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ABSTRACT: Superparamagnetic iron oxide (SPIO) incorporated polystyrene beads of uniform size distribution (~170 nm) and high
magnetic content (~40%) are synthesized by emulsion styrene polymerization in the presence of functionalized SPIO. The role of
surface functionality on the polymerization process and SPIO incorporation is investigated by carrying out styrene emulsion polymer-
izations with different functionalities on SPIO. A unique combination of oleic acid and (2-acetoacetoxy) ethyl methacrylate as surface

ligands for SPIO is used to attain the best magnetic beads. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012

KEYWORDS: superparamagnetic iron oxide; magnetic beads; emulsion; polystyrene

Received 6 July 2012; accepted 13 November 2012; published online

DOI: 10.1002/app.38857

INTRODUCTION

Nanotechnology has made a profound impact on different
aspects of medicine and has the potential to bring a paradigm
shift to existing biomedical technologies. Magnetic beads have
become important tools for a number of applications including
purification of proteins, separation of virus, genomic sequenc-
ing, and so on.'” A number of magnetic bead based devices for
biochemical detection, cell-sorting, and flow-cytometry are
being developed.* Another emerging technology is the free-flow
magnetophoresis which is a method of separating magnetic par-
ticles in a continuous flow through a field flow fractionation,
where magnetic particles entrained in laminar flow experience a
perpendicular force due to an applied magnetic gradient and
are transitioned to neighboring collection streams. The distance
which each magnetic particle travels can be controlled by vary-
ing the magnetic properties of the bead, the magnetic gradient
across the chamber, and the length of time the magnetic particle
experiences the gradient.” For magnetic separation based appli-
cations to be successful, magnetic beads must be developed that
offer precise control over size and magnetic content. There have
been significant efforts on the synthesis of superparamagnetic
iron oxide (SPIO) nanoparticles (NPs) of well-defined size as
well as relentless attempts to incorporate them into magnetic
beads.®**

The goal of making well-controlled magnetic beads with tunable
magnetic properties can be approached in various ways. Inor-
ganic matrices (such as silica)® or organic matrices [such as
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polystyrene (PS)] have been extensively used for this purpose.
Although silica scaffold is characterized by better chemical sta-
bility, lower toxicity, and higher versatility for surface modifica-
tion reactions, polymer matrices seem to be more preferable
from the point of view of their lower density and thus a slower
gravitational sedimentation rate. As to PS beads, a variety of
polymerization methods have been used including emulsion po-
lymerization,” dispersion polymerization,'®™"®
sively miniemulsion polymerization."”* As pointed out by
Lansalot®® and coworkers, most approaches fail due to one or
more of the following issues: (i) inhomogeneous distribution of
the NPs in the bead population, (ii) large particle size and bead
size distributions, and (iii) limited loading of magnetic NPs.

and more exten-

Styrene emulsion polymerization without addition of fillers
such as SPIO has been refined®® and offers the advantage of a
low-density matrix. This feature minimizes sedimentation dur-
ing separation and offers precise size control, both of which are
critical for generation of a uniform bead population. In addi-
tion, this approach offers alternatives to the heavily exploited
preparation of SPIO-impregnated magnetic beads,”* which can
be easily performed but does not offer the uniform distribution
of magnetic material necessary for free-flow magnetophoresis.

Herein, we describe our efforts to incorporate SPIO particles
containing different surface functionalities (single and mixed)
into PS beads. In our approach, SPIO NPs with customized sur-
face properties were synthesized by different approaches fol-
lowed by carrying out emulsion polymerization to obtain
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Scheme 1. Different strategies adapted for attaining magnetic beads.

magnetic beads. A schematic outline of the whole process is
represented in Scheme 1. PS-SPIO emulsions having narrow
bead size distribution and high SPIO loading were obtained
using SPIO particles containing mixed ligands of OA and
(2-acetoacetoxy) ethyl methacrylate (AAEM), in the styrene
emulsion polymerization.*

EXPERIMENTAL SECTION

Materials and Methods

Deionized water (18.2 Mohm) was used in all experiments. The
following materials were used as received: oleic acid (OA), OA
sodium salt, sodium persulfate (SPS), lauroyl peroxide, diaza-
cyanovaleric acid, styrenesulfonic acid (SSA), sodium dodecyl-
phenylsulfonate, sodium dodecylsulfonate (SDS), citric acid
(CA), AAEM, ferric chloride, (all from
Aldrich). Styrene (Aldrich) was stirred with aluminum oxide for
12 h, filtered through a glass filter, and vapor-recondensed in
vacuum at 30-35°C. Purified styrene was stored under —5°C.
Hydrodynamic particle size distributions were obtained by
dynamic light scattering (DLS) technique using Brookhaven
ZetaPals Analyzer fitted with a 90Plus particle analyzer. Trans-
mission electron microscopy (TEM) images were obtained using
a FEI CM 100 electron microscope operated at 100 kV. Samples
were prepared by drying dilute solutions on a carbon grid.

ferrous chloride

SPIO Syntheses

Aqueous SPIO-OA. A solution of FeCl;6H,O (16 mmol) and
FeCl,4H,O (8 mmol) in 100 mL water was stirred under N, for
15 min. To this mixture, 11.6 mL of NH,OH (28%) was added
dropwise, and the resulting solution was stirred for 1 h. The
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iron oxide particles formed were washed by repeated magnetic
decantation with deionized water until the solution has become
neutral. When OA is added at neutral pH, the iron oxide par-
ticles are suspended in approximately 90 mL water followed by
addition of specific amounts of sodium oleate. When the ligand
addition is carried out at pH 4, the iron oxide is resuspended in
~90 mL of 0.01 M HCI followed by addition of 1 mL 0.1 M
HCI. After addition of the ligand, the reaction mixture is stirred
at 95°C for 1 h using a mechanical stirrer and the resulting
SPIO solution is further bath-sonicated for 20 min to get the
final NP solution.

Aqueous SPIO-SDS. A solution of FeCl;.6H,O (4 mmol) and
FeCl,.4H,0O (2 mmol) in 100 mL water was stirred under N,
for 15 min. A SDS solution, prepared by dissolving 200 mg in
200 mL of water, was added dropwise to this solution so that
Fe/SDS ratio was 10. After stirring the resulting mixture for 30
min, NH,OH (3 mL) was added and stirred further for 1 h.
The NP suspension was purified by magnetic decantation and
further bath-sonication for 40 min after resuspending in ~100
mL water.

Aqueous SPIO-CA. A mixture of FeCl;.6H,O (4 mmol) and
FeCl,.4H,0O (2 mmol) was dissolved in 25 mL water. After stir-
ring under N, for 15 min, 2.5 mL NH,OH was added slowly
and the reaction mixture was stirred for 30 min. After magnetic
decantation and washing with water until pH was 7-8, sodium
citrate (720 mg, 0.6 mmol) in 5 mL water was added, followed
by 25 mL water. After sonicating in a bath for 20 min, the solu-
tion was stirred at 95°C overnight. The NPs were centrifuged
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and the supernantant, which was filterable through 0.2-u filter,
was used for polymerization reactions.

Aqueous SPIO Synthesis using Gallic Acid. The synthesis was
done exactly as described for SPIO-CA. In a typical preparation,
FeCl;5.6H,O (4 mmol) and FeCl,.4H,O (2 mmol) was reduced
with NH,OH (2.5 mL), washed multiple times using magnetic
decantation, and treated with gallic acid (102 mg). After sonica-
tion and stirring at 90°C for 8 h, the NPs could be filtered
through a 0.2-p filter.

Aqueous SPIO-SSA. The synthetic strategy was similar to that
of OA-capped NPs. However, in both cases of PS sulfonate and
styrene sulfonate (SS), the final NP solution was less stable and
precipitated over time.

Aqueous SPIO-OA-AAEM and SPIO-OA-SSA. Synthesis of
SPIO with mixed ligands was carried out similar to that of OA-
capped NPs. In the ligand addition step, OA was added first fol-
lowed by the second ligand (AAEM or SSA) in appropriate
molar equivalents.

Styrene Emulsion Polymerization in the Presence of Water
Soluble SPIO

Polymerizations were performed in 300 mL three-neck round
bottom flasks equipped with nitrogen inlet, mechanic stirrer,
thermometer, and a condenser capped with a nitrogen outlet.
The flask was charged with 100 mL of deionized water contain-
ing necessary amount of SPIO (1-40 wt % relative to styrene).
Optionally, 0.166-0.333 g of AAEM (2.5-5 wt% to styrene) was
added. The mixture was stirred under fast nitrogen flow for 1 h.
Styrene (6.65 g) was added through thermometer inlet. The
nitrogen flow was reduced to 1-2 mL/s, and the system was
purged for 30 min with stirring speed set up to 350-550 rpm
using a stroboscope. A solution of 0.15 g of a water soluble ini-
tiator (SPS or diazacyanovaleric acid) in 2 mL of deionized
water was added, and the mixture was heated to 65-67°C. Poly-
merization time was 7-12 h. The polymerizations were
quenched by cooling the reaction flask and introducing air.

Styrene conversion was determined by drying PS/SPIO sedi-
ments (separated from the liquid phase by centrifugation) in
vacuum at 50°C overnight. The weights of dried materials from
12-h polymerization reactions did not differ more than 3-5%
from the total reaction charge (SPIO + OA + AAEM + sty-
rene), indicating almost absolute yield for the reaction.

RESULTS AND DISCUSSION

SPIO Syntheses

We focused our efforts on water-born SPIO because this
method produces larger particles with higher magnetization. To
achieve the set goals, we have tuned the physicochemical prop-
erties of SPIO by synthesizing them under different conditions
(including different ligands, multiple ligands, pH, ligand ratio
to Fe, and so on) which will be summarized in this section.
Details on the synthesis of SPIO particles are in the experimen-
tal section. The details on our efforts to incorporate these SPIO
NPs into PS beads are explained in the next section.

It is imperative to prepare SPIO with uniform size distribution,
possessing uniform and well-defined magnetic properties so
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Table I. Properties of SPIO Particles

pH at
ligand Size (DLS),
Run Ligand Ligand/[Fe addition nm
1 OA 2/3 7 35 (75%),
180 (25%)
2 OA 1/3 7 80
3 OA 1/3 4 30
4 OA 1/6 4 250
5 SDPS 1/75 4 200
6 SDPS 1/10 4 35
7 Sodium Citrate  1/10 4 35
8 Gallic acid 1/10 4 30

that beads of specific magnetic moments can be synthesized.
The synthesis of SPIO NPs coated with several different stabil-
izers was carried out to evaluate the effect of the surface stabi-
lizer on the ability to incorporate the SPIO NPs into a PS ma-
trix in a well-defined manner. The most popular and successful
synthesis of aqueous SPIO utilizes OA as a stabilizing ligand.” It
is believed that water solubilization of SPIO using OA results
from bilayer formation of the ligands where the carboxylic acid
groups in the first layer anchor on the NP surface while the car-
boxylic groups on the second layer protrude outward, imparting
hydrophilicity.”*** Therefore, varying the concentration of OA
during SPIO synthesis is expected to influence NP solvophobic-
ity, which in turn could impact the SPIO incorporation into the
styrene matrix. We carried out a limited number of syntheses
by varying the OA concentration with respect to iron and also
by changing the pH of the reaction, which resulted in signifi-
cantly different sized NPs. Two approaches were used for chang-
ing pH of reactions: (1) sodium oleate was added after adjusting
the pH of the iron oxide suspension to 4 using 0.1 M HCl; (2)
sodium oleate was added to a neutral solution of the NPs. The
properties of different NPs were obviously different and are
summarized in Table I (runs 1-4).

In addition to OA being used under different conditions for
tuning the SPIO properties, ligands having functional/chemical
similarity with styrene were used for SPIO synthesis to tune
their solvophobicity and hence compatibility with PS beads.
New ligands such as sodium dodecyl phenyl sulfate (SDPS),
sodium citrate, and gallic acid were used to make SPIO NPs
(Table I, runs 5-8).

SPIO NPs of sizes from 200 to 30 nm were synthesized by vary-
ing the Fe/SDPS mole ratio followed by ultrasonication of the
NP suspension. CA-capped SPIO particles with an average size of
35 nm were successfully synthesized and purified by centrifuga-
tion to remove any large aggregates. Similarly, gallic acid-capped
SPIO particles (30 nm size) were also synthesized. Both CA- and
gallic-acid-capped SPIO particle solutions are stable at sufficiently
high concentrations required for emulsion polymerization and
could easily be filtered through 0.2-y filters. NPs were also syn-
thesized using poly(sodium-4-styrene)sulfonate®® as well as the
corresponding monomer, styrene-4-sodiumsulfonate. In both
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Table II. Properties of SPIO with Mixed Ligands

Coligand

OA (mole (mole ratio Size (DLS),
Run Coligand ratio to Fe) to Fe) nm
9 AAEM 1/6 1/3 50
10 AAEM 1/12 1/3 Aggregated
11 AAEM 1/8 1/3 80-90
12 AAEM 1/6 1/5 70
13 AAEM 1/5 1/3 35
14 SS 1/6 1/6 45
15 55 1/6 1/3 30

cases, the NPs were not completely water-soluble after capping,
presumably because the hydrophilic moieties on these ligands
once attached to the NP surface are no longer available to impart
water solubility.

In another approach, polymerizable AAEM®® was used as a co-
ligand with OA during SPIO synthesis (Table II). It should also
be noted that AAEM once attached to SPIO surface, could be
more reactive than styrene and, hence could be prone to self-
polymerization, resulting in aggregation of SPIO during PS
bead synthesis. In yet another attempt to improve NP incorpo-
ration, AAEM was substituted with SS in an effort to match the
reactivities between styrene in solution and polymerizable moi-
ety on the NP surface. Different reactions attempted using OA
and SS gave reasonably monodisperse SPIO particles (Table II,
runs 14, 15).

Polymerization

Now that we have achieved SPIO NPs with a wide range of
surface functionality and hence potentially different polymeriz-
ability with styrene, we carried out polymerization reactions
under different conditions. Styrene emulsion radical polymeriza-
tion can be performed either with water-soluble initiators (e.g.,
SPS) or styrene-soluble initiators (e.g., lauroyl peroxide). How-
ever, successful incorporation of functionalized SPIO NPs into
PS beads was only achieved with water-soluble initiators.
Products obtained from polymerizations using styrene soluble
initiator consisted of polydisperse, small PS beads bearing aggre-
gated SPIO on the surface.

In an attempt to reproduce reported results*® using OA-capped
SPIO, we found that our PS latex (PSL) consisted of much
smaller beads (~140 nm vs. ~450 nm?®°), but with a fairly
narrow bead size distribution [Figure 1(a)]. We explain this dis-
crepancy by two reasons: (1) possibly better stirring uniformity
at more appropriate Reynolds number, and (2) different
amount of OA on the SPIO surface (due to ambiguity in the
reference®®).

The SPIO aggregate size and its distribution shown in Figure
1(a) roughly correspond to the DLS data obtained for the initial
SPIO solution (~80 nm, entry 2 in Table II) when taking into
account the tendency of DLS to overestimate the particle size
due to solvation effects.
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It is notable here that more than half of the PS beads do not
contain SPIO, which can be probably explained by the low
SPIO concentration in the polymerization reaction. Also, the
loaded beads contain only one SPIO particle as either a primary
particle or an aggregate. Another peculiarity of this sample con-
sists in fairly narrow bead size distribution wherein both empty
and loaded PS beads have similar sizes. These results can be
explained in terms of the presence of large amount of organic
ligands in the polymerization reaction, on emulsifying styrene
in water in the presence of SPIO, the outer OA layer of the dou-
ble layer, which imparted hydrophilicity to the SPIO, is no lon-
ger needed to stabilize the SPIO in styrene misceles. A single
layer of OA is now sufficient to provide SPIO compatibility
with styrene. In addition, some of the OA molecules are
replaced with AAEM. Thus, the released OA and probably,
excess of OA in the initial SPIO suspension, acts as a surfactant
in the emulsion. Thus, after 30 min of stirring OA is evenly dis-
tributed in the emulsion providing uniform size for all miscells
independent of the SPIO loading. These emulsions, however,
are not stable and segregate into colorless aqueous and brown
organic layers within 20 min once stirring is stopped. Complete
transfer of SPIO into styrene also suggests the conversion of OA
double layer on SPIO into a monolayer thus imparting SPIO
compatibility with the organic phase.

In contrast to the reaction with 0.83 wt % SPIO added, poly-
merization with 4.2 wt % SPIO (from Run 3 Table I) and 5%
AAEM yielded ~70 nm PSL beads under similar polymerization
conditions [Figure 1(b)]. Note that AAEM was added into the
polymerization reaction in these cases. The formation of smaller
sized PSL results from the increased amount of SPIO in the
reaction, which in turn leads to an addition of five times more
OA in the polymerization system. The OA works as a surfactant
and decreases the PS bead size. Other differences are: fewer
SPIO loaded beads and the presence of larger SPIO aggregates.
The number of primary SPIO particles seems to decrease
with increased SPIO concentration, which can be interpreted
as an enhanced tendency of SPIO to aggregate at higher
concentrations.

Different approaches were used to keep SPIO from aggregating
during the polymerization. Increased amount of OA (2/3 equiv-
alent to total iron) in the SPIO synthesis gave a SPIO solution
containing mostly primary 12-15 nm iron oxide particles. How-
ever, the use of this solution in the emulsion polymerization
resulted in PSL with a bead size around 50 nm, which is
consistent with the effect of increased amount of OA in the
polymerization. In another approach, the aqueous SPIO was
successfully transferred into styrene by magnetically separating
the SPIO/OA from the aqueous solution, rinsing it with DI
water, and finally dispersing in styrene. This procedure yielded a
solution containing mostly primary SPIO particles. Nevertheless,
polymerization with this product resulted in SPIO separation
from off-white PSL, potentially because of reduced amount of
OA on the NPs after the aforementioned magnetic separation
step.

Given the observed PS bead size, it appears that the styrene
polymerization in the presence of OA-capped SPIO occurs in
the microemulsion regime as a result of the high surfactant level

@WILEY i ONLINE LIBRARY



Applied Polymer

CIENCE

ARTICLE -

Figure 1. TEM images of PSL obtained with 0.83 wt % of Fe304-1/30A and 5% AAEM (A, B), and 4.2 wt % of Fe304-1/30A and 5% AAEM (C, D).

of the SPIO-OA solution. Our attempts to shift the polymeriza-
tion toward larger bead sizes were unsuccessful. Changing the
stirring rate (Reynolds number), amount of AAEM added to
the polymerization reaction, amount of styrene, and the initia-
tor concentration either did not change the bead size or resulted
in the formation of large aggregates of 50—60 nm primary PS
beads. The effect of SPIO-OA can be clearly elucidated by
comparing the above results to the PS beads of 280-300 nm (by
DLS) obtained under similar polymerization conditions in the
absence of SPIO-OA.

Styrene emulsion polymerization performed with an aqueous
solution of SPIO-SDS (sodium dodecylsulfate) resulted in the
separation of SPIO from the latex and formation of a SPIO-
containing solid phase. SDPS-functionalized NPs were not stable
at concentrations high enough to achieve significant (>3%)
SPIO incorporation into PS beads on emulsion polymerization
of styrene. SPIO coated with CA was not incorporated into PS
beads even though SPIO did not separate from the PSL
solution. The PS bead size was 350—460 nm, which indicates
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that citrate does not act as a surfactant. Thus, the key to
increasing the PS bead size is the reduction of OA concentration
while keeping the SPIO particles from agglomeration by adding
a nonsurfactant which could also serve as coligand. AAEM was
found to be a good candidate for this approach.

A number of SPIO’s containing different loadings of OA and
AAEM were synthesized and the screening matrix of the coating
composition is shown in Table III along with the polymeriza-
tion results. The ligand amounts (OA and AAEM) are repre-
sented as molar equivalents to total iron. The polymerization

Table III. SPIO Coating Composition and Resulting PS Beads Size in nm

OA AAEM 1/5 1/6 1/8
2/5 60
1/3 155 broad 250-265 200
1/5 90

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38857
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Figure 2. TEM images of PSL with SPIO-1/60A-1/3AAEM (14.6 wt % Fe) at different magnifications (A, B), and SPIO-1/80A-1/3AAEM (15.0 wt %

Fe) (C, D).

results are bead diameters in nm as determined by DLS. The
polymerizations were performed with 12-20 wt % iron load-
ings. High SPIO amounts were used to facilitate the formation
of the maximum population of PS beads loaded with SPIO.
Surprisingly, the bead diameter has a strong, nonlinear depend-
ence on the coating composition. This circumstance signifi-
cantly complicates the process optimization. Nonetheless, it can
be tentatively assumed that the result obtained for 1/60A-1/
3AAEM composition is close to the maximum possible bead
size (~250 nm). The TEM images of the most remarkable
samples are shown in Figure 2(a,b).

Using these conditions, most of the PS beads have at least one
primary SPIO particle as evidenced from TEM images. How-
ever, the SPIO distribution is broad, ranging from a single par-
ticle to 100 nm aggregates. Moreover, in many cases the SPIO
core is not in the center of a bead, which suggests that SPIO
may have aggregated after being incorporated into the PS beads.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38857
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Indeed, the images of a sample made with SPIO-1/80A-1/
3AAEM (15.0 wt % SPIO) revealed PS beads containing more
than one SPIO particle (ether primary particles or aggregates)
[Figure 2(c,d)]. It was hypothesized that the SPIO aggregation
in the styrene emulsion polymerization resulted from homopo-
lymerization of the acrylic moieties in the AAEM molecules.
This was confirmed by running the polymerization with a sig-
nificantly increased SPIO amount (~47 wt % loading). The
SPIO aggregation started before the latex formation, resulting in
the formation of a single black piece of aggregated SPIO,
whereas the PSL contained only traces of iron oxide. One of the
possible explanations for the observed phenomenon can be as
follows: despite the fact that both acrylic and styrenic groups
are reactive to free radical polymerization and have been
successfully copolymerized in a random way in many cases,”’
their relative reactivity may change in the presence of SPIO.
The electron density is shifted to the acetylacetone moiety when
AAEM is coordinated to the iron oxide NP. The acrylic moiety,
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therefore, becomes more reactive and more prone to homopoly-
merization. As a result, the formation of acrylic—acrylic sequen-
ces is favored over the formation of acrylic-styrene and
styrene—acrylic sequences.

The obtained PS-SPIO latexes with 15-19 wt % (based on the
amount of SPIO added and assuming 100% incorporation) iron
loading can be magnetically separated into fractions containing
different amounts of SPIO. The separation is based on the time
necessary to move the beads of the aqueous solution in the
presence of a magnetic field. This separation was carried out
manually using 0.4 T permanent magnets of 1.5 inch diameter.
First, a fraction was collected after a 30 s run through 1.5 cm
aqueous layer and isolated from the original latex. A second
fraction was then collected after a 10 min run through the 1.5
cm aqueous layer and was isolated. The first, dark-brown, frac-
tion represents about 0.3 wt % of the total material. It consists
of the heavily SPIO loaded beads that sediment very fast
because of their high density and exhibit partial aggregation in
dilute aqueous solution. The second, brownish fraction, repre-
sents about 1.5 wt % of the total material and does not aggre-
gate in solution. TEM images of this solution (Figure 3) show
uniform distribution of the SPIO aggregates across the PS
beads. Thus, the obtained latexes can be magnetically separated
by means of an available technique (either manual or auto-
matic) to obtain monodisperse PS beads with relatively narrow
SPIO distribution.

Vibrating sample magnetometer (VSM) measurements on the
magnetic beads before magnetic separation [see Figure 2(a),
15.2 wt% loading by TGA] and after magnetic separation (see
Figure 3, 40.1 wt % by TGA) were performed and are shown in
Figure 4. As expected for superparamagnetic materials, neither
coercivity nor remanence was observed in either case. The
saturation magnetizations of the bulk PSL and magnetically
separated fraction were 8 and 20 emu/g, respectively, which
indicates that the ratio of iron content is consistent with TGA

Figure 3. TEM image of a fraction magnetically separated from a PSL
obtained with SPIO-OA-AAEM (14.6 wt % Fe loading).
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Figure 4. Room temperature VSM measurements of bulk PSL obtained
with 14.6 wt % of SPIO-OA-AAEM (gray line) and its fraction magneti-
cally separated in 10 min (black line).

analysis. The saturation magnetization value of the synthesized
SPIO was thus calculated as 52 emu/g, in agreement with the
typical M, of the water-born SPIO (50-60 emu/g).28 This indi-
cates the very high loading of SPIO (~40%) in the PS beads
has been achieved with the current strategy.

CONCLUSIONS

Water-dispersible SPIO-OA-AAEM in combination with a
water-soluble initiator produces monodisperse PSL with SPIO
incorporated into the PS beads. However, the OA coating on
the SPIO surface acts as a surfactant, and the polymerization
occurs in the microemulsion regime yielding PS beads not
larger than about 200 nm (TEM data; 250 nm by DLS). Tuning
the polymerization conditions does not shift the reaction
toward bigger PS beads. At the same time, SPIO is aggregated
under the polymerization conditions due to the presence of
acrylic groups on its surface. This aggregation limits the amount
of iron oxide, which can be loaded to the PSL beads. At high
SPIO concentrations (between 19 and 45 wt % SPIO), the
homopolymerization of acrylic moieties leads to complete SPIO
separation from the latex. At low to medium concentrations
(<1 to 5 wt %), SPIO aggregates of different sizes are formed.
Surprisingly, the PS bead size is independent of the SPIO
nucleus size and is even similar to that of the beads, which do
not contain any SPIO. As a result, monodisperse beads with a
nonuniform SPIO distribution are obtained. We have also
demonstrated the ability to fractionate a highly SPIO loaded
PSL bead population (~40% loading by weight) from a reaction
mixture using manual magnetic separation.

The bead size distribution of the PSL prepared is fairly narrow.
This represents a significant improvement over previous studies,
which usually report a broad bead size distribution. The size of
the magnetic beads obtained here may not be ideal for cell
separation (1 micron size is desirable for rapid isolation at
moderate field strengths) but may enable separation of smaller
natural objects such as DNA, proteins, and so on. The ability to
magnetically separate the prepared latexes into fractions with
different content of magnetic material potentially also enables
multiplex separation.
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