, chitosan is dissolved in a 1% acetic acid
solution.

The resulting solution can be mixed with vinylic coated
magnetic nanoparticles, and vinylic monomer or a mixture of
monomers in a weight ratio of monomer to vinylic coated
magnetic nanoparticles to nitrogen containing compound of
4:1:2.5 to 8:1:2.5, preferably 4:1:2.5 to 6:1:2.5. In one
embodiment, there is 63% vinylic monomer, 11% vinylic
coated magnetic nanoparticles and 26% nitrogen containing
compound.

Adding a catalyst can include adding for example, alkyl
hydroperoxide, and hydrogen peroxide.

Alkyl hydroperoxides such as t-butyl hydroperoxide
(TBHP), cumene hydroperoxide, p-isopropyl cumene hydro-
peroxide, p-menthane hydroperoxide and pinane hydroper-
oxide are suitable initiating agents to induce the graft copo-
lymerization of a vinylic monomer from the water-soluble
polymers. Hydrogen peroxide (H,O,) is also suitable initiat-
ing agents to induce the graft copolymerization of a vinylic
monomer from the water-soluble polymers. Grafting effi-
ciency of chitosan graft initiated by H,O, is comparable to
that initiated by TBHP.

Radical initiators such as tert-butyl hydroperoxide and
hydrogen peroxide have been carefully investigated for the
graft copolymerization of, for example, methyl methacrylate
(MMA), a hydrophobic monomer from chitosan in the pres-
ence of vinylic coated magnetic nanoparticles. Results are
listed in Table 1.

TABLE 1
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A preferred example of this third step is shown in FIG. 3.
For a total of 25 mlL of solution, 1 mL of vinylic coated
grama-phase iron oxide nanoparticle dispersion (10 w/w % in
ethanol) was mixed with ethanol and then with 22 mL of
chitosan solution containing 0.25 g of chitosan and 0.6 v/v %
acetic acid (99 w/w %) using a homogenizer (Sonics
VC130PB, output wattage 6 W), giving a final volume ratio of
H,O/ethanol of 12.5:1. The dispersion was homogenized for
another 10 min and then transferred into a water-jacketed
flask equipped with a thermometer, a condenser, a magnetic
stirrer, and a nitrogen inlet. The dispersion was purged with
nitrogen for 20 min and stirred at 80° C. prior to the addition
of MMA (0.6 g) and TBHP (final concentration was 0.1 mM).
The resulting mixture was continuously stirred at 80° C. for 2
hours under nitrogen. After the reaction, the particle disper-
sion was filtered to remove precipitates (if any) generated
during the polymerization. The MMA conversion (conv %)
was determined gravimetrically. The particle dispersion was
purified by a repeated centrifugation (13,000 rpm), decanta-
tion, and redispersion cycle until the conductivity of the
supernatant was close to that of distilled water used.

In order to determine the chemical composition of the
magnetic composite particles, the purified particles was
dried, and then identified with Fourier-transform infrared
(IR) spectroscopy. The results are graphical illustrated in FIG.
5. IR spectrum of the purified magnetic composite particles
shows a broad N—H peak of chitosan at 3400 cm™", a strong
carbonyl peak (C—0) of PMMA at 1735 cm™', N—H bend-
ing peaks of the chitosan between 1550 and 1600 cm™, ester
peaks (—C—O—) of PMMA between 1247 and 1272 cm™,
and y-Fe,O; absorption peaks between 400 and 600 cm™'.
The IR spectrum clearly verifies that the purified magnetic
composite particles are composed of chitosan, PMMA and
v-Fe,O;.

To confirm the formation of both magnetic, PMMA graft
composites and PMMA homopolymers and to determine
their compositions, the dispersion of magnetic composite
particles is freeze-dried. The resulting brown solids are then

Radical initiators for the graft copolymerization of MMA from chitosan in the

presence of vinylic coated magnetic nanoparticles.

Chitosan:MMA:vinylic

coated Chitosan
Initiator nanoparticles Conv. % D, D,/D, graft %  y-Fe,03%
TBHP 2.5:6:1 92 194 1.13 33 7
H,0, 2.5:6:1 78 202 1.09 40 8

Conv. % represents monomer conversion;
Dv represents volume average hydrodynamic diameter;
Dn represents number average hydrodynamic diameter;

Chitosan graft % is determined by extraction of crude product using 1% acetic acid as a solvent in a Soxhlet

extraction;
v-Fe»O3 % is determined by thermogravimetry analysis.

Reaction conditions: 25 g of reaction mixture contains 22.5 >3 subjected to the chloroform extraction for 48 h. PMMA

g distilled water, 0.25 g water-soluble polymer, 0.6 g of puri-
fied MMA monomer, 0.05 g of magnetic nanoparticles con-
taining ethanol (2 mL) and an appropriate concentration of
initiator. Reaction took place at 80° C. for 2 h under N,.

The mole ratio of vinylic monomer to catalyst can be more
than 1000:1 In one embodiment, the mole ratio is 2400:1.

The reaction might proceed at ambient temperature, but
usually an elevated temperature is more effective, typically 60
to 95° C. In one embodiment, the reaction proceeds at a
temperature of from 60 to 85° C. for a period of 1 to 4 hours
under an appropriate atmosphere such as nitrogen.

60

65

homopolymer dissolved in chloroform is separated from the
insoluble magnetic, PMMA graft copolymer that remained
inside the thimble. The amounts of both PMMA dissolved in
chloroform and insoluble polymer composites are deter-
mined gravimetrically. The PMMA homopolymer and the
PMMA graft were 12% and 88%, respectively. Such a high
percentage of the PMMA graft is may be attributed to the
presence of reactive methacrylate groups of the vinylic coated
grama-phase iron oxide nanoparticles. Since these reactive
groups are close to chitosan due to the interaction between the
vinylic coated nanoparticles and chitosan, their copolymer-
ization with MMA enhances the chance of grafting from/onto
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the chitosan chains. The isolated magnetic, chitosan/PMMA
graft composites are further identified with IR analyses. The
results are graphically illustrated in FIG. 6. The spectrum
clearly illustrates the characteristic peaks of PMMA such as
the carbonyl peak at 1735 cm™" and the ester peaks between
1247 and 1272 cm™".

To separate both magnetic, grafted chitosan copolymers
and un-grafted chitosan in the copolymer composites and
determine their compositions, the freeze-dried magnetic
composite particles were extracted with a 1 v/v % of acetic
acid solution for 48 h. Un-grafted chitosan dissolved in an
acetic acid solution, is separated from the insoluble magnetic
graft copolymer composites which remained in the thimble.
The actual amounts of chitosan dissolved in an acetic acid
solution and those that are insoluble are determined gravi-
metrically. The un-grafted chitosan and grafted chitosan were
62% and 38%, respectively. In other words, there is 62% of
the charged chitosan, which do not take part in the grafting
reaction. It is either dissolved in solution or is adsorbed on the
resulting particles. The isolated magnetic, grafted chitosan
copolymer composites are further characterized with IR
analyses. The results are graphically illustrated in FIG. 7,
which shows the characteristic peaks of chitosan, which are
the amine peak of chitosan at 3400 cm™" and the N—H bend-
ing of chitosan between 1550 and 1600 cm™'. This result
indicates that chitosan is grafted onto the graft copolymer
composites.

In order to characterize the weight percentage of the mag-
netic nanoparticles, a Thermogravimetric Analyzer (TGA) is
used to measure the weight and to monitor the weight change
of the magnetic composite particles as a function of decom-
position temperature. FIG. 8 shows the TGA thermogram of
PMMA/chitosan core-shell particles, showing a complete
weight loss at above 500° C. For the magnetic composite
particles, the thermogram shows that there is 85% weight loss
from 380 to 500° C., which is due to the loss of polymers.
However, there is 8.4% weight remained at 900° C., which is
probably attributed to the presence of y-Fe,O; nanoparticles,
since magnetic nanoparticles have a high thermal stability
below 1000° C. [ref.].

Based on the monomer conversion, the Soxhlet extraction
of ungrafted chitosan and the TGA of encapsulated y-Fe,Oj,
the compositions of the magnetic composite particles were
determined. The magnetic core-shell particles contained 65
w/w % of PMMA cores, 27 w/w % of chitosan, and 8 w/w %
of y-Fe, O, respectively.

FIG. 9(a) displays a transmission electron microscope
(TEM) image of a representative magnetic composite particle
wherein poly(methyl methacrylate) (PMMA) is the hydro-
phobic polymer core synthesized using the typical recipe. The
magnetic composite particles comprise core and shell,
wherein the hydrophobic PMMA core contained magnetic
nanoparticles and coated with chitosan as a shell. Particle size
measurement indicated that an average particle diameter D,
of' 185 nm with D,/D,, 1.09 is formed (FIG. 9(5)).

The presence of chitosan shells was verified by C-potential
measurements as a function of pH ina 1 mM NaCl solution at
25° C. FIG. 10 shows that the positive T-potential of MCS
particles decreases from +50 to O mV as the pH increases
from pH 3.0 to 8.0. This effect is probably due to the de-
protonation of quaternary ammonium ions of chitosan.

FIG. 11 shows the magnetic property of the particles mea-
sured by applying external magnetic fields from 0to 5 KA/m
using a VSM. Results indicated that the MCS particles exhib-
ited superparamagnetic properties at room temperature since
the data from both scans were completely overlapped without
a hysteresis loop. The M, value was 2.7 emu/g, which is
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comparable to magnetic polymeric particles produced by
other encapsulation methods such as seeded precipitation and
microemulsion polymerization (1-3 emu/g latexes).

The film-forming properties of the magnetic composite
particles on a glass substrate were evaluated by AFM. Since
PMMA has a glass transition temperature (Tg) of 105° C., the
film-forming process is expected to occur at annealing tem-
peratures higher than its Tg. Examination of different anneal-
ing temperatures from 130to 155° C. for film formation of the
composite particles suggested that the best film formed at
155° C. The AFM topographic image of the film in FIG. 12(a)
clearly illustrates that there were no individual magnetic com-
posite particles, suggesting that particle deformation
occurred at 155° C. Statistical analyses of the topographic
image indicated that the average height of the film was 45+28
nm. FIG. 12(b) shows the MFM image of the film. The out-
of-plane spheres corresponding to the position of the particles
in the topographic image are the magnetic signals. These
signals are evenly distributed throughout the film, suggesting
that the core-shell particles are able to prevent magnetic nano-
particles from aggregation during the film-forming process.
This property may have promising potential for various appli-
cations.

Multi-functional particles that are able to alter their physi-
cal and chemical properties in response to environmental
stimuli, such as pH, temperature, and magnetic field, are
attractive candidates for many potential applications, includ-
ing drug delivery, biosensor, affinity separation, enzyme
immobilization, and soft actuators. To demonstrate the ver-
satility of the invention for the preparation of multi-functional
core-shell particles, two types of vinyl monomers such as
n-butyl acrylate (BA) and N-isopropyl acrylamide (NIPAM)
were examined (FIG. 13).

The present method is very efficient for the encapsulation
of' magnetic nanoparticles into the PMMA/chitosan particles.
The following is alist of important features with respect to the
synthetic method and particle properties:

1. The synthesis is carried out in water. Stable magnetic
composite particles are produced in the absence of sur-
factants and toxic solvent agents. Thus, it is an environ-
mentally benign method.

2. The diameters of MCS particles ranging from 100 nm to
400 nm can be easily tailored by varying monomer con-
centration.

3. The particles are biocompatible, and contain a consid-
erable amount of surface amino groups which can be
easily modified to other functionalities.

4. The magnetic composite particles possess a good film-
forming ability. A smooth and uniform magnetic thin-
film with a thickness around 5 pm coated on a glass
substrate can be easily produced by thermal annealing
the magnetic composite particles. Magnetic nanopar-
ticles with sizes between 60 and 80 nm were found to
evenly distribute within the polymer matrix. In other
words, the amphiphilic structure of the composite par-
ticles is able to prevent magnetic nanoparticles from
aggregation during film forming process, which is a long
standing problem.

5. The synthetic method is a versatile route to a variety of
magnetic composite particles which have different core
properties such as hard (PMMA), soft poly(n-butyl acry-
late) (PBA) or temperature-sensitive poly(N-isopropyl
acrylamide) (PNIPAm). Thus, tailor-made of the com-
posite particles with different core compositions and
properties can be prepared for specific applications.
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What is claimed is:

1. A process for making amphiphilic magnetic composite
particles, the process comprising, sequentially:

forming magnetic nanoparticles from a solution of metal

salts and coating the nanoparticles with a carboxylic
acid to produce acid-modified magnetic nanoparticles;

coating the acid-modified magnetic nanoparticles with a

silanol precursor in an alkaline solution to produce pre-
cursor-coated magnetic nanoparticles;

adding a silane coupling agent including a vinylic group to

a dispersion of the precursor-coated magnetic nanopar-
ticles and coating the precursor-coated magnetic nano-
particles to form vinylic-coated magnetic nanoparticles;
and

encapsulating the vinylic-coated magnetic nanoparticles

by homogenizing a dispersion of the vinylic-coated
magnetic nanoparticles with an aqueous solution of a
water-soluble polymer containing amino groups, a per-
oxide, and a monomer, graft copolymerizing the mono-
mer to encapsulate the vinylic-coated magnetic nano-
particles in cores, and shells covering the cores, thereby
forming the amphiphilic magnetic composite particles.

2. The process of claim 1, wherein the water-soluble poly-
mer is a natural or synthetic water-soluble polymer contain-
ing amino groups.

3. The process of claim 1, wherein weight of the monomer
is from 25% to 95% of total weight of the magnetic composite
particles.

4. The process of claim 1 further comprising

generating radicals on nitrogen atoms of the water-soluble

polymer, and

initiating free-radical copolymerization of the monomer

and the vinylic-coated magnetic nanoparticles, whereby
the vinylic-coated magnetic nanoparticles are encapsu-
lated in cores inside polymer shells.

5. The process of claim 1, wherein the monomer is hydro-
phobic and is selected from the group consisting of a hydro-
phobic vinylic monomer, an acrylate monomer, an acryla-
mide monomer, polymerizable nitrile, acetate, chloride
monomers, and a styrenic monomer.

6. The process of claim 1, wherein the monomer has the
formula R'R*C—CH,, where R is hydrogen oralkyl, and R*
is alkyl, aryl, heteroaryl, substituted aryl, halo, or cyano.
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7. The process of claim 1, wherein the monomer has the
formula CH,—=CR>*COOR?*, where R? is hydrogen or alkyl,
and R* is alkyl or substituted alkyl.

8. The process of claim 1, wherein the monomer has the
formula CH,—CR?*COONHR®, where R® is hydrogen or
alkyl, and R* is alkyl or substituted alkyl and the monomer is
water insoluble.

9. The process of claim 1, wherein the monomer has the
formula CH,—CR'—CH=CH,, where R* is hydrogen or
alkyl or chloro.

10. The process of claim 1, wherein the monomer has the
formula CH,—CR'CONR?, where R' is hydrogen or alkyl,
and R? is alkyl or substituted alkyl or a hydrophobic group.

11. The process of claim 1, wherein the carboxylic acid
comprises trisodium citrate.

12. The process of claim 1, wherein the silane coupling
agent is chosen from the group consisting of 3-(trimethoxysi-
lyD)propylmethacrylate, (3-methyldiethoxysilyl)propyl
methacrylate, (3-triethoxysilyl)propyl 2-propenoate, (tri-
methoxysilyl)methyl methacrylate, and (triethyoxysilyl)m-
ethyl methacylate.

13. The process of claim 1, wherein weight of the magnetic
nanoparticles is from 5% to 30% of total weight of the mag-
netic composite particles.

14. The process of claim 1, wherein the water-soluble
polymer is present in an amount between 5% and 20%, based
on total weight of magnetic composite particles.

15. The process of claim 1, wherein the peroxide is an alkyl
hydroperoxide or hydrogen peroxide.

16. The process of claim 1, wherein molar ratio of the
monomer to the peroxide is more than 1000:1.

17. The process of claim 1 including graft copolymerizing
in the absence of a surfactant.

18. The process of claim 1, wherein the silanol precursor is
chosen from the group consisting of tetramethyl orthosilicate,
tetraethyl orthosilicate, mtetrapropyl orthosilicate, tetrabutyl
orthosilicate, methyl polysilicate, and ethyl polysilicate.

19. The process of claim 1, wherein the water-soluble
polymer containing amino groups is chitosan.
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