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ABSTRACT: Here, nanocomposite particles with three domains including magnetite nanoparticles, poly(N-octadecyl methacrylate)
(PODMA) or poly(N-octadecyl methacrylate-co-1-vinylimidazole) (P(ODMA-co-VIMZ)), and gold nanoparticles were prepared.
Fe;0,4 nanoparticles with narrow particle size distribution were prepared through a synthetic route in an organic phase in order to
achieve good control of the size and size distribution and prevent their aggregation during their preparation. These magnetite nano-
particles, ~ 5 nm in size, were then encapsulated and well-dispersed in PODMA and P(ODMA-co-VIMZ) matrices via a miniemul-
sion polymerization process to obtain the corresponding nanocomposite particles. The results revealed that Fe;O, nanoparticles were
encapsulated and did not migrate towards the monomer/water interface during polymerization. The resulting latex was used as a pre-
cursor for the adsorption of Au’* ions on the surface of the polymeric particles and subsequent reduction to produce Fe;O,/
P(ODMA-co-VIMZ)/Au nanocomposite particles. The morphology of the particles from each step was fully characterized by TEM
and AFM, and the results of DLS analysis showed their size and size distribution. Measurement of magnetic properties illustrated the
superparamagnetic characteristic of the products and it was observed that the encapsulation process and deposition of gold had no
effect on the magnetic properties of the resulting particles. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION topic of interest in recent years.'> In addition to their magnetic
properties, the biomedical applicability of nanoscale magnetite
particles is dependent upon their stability against aggregation in
physiochemical environments, and proper functionalization of
the particle surface is needed for specific biomolecule interac-
tions.'® Stability against aggregation is particularly important

for in vivo applications in which this aggregation would cause

Magnetic nanocomposite particles have recently received consid-
erable attention because of their potential applications in the
electronic and biomedical fields. These particles can be applied
to magnetic data storage, and the future development of high-
density magnetic storage media will be based heavily on stable
magnetic materials, which are just few nanometers in size.'
Among these magnetic nanoparticles, magnetic iron oxides, and
in particular, magnetite (Fe;O,) nanoparticles, are attractive
because of their high magnetic moment, nontoxic nature, and
ease of synthesis.” Several applications in which the magnetic
properties of Fe;O, are envisaged include ferro fluids for mag-
netic separation science and technology,”™ biomedical applica-

unwanted accumulation of particles or blood vessel blockage
at natural pH."” These issues have led to the modification of
magnetite with various inorganic materials such as silica,"®
gold,’” ' and several organic substances such as dextrane,*
polyethylene glycol,”>**and polyvinyl alcohol.>> Future develop-
ments in this area will rely primarily on magnetite particles,

tions and cancer treatment,”’magnetic resonance imaging,®’
targeted drug delivery,'”"* and gene therapy.'”'* Magnetic
properties of the produced magnetite are quite important and
improve its utility, specifically in biological systems. Therefore,
the preparation of superparamagnetic Fe;O, has been a main
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which are only a few nanometers in size. Hence, a practical
route to prepare monodisperse Fe;O, nanoparticles smaller than
20 nm and with a narrow size distribution is needed. A com-
monly used solution-phase procedure for preparing such par-
ticles is the coprecipitation of Fe*’' and Fe’" ions in the
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TABLE I Synthesis of PODMA, Fe;0,/PODMA, and Fe;0,/P(ODMA-co-VIMZ) Latexes Via Miniemulsion Polymerization®

Ingredient PODMA Fes04/PODMA Fes04/P(ODMA-co-VIMZ) Comments

ODMA (g) 5 5 5 10 wt % based on total amount of latex
VIMZ (g) - - 0.5 10 wt % based on ODMA amount

Fesz04 (g) - 0.05-0.5 0.055-0.55 1-10 wt % based on total monomer amount
AIBN (mg) 15 15 15 1 mmol

Hexadecane (g) 0.2 0.2 0.2 4 wt % based on monomer

CTAB (g) 0.36 0.36 0.36 20 mM based on water phase

NaHCOs (g) 0.1 0.1 0.1

DI water (g) 45 45 45 90 wt % based on total amount of latex

*Polymerization was run at 70°C for 24 h.

presence of a base, usually NaOH or NHj in an aqueous solu-
26201 in a reverse micelle template.”®* Although, the pre-
cipitation technique has several advantages, it still requires care-
ful adjustment of pH of the solution for particle formation and
stabilization. In addition, particle size control and obtaining a
narrow size distribution are serious problems especially for those
particles smaller than 20 nm.*® Another approach for the prepara-
tion of monodisperse Fe;0, is through organic phase decomposi-
tion of some iron precursors at high temperatures and thermal
treatment.”’ > Sun et al. have reported a convenient organic
phase process for the preparation of monodisperse Fe;O4 nano-
particles via a redox reaction.® This technique has the great
advantage of preparing nanoparticles with tunable sizes from 3 to
20 nm and narrow particle size distributions, while at the same
time overcoming aggregation of the nanoparticles in the aqueous
phase during the preparation process.

tion

Gold represents an excellent candidate for biomedical research
by virtue of its easy reductive preparation, high chemical stabil-
ity, biocompatibility, and its affinity for binding to amine/thiol
terminal groups of organic molecules.”> Composite particles
containing both magnetite and gold have become increasingly
important recently as both magnetic and plasmonic properties
come together in a single particle.’®”” Methods for the coating
of gold on the surface of magnetite can be categorized based
on the reaction media. The first method is the synthesis and
coating in the aqueous phase.">”® The aqueous methods are
simple and quick, but the aggregation of magnetite and con-
trol of the gold-shell deposition are problematic. The second
method consists of magnetite synthesis and gold coating in an
organic phase.”>”” Organic methods usually result in signifi-
cantly enhanced particle size and shell thickness control with
excellent resistance to aggregation in the organic solvent. The
main concern would be the occurrence of aggregation when
the phase is transferred into the aqueous environment. To
achieve size control and effectiveness in the water phase, a
third method of synthesis has emerged more recently, involv-
ing a combination of the organic phase synthesis of magnetite
followed by coating with the gold in an aqueous phase.’"*® In
another approach, reverse micelle methods are able to form
gold-coated particles, but are of low yield and are fairly diffi-
cult to reproduce.*!
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In this work, we prepared nanocomposite particles via the
aforementioned third method and exploited a biocompatible
polymeric interface between the magnetite core and the outer
gold shell. The steric stability resulting from the presence of the
polymeric shell between the magnetite core and the outer gold
particles will be responsible for the prevention of aggregation of
the primary-produced magnetite nanoparticles while maintain-
ing their size distribution and magnetic properties. Also, the
polymeric shell would be a reservoir for the loading of oil-solu-
ble drugs that can potentially be used for targeted drug delivery
systems. This approach is quite novel and there are only a few
reports on the preparation of such particles. For example, Goon
et al. utilized poly(ethyleneimine) for the dual function of
attaching gold seeds and preventing the formation of large
aggregates through the aqueous synthetic method.” In a recent
attempt, gold has been decorated on the surface of Fe;O,/poly-
styrene particles, coated with poly(methyl methacrylate).*?
Hsiao et al’s strategy was to prepare magnetite nanoparticles
using a hydrothermal method, utilizing the suspension polymer-
ization of styrene in the presence of Fe;O, followed by the
seeded growth emulsifier-free emulsion polymerization of
methyl methacrylate including Fe;O,/polystyrene and finally,
self-reduction for deposition of gold on the outer layer of the
particles.

To achieve the encapsulation of inorganic particles into the
polymeric matrix, several methods have been developed, includ-
ing emulsion-based techniques. Considering the mechanism of
different emulsion systems, miniemulsion polymerization****
has been proven to be a promising methodology for the encap-
sulation of inorganic particles,"™® and more specifically it was

Table II. Preparation of Fe;O4/P(ODMA-co-VIMZ)/Au Nanocomposite
Particles

Ingredient MCG1 MCG2
Fes04/P(ODMA-co-VIMZ) latex 5g 5¢g

(solids content = 10-11%)
HAuUCI, solution (0.4 g/L) 3g 6g
[Aust] 0.454 mM 0.908 mM
NaBH, solution (0.1177M) 0.03 mL 0.03 mL
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Figure 1. (a, b) TEM images and (c) EDS analysis of the synthesized Fe;04 nanoparticles (Cu peaks appear due to the scattering caused by the copper

grid for TEM analysis.

recently used for magnetite nanoparticles.*”*® In a miniemul-
sion polymerization,**' each of the submicrometer monomer
droplets is the main site for particle nucleation and growth
and as such may be regarded as an individual nanophase reac-
tor.*>** The characteristic features of the miniemulsion poly-
merization technique would offer potential advantages in con-
trolling the particle size, allowing for direct dispersion of the
hydrophobic inorganic particles in the monomer phase, the pos-
sibility of nucleating the majority of droplets containing inor-
ganic particles, and faster polymerization rate,***¢*>

To the best of our knowledge, there are no reports on the appli-
cation of miniemulsion polymerization as an effective technique
for the preparation of nanocomposite particles with three
domains, by the encapsulation of well-dispersed magnetite
nanoparticles in the monomeric phase followed by the minie-
mulsification and then polymerization of the miniemulsion
monomer droplets, and the subsequent decoration of the parti-
cle surface with gold nanoparticles. Here, we have exploited this
method for copolymerization of N-octadecyl methacrylate

Mlh\;’:l‘.sp'> WWW.MATERIALSVIEWS.COM

WILEYONLINELIBRARY.COM/APP

(ODMA) and 1-vinylimidazole (VIMZ) on the surface of Fe;O,
nanoparticles. Then Au nanoparticles were surface-adsorbed and
grown through the aqueous phase reduction of HAuCl,, which
results in the formation of nanocomposite particles with triple
distinct domains.

EXPERIMENTAL

Materials

Iron (III) acetylacetonate (Fe(acac)s;) (Strem Chemicals, MA),
1,2-hexadecanediol (Sigma-Aldrich, MO), oleic acid (Spectrum
Chemical, CA), oleylamine (TCI, OR), diphenyl ether (Alfa
Aesar, MA), and hexane (Alfa Aesar) were used without further
purification. ODMA (Sigma-Aldrich) and VIMZ (Sigma-
Aldrich, MO) were purified by passing the monomer through
an inhibitor-removal column (Sigma-Aldrich, MO). 2,2-azobi-
s(isobutyronitrile) (AIBN) (Sigma-Aldrich, MO) was used as
initiator. Cetyl trimethyl ammonium bromide (CTAB) (Sigma-
Aldrich, MO) as surfactant and hexadecane (HD) (Acros
Organics, NJ) as costabilizer were applied. Sodium bicarbonate
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Figure 2. Particle size distribution of the prepared Fe;O, nanoparticles.

(Mallinckrodt Chemicals, NJ) was employed as a buffer and
phosphotungstic acid (PTA) (Fisher Scientific, NJ) was utilized
for negative staining under TEM. Gold (III) chloride hydrate
(HAuCl;) 99.9%, (Sigma-Aldrich, MO) and sodium borohy-
dride (NaBH,) (Sigma-Aldrich, NJ) were used for the gold
encapsulation process. Deionized (DI) water was used in all
experiments.

Characterization

Latexes were diluted with deionized water and their particle size
and size distribution were measured by dynamic light scattering
(DLS, Nicomp, Model 370). Fe;O, nanoparticles, poly(ODMA)
(PODMA) latex particles and all other nanocomposite particles
were imaged by transmission electron microscopy (TEM, Jeol
2000, 200 KV, Japan) and atomic force microscopy (AFM, Veero
Dimension 5, Digital Instruments, NY). For the TEM and EDS
analysis, a negative staining technique was applied to obtain
high quality results. 10 drops of 2 wt % PTA was added into
PODMA latex (1 wt % solids) with dilution prior to drying on
the copper grid. Then the samples were dried at room tempera-
ture for 24 h. Elemental analysis of magnetic nanocomposite
particles was recorded by energy dispersive spectrometry (EDS,
Jeol 2000, Japan). AFM samples were prepared by drying one
drop of diluted polymer latex on the surface of a precleaned
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Figure 3. Wide-angle XRD analysis of the prepared Fe;O4 nanoparticles.
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Table III. Particle Diameters and Size Distribution of PODMA Particles at
Different CTAB Concentrations

CTAB conc. (mM) Dw (nm) Dy (nm) Dy (nm) PDI

15 256 253 234 1.09
20 231 226 210 1.10
40 322 327 312 1.03

Dy is weight-average diameter, Dy is volume-average diameter, Dy is
number-average diameter, and PDI is polydispersity index (D\/Dp).

glass slide for 24 h at ambient conditions. The verification of
magnetic particles was performed via wide angle X-ray diffrac-
tion (XRD, Rigaku, Tokyo, Japan). Magnetic properties were
measured by vibrating sample magnetometer (VSM, Model
3900-04, Princeton Measurements Corporation, NJ). Also, the

Figure 4. TEM micrographs of PODMA particles stained with PTA;
darker and larger particles are PODMA and smaller and brighter (disor-
dered) ones represent the added PTA.
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Figure 5. (a—c) TEM images at different magnifications, and (d) EDS analysis of Fe;0,/PODMA nanocomposite particles (W peaks are related to the

presence of phosphotungstic acid used for the preparation of the stained sample, and Cu peaks appear because of scattering caused by the copper grid

for TEM analysis).

conversion of monomers during the polymerization process was
determined gravimetrically.

Preparation of Magnetite Nanoparticles in the Oil Phase

Magnetic nanoparticles were prepared in diphenyl ether accord-
ing to a previously reported procedure.®* 0.71 g (2 mmol)
Fe(acac);, 2.58 g (10 mmol) 1,2-hexadecanediol, 1.69 g (6
mmol) oleic acid, and 1.60 g (6 mmol) oleylamine were
immersed in 21.46 g (20 mL) diphenyl ether and the reaction
mixture was heated to 200°C and kept at that temperature
for 30 min. Then the mixture was heated to reflux conditions
at 265°C for another 30 min under a blanket of nitrogen.
The black-brown mixture was then cooled to room tempera-
ture and the prepared Fe;O, nanoparticles were centrifuged
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three times at 5000 rpm and redispersed in hexane. Hexane was
then removed at ambient temperature and the resulting magne-
tite nanoparticles were redispersed in the monomeric oil phase.

Miniemulsion Polymerization

Miniemulsion polymerization using AIBN as initiator was car-
ried out via a batch polymerization process.*””' The recipes
used for the synthesis of PODMA and encapsulated Fe;O, into
PODMA (Fe;0,/PODMA) and poly(ODMA-co-VIMZ) (Fe;0,4/
P(ODMA-co-VIMZ) are listed in Table 1.

The aqueous phase and oil phase were prepared separately.
Then the oil phase was slowly added into the aqueous phase in
a 100 mL beaker while stirring using a magnetic bar. The crude
emulsion was then sonified using a sonifier (Bronson W450, %2
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Figure 6. (a—c) AFM micrograph of Fe;0,/PODMA nanocomposite particles with different magnifications, (d) represents the phase profile of the same

position for (c).

inch Tip, Branson Ultrasonics, CT) at a power level of 8 and
50% duty cycle for 30 s. The miniemulsion was then transferred
into a 2 oz (56 mL) glass bottle, which was then purged with
nitrogen, capped, and sealed. The bottles were then placed in a
bottle polymerization unit and tumbled end-over-end at 40 rpm
at 70°C for 24 h. The encapsulation of Fe;O, nanoparticles into
polymeric particles followed the same procedure as above,
besides adding 1-10 wt % of Fe;O, nanoparticles (based on
monomer quantity) into the oil phase.

Deposition of Gold on the Surface of Fe;0,/P
(ODMA-c0-VIMZ) Particles

Deposition of Au on the surface of Fe;0,/P(ODMA-co-VIMZ)
particles was carried out by utilizing a metal-ligand formation
approach™ according to the recipe given in Table II. HAuCl,
(0.4 g/L) aqueous stock solution was used as the source of the
Au’" ions. After preparation of Fe;0,/P(ODMA-co-VIMZ)
nanocomposite particles with 10 wt % magnetite, 3 g of
HAuCl, stock solution was added to 5 g of the preformed latex
with stirring for 24 h at room temperature. The reduction of
Au’" ions that were chelated to the VIMZ on the surface of the
Fe;0,4/P(ODMA-co-VIMZ) particles were carried out by adding
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0.03 mL NaBH, stock solution to 8 g of the Au’"-associated la-
tex at room temperature to give nanocomposite particles with
three domains (Fe;O,/P(ODMA-co-VIMZ)/Au). The NaBH,
stock solutions were freshly prepared at a concentration of
0.1177M.

RESULTS AND DISCUSSION

Synthesis of Magnetite Nanoparticles

Preparation of Fe;O4 nanoparticles was performed in diphenyl
ether as an organic media according to the procedure because
of its efficiency in excluding the possibility of aggregation of
these nanoparticles that is a serious concern in the aqueous
phase. TEM images and elemental analysis of the resulting mag-
netite nanoparticles are shown in Figure 1.

Total yield of this recipe was about 97%, which was measured
gravimetrically. From Figure 1, it could be found that the size
of Fe;0, nanoparticles is around 5 nm and the polydispersity
(PDI) is quite narrow. To confirm the composition of the par-
ticles, EDS spectrum [Figure 1(c)] was collected from TEM
analysis, confirming the presence of Fe (k, = 6.4 and kg = 7.1
KeV) in the nanoparticles. The actual particle size was measured
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Figure 7. (a) TEM images of MCG1, (b) MCG2, and (c) EDS analysis of Fe;0,/PODMA/Au nanocomposite particles (W peaks are related to the pres-
ence of phosphotungstic acid used for the preparation of stained samples, and Cu peaks appear due to the scattering caused by the copper grid for TEM

analysis.

based on at least 500 particles and their size distribution (PDI
is 1.16) is given in Figure 2.

The structure of magnetic nanoparticles was also verified by
XRD analysis (Figure 3). The XRD pattern of Fe;O, nanopar-
ticles shows 8 main peaks at 20 of 19°, 30°, 35°, 42°, 53°, 56°,
62°, and 71° relating to [111], [220], [311], [400], [422], [511],
[440], and [533] Bragg reflections, respectively. These peaks and
corresponding d values (2d = / sin 0) confirm the inverse cubic
spinal phase of the synthesized Fe;O, crystalline structure.’®
The peaks in the XRD pattern of the resulting nanoparticles
(Figure 3) match very well with the standard magnetite (Fe;O,)
crystal structure data (Joint Committee for Powder Diffraction
Studies, JCPDS, Card No. 19-0629). Thus, it could be concluded
that Fe;O, nanoparticles with particle size of 5 nm and narrow
size distribution were successfully prepared in the oil phase.

Encapsulation of Fe;O, Nanoparticles into

Polymeric Particles

To optimize the encapsulation efficiency of Fe;O, nanoparticles
into polymeric particles, ODMA was chosen as the monomer
for miniemulsion polymerization. It is noteworthy that ODMA
is highly hydrophobic and insoluble in water.””*® Hence, the
probability for incorporation of ODMA and its corresponding
polymer (PODMA) into biologically-active material would be
negligible and may be considered as a potential bio-inactive ma-
terial, although no FDA approval yet exists for them.

At first, pure PODMA polymer particles were prepared using
AIBN as the oil-soluble initiator based on the recipe shown in
Table I. Different concentrations of the cationic surfactant
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(CTAB) were evaluated in order to optimize the condition for
obtaining uniform PODMA particles. The particle sizes as well
as their size distribution were measured by DLS and are listed
in Table III. The conversion for PODMA polymer particles was
about 98 wt % and there was no coagulum at the end of minie-
mulsion polymerization.

It could be observed that the average size of PODMA particles
was 231 nm, when using 20 mM of CTAB with a polydispersity
index of 1.1, indicating a narrow particle size distribution.
Therefore, the procedure with 20 mM surfactant concentration
that resulted in the smallest particle size and reasonable PDI
was used in our further investigations. Because of the low T, of
PODMA (about —100°C),> a negative staining technique was
applied to avoid film formation of PODMA particles during
sample preparation and running TEM analysis. TEM images of
PODMA polymer particles are shown in Figure 4. However, it
should be noted that the particle size as determined by TEM is
smaller than the size determined by DLS. The size determined
by TEM may not be representative of the actual particle size of
the PODMA and nanocomposite particles since only a limited
number of TEM micrographs were taken and typically several
thousand particles need to be measured to calculate the vol-
ume-average particle diameter. If one is able to analyze ~ 2000
particles from the TEM micrographs from the same sample and
calculate the weight and volume particle diameters, then the
TEM and DLS average diameters should be close to one
another.

Fe;0, nanoparticles (5 nm in size) were encapsulated into
PODMA particles via the above optimized miniemulsion
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Figure 8. Hysteresis loop for Fe;O, nanoparticles (upper left), Fe;0,/P(ODMA-VIMZ) (upper right), and Fe;0,/P(ODMA-VIMZ)/Au (bottom) nano-

composite particles.

polymerization reaction in order to obtain Fe;0,/PODMA
nanocomposite particles. Three samples were prepared by vary-
ing the Fe;O,4 content at 1, 5, and 10 wt %, respectively. Figure 5
reveals TEM images and EDS analysis of Fe;O0,/PODMA par-
ticles with 10 wt % of encapsulated Fe;O, nanoparticles.

In Figure 5(a), the larger and brighter domains show Fe;O,/
PODMA nanocomposite particles and the smaller and dispersed
domains reveal PTA used for negative staining. At higher mag-
nifications [Figure 5(b, ¢)], darker domains inside the particles
represent the existing encapsulated magnetite nanoparticles and
it is worth mentioning that they have completely separated and
are well-dispersed in the polymeric matrix inside the particles
on a nanometer scale. This is a great achievement in this area
because of the prevention of formation of magnetite particle
aggregates. DLS analysis of the above samples shows an average
particle size of 291 nm with PDI of 1.07, corresponding to what
was observed from TEM micrographs.

To confirm the composition of the particles, EDS spectrum
[Figure 5(d)] was collected from TEM analysis, confirming the
presence of Fe (k, = 6.4 and kg = 7.3 KeV) in the latex par-
ticles. As a precise verification of whether Fe;O, nanoparticles
have been encapsulated or exist on the surface of PODMA par-
ticles, AFM images were taken and the results are shown in Fig-
ure 6. The sample for AFM analysis was prepared by adding
one drop of Fe;0,/PODMA latex onto the precleaned surface of
a glass slide and air-dried for 24 h.

Figure 6(b, c) represents the same position of the sample at dif-
ferent magnifications. Figure 6(c, d) was captured at the same
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position and at the same magnification, but Figure 6(d) shows
the phase profile of the surface of Fe;O,P/ODMA particles in
Figure 6(c). It could be observed that the surface of Fe;O,/
PODMA particles is quite smooth and there is no trace of
adsorbed Fe;O, nanoparticles on the surface of particles. This
confirms that magnetite nanoparticles have been encapsulated
into the PODMA particles and they tend to reside inside the
polymeric phase instead of migrating towards the oil/water
interface during miniemulsion polymerization.

Preparation of Fe;0,/PODMA/Au Nanocomposite Particles

It has been demonstrated that for an efficient reduction-deposi-
tion of Au on the surface of latex seeds, the presence of cationic
surfactant plays an important role for the appropriate interac-
tion between seed particles and AuCl;.>> Also, the existence of
electron donating groups, which are able to establish ligation
withAuCl; would lead to their effective adsorption on the par-
ticles’ surface. Therefore, VIMZ was incorporated into the poly-
meric shell in the produced magnetic nanocomposite particles
[Fe;0,/P(ODMA-co-VIMZ)].

Two samples with different amounts of HAuCl, were considered
for the preparation of Fe;0,/P(ODMA-co-VIMZ)/Au particles
(Table II). For MCG2, the concentration of Au®" was two times
that of MCGI1 and the NaBH, concentration was kept constant
for both samples. Consequently, the molar ratio between reduc-
ing agent and gold ions were set at 1 : 1.2 and 1 : 2.4 for
MCGI and MCG?2, respectively. Figure 7 shows the TEM images
of gold-deposited particles for the above two samples. It can be
seen that the light small gold nanoparticles with particle size of
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Table IV. Magnetic Parameters of the Prepared Samples by VSM Analysis

Sample H. (Oe) M; (emu/g) M.IMs
Fes04 17 0.3 0.007
Fes04/P(ODMA-VIMZ) 6 0.02 0.004
Fes0.4/P(ODMA-VIMZ)/Au 5 0.06 0.012

H. is coercivity, M, is remanence, and M represents saturation magnet-
ization of the particles.

10-20 nm have been deposited on the surface of the Fe;O,/
P(ODMA-co-VIMZ) particles. The results reveal that the mor-
phologies of the final particles are raspberry-like and gold nano-
particles are deposited in separate domains. Also, for the sample
with higher concentration of Au’™ (MCG2), the density of gold
nanoparticles is higher than MCGI. This gives an indication
that it would be possible to adjust the density and number of
Au nanoparticles in the resulting Fe;0,/P(ODMA-co-VIMZ)/Au
particles by fine tuning of [Au’*] in the recipe. DLS analysis of
the above samples showed an average particle size of about 300
nm with PDI of 1.12.

The composition of particles was analyzed by EDS spectrum
[Figure 7(c)] during TEM imaging. This spectrum confirms the
presence of Fe, but for Au, because of the vicinity and overlap-
ping of their peaks with that of W (PTA was added for negative
staining), it is difficult to distinguish between them in the cor-
responding spectrum. Thus, we used high resolution TEM
micrographs as proof for the growth of Au domains on the sur-
face of Fe;04/P(ODMA-VIMZ) seeds.

Magnetic Properties of the Particles

Magnetic properties were recorded by vibrating sample magne-
tometer (VSM) analysis, and Figure 8 shows the variation of
magnetization with the applied magnetic field for the products
obtained from each step. The results illustrate that all samples
exhibit superparamagnetic properties at room temperature and
encapsulation of the magnetite nanoparticles in the polymeric
particles and coating with gold does not have a significant
effect on their magnetic characteristics. The hysteresis loops
are all S-shaped and the magnetic parameters are given in
Table IV. For all samples, the ratio of remanence magnetiza-
tion (M,) to saturation magnetization (M) (i.e., M,/M) is
close to zero and illustrates the superparamagnetic properties
of the products.

CONCLUSIONS

Fe;O4 nanoparticles were prepared in diphenyl ether as an or-
ganic media with appropriate control on the size and size distri-
bution of the nanoparticles. These magnetite nanoparticles (~ 5
nm in size) were well dispersed in the oil phase and were
encapsulated in the monomer droplets (ODMA-VIMZ) and
polymerized through a miniemulsion process to obtain mag-
netic nanocomposite particles. The morphological studies
revealed that Fe;O, nanoparticles were dispersed inside the par-
ticles and did not tend to migrate toward the interface with
water. Fe;O0,/P(ODMA-co-VIMZ) particles were exploited as
seeds for the adsorption of Au’" ions. Their reduction then led
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to the formation of Fe;0,/P(ODMA-co-VIMZ)/Au nanocompo-
site particles with three different potential applications because
of the simultaneous existence of magnetic properties, a poly-
meric layer as a matrix for loading lipophilic drugs, and gold
islands with plasmonic and chemical functionalization affinities.
The products from each step were characterized by TEM, EDS,
and DLS analysis and magnetic properties were measured by
VSM. It was found that all the samples have superparamagnetic
properties and their encapsulation and gold deposition did not
affect their magnetization characteristics.
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