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SYNOPSIS

Magnetic latex particles were prepared by the emulsion polymerization of styrene at 70°C
in the presence of a commercial ferrofluid containing surfactant-stabilized magnetite par-
ticles in the aqueous phase or its modification by ultrafiltration, using potassium persulfate
as an initiator. The effects of diversified variables such as the amounts of initiator, monomer,
and additive (calcium chloride and fluorescent dyes) on the polymerization reaction and
particle characteristics were investigated. The general polymerization features were anal-
ogous to those of ordinary emulsion polymerizations. Transmission electron microscopy
revealed that when the commercial ferrofluid was used the magnetite particles localized in
the latex particles and the magnetite content varied from particle to particle and that when
the ferrofluid was used after ultrafiltration the magnetite particles were dispersed well in
the latex particles. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

A variety of cell-separation methods have been used
to isolate specific cells from mixed-cell populations.
Conventional procedures are based on physical
properties of cells such as size, surface charge, den-
sity, and adhesiveness. However, these do not nec-
essarily meet the requirements of cell biologists be-
cause of their complex and time-consuming proce-
dures and insufficient specificity. Furthermore, they
present difficulties in their application to large-scale
cell preparation.

Recent developments in monoclonal antibody
techniques have made it possible to separate cells
based on the differences of specific cell-surface an-
tigens. Flow cytometry and panning techniques are
representatives. However, these are still not satis-
factory to thoroughly alleviate the above problems.

Since magnetic polymeric microspheres can be
easily collected with application of a magnetic field,
coupling of appropriate ligands to such microspheres
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provides an effective tool to achieve rapid, simple,
and specific cell separation even in large-scale prep-
aration.! Accordingly, such immunomagnetic par-
ticles have also been applied to cell labeling, radio
immunoassay, enzyme immunoassay, affinity chro-
matography, phagocytosis, site-specific chemother-
apy, and so forth.!

Coating or encapsulation of magnetic particles
with preformed polymers is the oldest and simplest
method to prepare magnetic microspheres. Various
types of magnetic microspheres based on natural
polymers,? synthetic polymers,® and composites
thereof * have been prepared by this method. An-
other method is vinyl polymerization initiated either
chemically® or by y-ray irradiation® in the presence
of magnetizable particles. Other methods include
combinations of two of these methods” and poly-
merization of glutaraldehyde in the presence of a
ferrofluid.® The particles obtained are, however, not
ideally suitable for immunological and medical re-
search, because of the inherent inhomogeneity in
particle size and content of magnetic particles as
well as distortion of the particles. Obviously, these
do not permit uniform behavior of the particles in
a solution and a magnetic field.
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Incorporation of magnetic particles into micro-
spheres at the time of emulsion polymerization
should be more suitable in this respect. Solc® pre-
pared magnetic latex particles by emulsion poly-
merization of hydrophobic monomers in the pres-
ence of a freshly prepared Fe;0, ferrofluid. At about
the same time, Ugelstad et al.!%!! developed a novel
method to prepare magnetic microspheres based on
their own methods of “activated” swelling, namely,
the two-step swelling method,'>"'¢ and applied the
magnetic microspheres to immunological and med-
ical research as well.2s1t

The Ugelstad method for the preparation of mag-
netic polymeric microspheres has now been well es-
tablished and commercial products are available.!”
However, no detailed studies have so far been re-
ported concerning the preparation of magnetic mi-
crospheres by the emulsion polymerization in the
presence of a ferrofluid.®

In some of these studies, magnetic micro-
spheres were also tagged with a fluorescent dye by
the FITC method. In general, when incorporated
into microspheres, a fluorescent dye functions as a
visual marker of the particles under a fluorescence
microscope, and, hence, their medical and immu-
nological applications can be widely expanded.

We have independently been investigating the
preparation of fluorescent and/or magnetic latex
particles, intending to use them in immunological
studies '*2* such as phagocytosis and cell sorting as
well as in the magnetic targeting therapy of cancer.
In a previous paper,?* we briefly reported on the
preparation of magnetic polymeric latex particles
by the emulsion polymerization of vinyl monomers
such as styrene (St) and methyl methacrylate in
the presence of a ferrofluid and, in some cases, a
fluorescent dye and also, in detail, on their charac-
terization by thermal analysis. The present paper
discusses the preparation of magnetic poly (St) latex
particles by the same method in more detail.

6a,8a

EXPERIMENTAL

Materials

Styrene was obtained from Wako Pure Chemicals
Industries Co. and distilled under reduced pressure
shortly before use. Potassium persulfate, reagent
grade, was purchased from Koso Chemical Co. and
used without further purification. Water was purified
by ultrafiltration of ion-exchanged water using a
NANO-pure, D2600 (Barnstead, Iowa). Ferricolloid
W-35® (magnetite content: 35% ) was obtained from

Taiho Industries Co., Tokyo, and used as received.
Fluorescent dye, N-butyl-4-butylamino-1,8-naph-
thalenedicarboximide (FD-2, Ref. 24), was a gift
from Nippon Kayaku Co., Takasaki, Gunma, and
used without further purification. Other chemicals
were reagent grade and used as received.

Ultrafiltration of Ferrofluid

The ferrofluid was diluted with pure water 30 times
its weight. The diluted ferrofluid, 800 g, was ultrafil-
tered, using an ultrafiltration apparatus, UF-Labo,
Tosoh, Tokyo, and a Tosch membrane, UF-1000PS.
After 1 h, about one-half of the aqueous phase was
filtered off and pure water was added up to the initial
level. The same procedure was repeated every 1 h,
taking 10 h in all. The final conductivity of the fil-
trate had decreased to practically level off. The con-
centration of the ultrafiltered ferrofluid was adjusted
to a magnetite content of 35%.

Polymerization

Emulsion polymerizations were carried out in a
manner similar to our previous method.'® Required
amounts of St, ferrofluid, and additives were placed
in a 120 mL glass pressure bottle. The total volume
of the reaction mixture was adjusted to 60 mL by
addition of water. After having been gently bubbled
with a fine stream of nitrogen for ca. 5 min, the
mixture was stirred for 1 h with constant horizontal
and elliptic shaking (8 X 9 ¢cm in axes and 98 rpm)
using a Taiyo incubator, Model XY-III. The mixture
was then heated to 70°C and the initiator (potassium
persulfate ) solution was added. Polymerization was
allowed to proceed at 70°C for 20 h with shaking.
The coagulum was removed by filtration through a
filter paper ( Toyo Filter Paper No. 2) and dried at
80°C. The latex thus obtained was analyzed as de-
scribed below.

Latex Yield

The latex yield was determined by the method de-
scribed in a previous paper.*

Transmission Electron Microscopy

A drop of a latex diluted with water was mounted
on a collodion film and dried at room temperature.
TEM observation of the latex particles was then
carried out with use of a JEOL transmission elec-
tron microscope, Model JEM-100B, at a voltage of
10 kV.



Particle Diameter

The average diameter of latex particles was obtained
by transmission electron microscopy, followed by
statistical treatment.

Magnetite Content

The weight percentage of the residue remaining from
a dried latex sample after thermal analysis up to
900°C in nitrogen is given as the magnetite content,
assuming that the residue is pure magnetite. The
details of the analytical method have been discussed
in our previous paper.?

RESULTS

Emulsion Polymerization

Emulsion polymerizations of St were carried out in
the presence of the commercial ferrofluid (Ferri-
colloid W-35; Fc), using potassium persulfate
(KPS) as an initiator and without any added sur-
factants but those contained in Fe.

According to the manufacturer, Fc is a colloid of
magnetite particles in the aqueous phase and is pre-
pared by the method of Shimoiizaka et al.2® The sur-
face of magnetite particles is coated first with a
monolayer of sodium oleate by strong chemisorption
and then with a monolayer of sodium dodecylben-
zenesulfonate (SDBS) by weak physisorption. The
aqueous phase contains a large amount of SDBS as
emulsifier to stabilize the second coating layer and
glycols such as ethylene glycol and glycerol as an-
tifreezing agents. Therefore, the magnetic particles
have sulfonate groups on their surface, which allows
the particles to remain in the colloidal state in the
aqueous phase.

Effect of the Weight Ratio of Fc to St (x,,)

The effect of the weight ratio of Fc to St, x,,, on the
emulsion polymerization reaction has already been
reported in our previous paper.2 The main conclu-
sions were the following: (1) Complete incorporation
of magnetite particles into latex particles occurred
at an x, value below ca. 0.8. (2) At an x, value of
ca. 0.05, the latex yield was minimum, whereas the
coagulum yield was maximum. (3) The particle di-
ameter monotonously decreased with increase in x,,:
5890 A at x,, = 0 and only 620 A at x,, = 0.66. (4)
The magnetite content in the latex particles (x,
< ca. 0.8) was close to that calculated for the ideal
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emulsion polymerization?* and, hence, is primarily
determined by x,. Thus, in the following, all the
polymerization experiments were carried out at an
x,, value of 0.44, unless otherwise stated.

Effect of the Amount of Initiator

Figure 1 shows the effect of the amount of KPS on
the formation of magnetic poly (St) latex particles
at an x,, value of 0.44, a constant amount of calcium
chloride being added as an additive. The latex yield
gradually decreased with increase in the amount of
the initiator, and the decrease is compensated by
the gradual increase in the formation of the coagu-
lum. Even in the presence of Fc, the particle di-
ameter increased with increase in the initiator
amount as in the cases of ordinary emulsion
polymerizations?® and ordinary soap-free emulsion
polymerization.2”*' The magnetite content was
constant over a wide range of the initiator amount.

In Figure 2 are presented the results of the emul-
sion polymerizations under the conditions similar
to those in Figure 1 but in the presence of fluorescent
dye FD-2. The general trend in the variation of the
latex yield, particle diameter, and magnetite content
with increasing amount of KPS was the same as
before, in spite of the presence of the dye. It should
be noted that the dye was completely incorporated
into the polymeric products and that the addition
of the dye considerably reduced the formation of the
latex particles and the coagulum.

Effect of the Amount of Monomer

The emulsion polymerization of St with a fixed
amount of KPS was carried out, varying the total
amount of Fc and St, while keeping their ratio (x,)
at a constant value of 0.44. As depicted in Figure 3,
increase in the amount of monomer did not greatly
change the latex yield, particle diameter, or mag-
netite content, but appreciably enhanced the for-
mation of the coagulum.

Figure 4 presents the results of emulsion poly-
merizations of St in which the ratio of St:Fc:KPS
was kept constant (x,, = 0.44) and the total amount
of the three components was increased in the same
volume (60 mL) of the reaction mixture. The latex
yield and the magnetite content remained practically
constant over a fourfold variation of the amount of
the monomer, Fc or KPS. Conversely, the particle
size and the formation of the coagulum markedly
increased with increase in the amounts of the three
components, reflecting the combined effects of KPS
(Figs. 1 and 2) and the monomer (Fig. 3).
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Figure 1 Effect of the amount of the KPS on the formation of magnetic poly (St) latex
particles. Polymerization conditions: St, 6.0 mL; Fc, 2.4 g; calcium chloride, 16 mg; total
volume, 60 mL; reaction temperature, 70°C; reaction time, 20 h.
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Figure 2 Effect of the amount of KPS on the formation of magnetic poly(St) latex
particles in the presence of fluorescent dye FD-2. Polymerization conditions: St, 6.0 mL;
Fe, 2.4 g; calcium chloride, 16 mg; FD-2, 18 mg; total volume, 60 mL; reaction temperature,
70°C; reaction time, 20 h.
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of the salt was increased. These results are analogous
to those obtained in ordinary emulsion polymeriza-
tions® in the presence of a surfactant as well as in
the ordinary soap-free emulsion polymerizations.

*

(A, —o—)

Diameter

Particle

2000

1

1500

1000

Yield

(% —o—)

Latex

100

60

40

20

PREPARATION OF MAGNETIC LATEX PARTICLES

10

Amount

of Styrene (ml)

-16+

414 .
>

-112-—

{10 = 1.0
@

48 = 0.8
o -

16 Jog=
]

4 4= H04E
-— =

12 2 40272
= ~
0 5 Jo =

30 = [X]

Figure 3 Effect of the amount of St on the formation of magnetic poly (St) latex particles
at a fixed ratio of St to the ferrofluid. Polymerization conditions: weight ratio of Fe¢ to St
(x,), 0.44; KPS, 12 mg; total volume, 60 mL; reaction temperature, 70°C; reaction time,
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Figure 4 Effect of the amount of St on the formation of magnetic poly (St) latex particles
at a fixed ratio of St to Fc to KPS. Polymerization conditions: ratio of St (mL) to Fc (g)
to KPS (mg) = 1:0.4:2, total volume, 60 mL; reaction temperature, 70°C; reaction time,
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At a very high level of salt, neither the latex nor the
coagulum could be formed. Thus, addition of calcium
chloride does not promote the formation of large
magnetic latex particles in high yield.
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Figure 5 Effect of the amount of calcium chloride on the formation of magnetic poly (St)
latex particles. Polymerization conditions: St, 6.0 mL; Fc, 2.4 g; KPS; 12 mg, total volume,
60 mL; reaction temperature, 70°C; reaction time, 20 h.

Figure 6 shows the results of the same polymer-
ization reactions in the presence of fluorescent dye
FD-2. The changes in latex yield, particle diameter,
and magnetite content with increasing calcium
chloride are analogous to those observed in the ab-
sence of the dye. Although in the absence of calcium

chloride the addition of the dye reduced the latex
yield, the presence of both calcium chloride and the
dye appears to make the latex more stable, as judged
by the sustained latex yield at higher calcium chlo-
ride concentrations, the particle diameter, however,
becoming considerably smaller as a whole. In har-
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Figure 6 Effect of the amount of calcium chloride on the formation of magnetic poly (St)
latex particles in the presence of fluorescent dye FD-2. Polymerization conditions: St, 6.0
mL; Fe, 2.4 g; KPS, 12 mg; FD-2, 18 mg; total volume, 60 mL; reaction temperature, 70°C;

reaction time, 20 h.



mony with this, the formation of the coagulum was
extremely reduced as a whole, although increasing
the amount of calcium chloride did enhance the
formation of the coagulum (compare Fig. 6 with
Fig. 5).

Effect of Ultrafiltered Ferrofluid

To completely comprehend the present emulsion
polymerization, it is desirable to make the poly-
merization system simpler. Then, it would be better
to remove free surfactants and other additives from
Fc than to add something, such as calcium chloride,
in the polymerization system. Therefore, we pre-
pared ultrafiltered Fec.

Figure 7 shows that, when the emulsion poly-
merization was carried out in the presence of flu-
orescent dye FD-2 using ultrafiltered Fc¢ and large
amounts of KPS (compare Fig. 7 with Fig. 2), mag-
netic latex particles with larger diameters, from
6,150 to 10,970 A, were obtained, although the latex
yields were disappointingly low.

Similarly, as depicted in Figure 8, the use of the
ultrafiltered Fc under the conditions similar to those
in Figure 4 made it possible to produce latex particles
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with an average diameter of up to 8500 A, but the
latex yield was as low as 17%. Most of the remaining
monomer was converted into the coagulum. The
magnetite contents were 11.9 and 8.4% for the latex
particles obtained with the use of 12 and 18 mg of
KPS, respectively.

TEM Characterization of Magnetic Latex Particles

Figure 9(a) shows the transmission electron mi-
croscopy (TEM) photomicrograph of the commer-
cial ferrofluid. Each magnetite particle is approxi-
mately 100 A in diameter. The TEM photomicro-
graph of the ultrafiltered ferrofluid was almost the
same as that of Figure 9(a).

The magnetic fluorescent latex particles looked
brown due to the presence of magnetite and the dye.
When the same particles were observed through a
fluorescence microscope, their strong fluorescence
permitted us to easily observe them even when they
were incorporated into cells such as macrophages.
Figure 9(b) presents the TEM photomicrograph of
a representative magnetic poly(St) latex sample
prepared in the presence of the commercial ferro-
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Figure 7 Effect of the amount of KPS on the formation of magnetic poly(St) latex
particles using the ultrafiltered Fc. Polymerization conditions: St, 18.0 mL; ultrafiltered
Fe, 7.2 g; FD-2, 54 mg; total volume, 60 mL; reaction temperature, 70°C; reaction time, 20 h.
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Figure 8 Effect of the amount of St on the formation of magnetic poly (St) latex particles
using the ultrafiltered Fc. Polymerization conditions: ratio of St (mL ):ultrafiltered Fc (g):
KPS (mg) = 1:0.4:2; total volume, 60 mL; reaction temperature, 70°C; reaction time, 20 h.

fluid. The magnetite particles, which can be recog-
nized as black particles, are well incorporated in the
latex particles but are localized near the surface of
the particles. Each latex particle contains, more or
less, some amount of magnetite particles. The TEM
observation of the latices prepared under various
conditions revealed that when x, was smaller than
ca. 0.8 all the magnetite particles were occluded in
the latex particles.?*

Figure 9(c) illustrates the TEM photomicrograph
of a magnetic latex sample prepared using the ul-
trafiltered ferrofluid. Significantly, the magnetite
particles are dispersed much better inside the latex
particles as compared to those prepared in the pres-
ence of the commercial ferrofluid.

The uniformity of the size of the latex particles
prepared in the presence of Fc greatly depended on
the reaction conditions and was, in many cases,
worse than that in Figure 9(b) and that of the latex
particles obtained by ordinary soap-free emulsion
polymerization (see below).”” The coefficient of
variation of the particle-size distribution (f = stan-
dard deviation/average particle diameter) was, in
general, large when the latex sample was prepared
in the presence of a small amount of surfactant,

namely, with use of a small amount of F¢ or with
use of the ultrafiltered Fc or when the latex sample
was prepared at a high ionic strength.

DISCUSSION

As we have already reported,? the magnetite content
in the latex particles formed in the present poly-
merization system using the commercial ferrofluid
is primarily determined by the weight ratio of Fc to
St (x,) in the feed, and magnetite particles were
completely incorporated into the poly(St) micro-
spheres only when x, was smaller than ca. 0.8. In
agreement with these conclusions, the magnetite
content was, in general, independent of the amounts
of KPS (Figs. 1 and 2) and the fluorescent dye as
well as of the diameter of the particles formed. The
decrease of the magnetite content on increasing ad-
dition of calcium chloride and the difference between
the magnetite contents in Figures 5 and 6 cannot
be discussed with certainty, since the magnetite
contents at high additive levels could not be deter-
mined due to the low latex yields and, in general,
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Figure9 TEM photomicrographs of (a) Fc, (b) magnetic poly (St) latex particles obtained
by the use of Fc (f = 14%), and (¢) magnetic poly (St) latex particles prepared by the use
of the ultrafiltered Fc (f = 20%).
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the experimental values of the magnetite contents
fluctuate considerably.

In common with the ordinary emulsion polymer-
ization of St with use of KPS, the magnetic latex
particles prepared in the presence of Fc have anionic
charges on their surface by adsorption of the anionic
surfactants and also as initiator fragments at the
polymer terminals. Thus, the increase of the particle
diameter with increase in the amount of KPS (Figs.
1 and 2) and calcium chloride (Figs. 5 and 6) can
be attributed to the increase of the ionic strength of
the system.?5! The larger increase of the particle
diameter with the latter salt is due to the fact that
the calcium ion is more strongly adsorbed onto the
Stern’s electric double layer near the particle surface
to effectively reduce the surface charge density and,
hence, the growing particles readily coagulate to
larger particles. The particle diameter also slightly
increased with increase in the amount of the mono-
mer (Figs. 3 and 4), presumably due to the increased
opportunity of coagulation of the growing latex par-
ticles.

The latex yield was abruptly reduced on increas-
ing the amounts of added calcium chloride (Figs. 5
and 6) and, with use of the ultrafiltered Fc, even of
KPS and the monomer (Figs. 7 and 8). Increasing
the amount of monomer facilitated the formation of
coagulum (Figs. 3, 4, and 8). In general, the yields
of the latex and the coagulum are in a complemen-
tary relation to each other (Figs. 1, 2, 5, 6, and 7;
see also Fig. 1 in Ref. 24), reflecting the stability of
the latex under the given polymerization conditions.
The decrease of both the latex and the coagulum
yield at high calcium chloride concentration (Fig.
5) is ascribed to the destruction of the emulsion by
the salts.?®

Fluorescent dye FD-2, which is soluble in the
monomer but insoluble in water and, hence, was
completely incorporated into the latex particles, did
not do any serious harm to the emulsion polymer-
ization, except that, in the absence of calcium chlo-
ride, the dye appreciably decreased the latex yield
(compare Fig. 6 with Fig. 5). In the presence of both
calcium chloride and the dye, the latex yield grad-
ually increased until destruction of the latex began
(Fig. 6). On the other hand, the dye definitely de-
creased the yield of the coagulum (compare Figs. 2
and 6 with Figs. 1 and 5, respectively). The particle
diameter was not influenced greatly (compare Fig.
1 with Fig. 2) or considerably reduced (compare Fig.
5 with Fig. 6) by the addition of the dye. Thus, the
dye is considered to behave somewhat like a surfac-
tant and to stabilize the emulsion when combined
with calcium chloride.

Other fluorescent dyes such as 3-(2'-benzimid-
azolyl)-7-diethylaminocoumarin (FD-1, Ref. 24)
and Fluorol Red BK® (BASF) could also be incor-
porated into latex particles. Introduction of a flu-
orescent function to latex particles had previously
been carried out by covalent bonding of a fluorescent
dye or its derivative, e.g., by the FITC method.%%3
Then, it is obvious that our method is much simpler.

In the present polymerization system using the
commercial ferrofluid, it is very difficult to obtain
large latex particles with a high magnetite content
in high yield,?* and, besides, in the same latex sam-
ple, the magnetite content greatly varies from par-
ticle to particle [Fig. 9(b)]. The former and prob-
ably the latter also are considered to be due primarily
to the surfactants in the aqueous phase of the fer-
rofluid. In fact, removal of the surfactants and other
components in the aqueous phase of the commercial
ferrofluid by ultrafiltration effected the increase of
the particle diameter up to ca. 11,000 A (Figs. 7 and
8), which is large enough for biological and medical
studies such as DNA3 and cell separations, and
better dispersion of the magnetite particles in the
latex particles (Fig. 9¢). Unfortunately, however,
the latex yield was very low when a large amount of
KPS or monomer was used (Figs. 7 and 8).

In their preparation of magnetic microspheres by
their novel method, Ugelstad et al.'® formed iron
oxides in situ in the presence of porous monodisperse
microspheres. The magnetizable particles formed
were fine and existed homogeneously throughout the
particles.’™*! Thus, from the viewpoint of various
applications of magnetic microspheres, their method
may be superior to the present method for the rea-
sons mentioned in the Introduction.

However, the present method using either the
commercial or the ultrafiltered ferrofluid and a flu-
orescent dye® at the time of emulsion polymeriza-
tion is experimentally much simpler as compared
with the methods of Rembaum®#® and Ugelstad,*°
namely, fluorescent dye and magnetite particles can
be incorporated into the latex particles in one pot
without elaborated procedures. It still remains a
problem, however, that the latex yield is low (Figs.
7 and 8) and the particle-size distribution is rela-
tively wide [Figs. 9(b) and (¢)].

The mechanism of the present emulsion poly-
merization in the presence of Fc or an ultrafiltered
Fc is far more complex than that of an ordinary
emulsion polymerization, because of the additional
presence of surfactant-coated magnetite particles
and other additives in Fc. Thus, we discuss here only
the effect of the weight ratio of Fe to St, x,,, on the
emulsion polymerization of St, which we have al-
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ready reported in a previous paper.?* The results
were briefly reviewed at the beginning of the Results
section.

As shown in Figure 1 of our previous paper,?*
when a small amount of Fc (x,, = 0.055) was added,
the latex yield was remarkably low, although high
at x,, = 0. Then, it gradually increased on further
addition of Fc. Thus, in the presence of a small
amount of Fc, the emulsion would be unstable due
to the low concentration of surfactants, and, hence,
a large amount of a magnetic coagulum is concur-
rently formed. The gradual increase in the yield of
magnetic latex particles with increase in x,, could be
attributed to the stabilization of the latex by the
increasing amount of the surfactants introduced on
addition of Fc. This is supported by the decrease 22
in the particle diameter and the amount of coagulum
with increase in x,. Here, it should be noted that,
considering the features of Fc described earlier, its
addition in the polymerization mixture is not only
to increase the amount of magnetite particles but
also to increase the amount of the surfactants.

Since the polymerization at x,, = 0 is the so-called
soap-free emulsion polymerization, the polymeriza-
tion mechanism at x,, = 0 should no doubt be dif-
ferent from that for the polymerization in the pres-
ence of Fe. In fact, at x,, = 0, the latex yield was
high, and yet the particle diameter was relatively
large with a small f value of 4.8%. This constitutes
a big difference from the above-mentioned results
at x,, > 0, where the particle diameter and the f
value monotonously decreased from 4910 A and 43%
at x,, = 0.055 to 620 A and 1.6% at x,, = 0.66. The
polymerization in this case can be understood ac-
cording to, for example, the mechanism of Goodall
et al.’® Thus, it is not reasonable to discuss the
emulsion polymerization at x,, = 0 in the same way
as that at x,, > 0. In this way, the appearance of the
maximum of the coagulum yield and the minimum
of the latex yield at low x, values?* can be consis-
tently explained.

As mentioned above, the general features of the
present emulsion polymerization are analogous to
those of an ordinary emulsion polymerization using
a surfactant.?®32 This is considered to reflect the fact
that the magnetite particles of Fc are coated by sur-
factants and therefore do not affect the polymeriza-
tion reaction to a significant extent. At present, we
are trying to work out the detailed polymerization
mechanism and hope to discuss it in a future paper.

We would like to thank Assoc. Prof. Kunio Furusawa,
University of Tsukuba, and Dr. Mariko Ishiwatari, The
University of Tokyo, for helpful discussions.

REFERENCES

1. For reviews, see (a) A. Rembaum and W. J. Dreyer,
Science, 208, 364-368 (1980). (b) P. L. Kronick,
Methods of Cell Separation, N. Catsimpoolas, Ed.,
Plenum Press, New York, 1980, Vol. 3, pp. 115-139.
(¢c) J. T. Kemshead and J. Ugelstad, Mol. Cell.
Biochem., 67, 11-18 (1985). (d) C. H. Setchell, J.
Chem. Technol. Biotechnol., 35B, 175-182 (1985). (e)
D. F. Ranney and H. H. Huffaker, Ann. N.Y. Acad.
Sci., 507, 104-119 (1987). (f) J. Ugelstad, A. Berge,
T. Ellingsen, J. Bjorgum, R. Schmid, P. Stenstad, O.
Aune, T. N. Nilsen, S. Funderud, and K. Nustad, Fu-
ture Directions in Polymer Colloids. Polymer Colloids
in Medical Field, M. S. El-Asser and R. M. Fitch, Eds.,
M. Nijhoff, Dordrecht, The Netherlands, 1987, pp.
355-370. (g) T. Lea, F. Vartdal, K. Nustad, S. Fun-
derud, A. Berge, T. Ellingsen, R. Schmid, P. Stenstad,
and J. Ugelstad, J. Mol. Recognit., 1, 9-18 (1988).
(h) J. Ugelstad, A. Berge, T. Ellingsen, O. Aune, L.
Kilaas, T. N. Nilsen, R. Schmid, P. Stenstad, S. Fun-
derud, G. Kvalheim, K. Nustad, T. Lea, F. Vartdal,
and H. Danielsen, Makromol. Chem. Macromol. Symp.,
17,177-211 (1988). (i) J. Ugelstad, A. Berge, T. El-
lingsen, R. Schmid, T.-N. Nilsen, P. C. Merk, P.
Stenstad, E. Hornes, and @. Olsvik, Prog. Polym. Sci.,
17, 87-161 (1992).

2. (a) K. Mosbach and U. Schroder, FEBS Lett.,, 102,
112-116 (1979). (b) R. S. Molday and L. L. Molday,
FEBS Lett., 170, 232-238 (1984). (¢) U. Schréder,
S. Segrén, C. Gemmefors, G. Hedlund, B. Jansson,
H.-O. Sjégren, and C. A. K. Borrebaeck, J. Immunol.
Methods, 93, 45-53 (1986). (d) G. C. Forrest, J. R.
London, in Automated Immuno Analysis, R. F. Richie,
Ed., Marcel Dekker, New York, 1978, Vol. 2, pp. 567-
594. (e) K. Sugibayashi, M. Okumura, and Y. Mori-
moto, Biomaterials, 3,181-186 (1982). (f) K. J. Wid-
der and A. E. Senyel, in Microspheres and Drug Ther-
apy: Pharmaceutical, Immunological and Medical As-
pects, S. S. Davis, L. Illum, J. G. McVie, and E.
Tomlinson, Eds., Elsevier, Amsterdam, 1984, pp. 393—
411, and references cited therein.

3. A. C. Povey, L. Brouet, J. R. Nixon, and I. K. O’Neill,
J. Pharm. Sci., 76, 201-207 (1987), and earlier pa-
pers.

4. D. A. Kharkevich, R. N. Alyautdin, and V. L. Filippov,
J. Pharm. Pharmacol., 41, 286-288 (1989).

5. (a) R. D. Nargessi, J. Landon, M. Pourfarzaneh, and
D. S. Smith, Clin. Chim. Acta, 89, 455-460 (1978).
(b) P. L. Kronick, G. L. Campbell, and K. Joseph,
Science, 200, 1074-1076 (1978).

6. (a) R. S. Molday, S. P. S. Yen, and A. Rembaum,
Nature, 268, 437-438 (1977). (b) A. Rembaum,
S. P. S. Yen, and W. Volksen, Chemtech, 8, 182-190
(1978).

7. (a) J.-L. Guesdon and S. Avrameas, Immunochem-
istry, 14, 443-447 (1977). (b) M. Pourfarzaneh and
R. D. Nargessi, Clin. Chim. Acta, 111, 61-63 (1981).



776

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

YANASE ET AL.

(c¢) S. Margel and M. Offarim, Anal. Biochem., 128,
342-350 (1983).

. (a) S. Margel, S. Zisblatt, and A. Rembaum, J. Im-

munol. Methods, 28, 341-353 (1979). (b) S. Margel
and A. Rembaum, Macromolecules, 13, 19-24 (1980).

. (a) J. Solc, U.S. Pat. 4,421,660 (1983). (b) O. Kwon

and J. Sole, J. Mag. Mag. Mater., 54-57, 1699-1700
(1986).

J. Ugelstad, T. Ellingsen, A. Berge, and B. Helgee,
PCT Int. Appl. WO 83/03,920 (1983).

J. Ugelstad, A. Berge, R. Schmid, T. Ellingsen, P.
Stenstad, and A. Skjeltorp, in Polym. Reac. Eng.,
Emulsion Polym., High Convers. Polymn., Polycon-
dens. (Proceedings of the Berlin International Work-
shop), K.-H. Reichert and W. Geiseler, Eds., Huethig
& Wepf, Basel, Switzerland, 1986, pp. 77-93.

J. Ugelstad, K. H. Kaggerud, F. K. Hansen, and A.
Berge, Makromol. Chem., 180, 737-744 (1979).

J. Ugelstad, P. C. Mprk, K. H. Kaggerud, T. Ellingsen,
and A. Berge, Adv. Colloid Interface Sct., 13, 101-140
(1980).

dJ. Ugelstad, P. C. Mork, A. Berge, T. Ellingsen, and
A. A. Khan, in Emulsion Polymerization, 1. Piirma,
Ed., Academic Press, New York, 1982, pp. 383-412.
dJ. Ugelstad, P. C. Merk, 1. Nordhuus, H. Mfutakamba,
E. Soleimany, A. Berge, T. Ellingsen, and A. A. Khan,
Makromol. Chem., Suppl., 10/11, 215-234 (1985).
J. Ugelstad, H. R. Mfutakamba, P. C. Merk, T. El-
lingsen, A. Berge, R. Schmid, L. Holm, A. Jergedal,
F. K. Hansen, and K. Nustad, J. Polym. Sci. Polym.
Symp., 72, 225-240 (1985).

d. Ugelstad, L. S6derberg, A. Berge, and J. Bergstrém,
Nature, 303, 95-96 (1983).

K. Marumoto, T. Suzuta, H. Noguchi, and Y. Uchida,
Polymer, 19, 867-871 (1978).

K. Furusawa, E. Tobori, M. Sales, H. Noguchi, Y.
Uchida, and T. Suzuta, Preprints of the 4th Polymer
Microspheres Symposium, Fukui, Nov. 6-8, 1986, pp.
157-158.

T. Suzuta, N. Yanase, H. Asakura, M. Sales, H. No-
guchi, Y. Uchida, and K. Furusawa, Preprints of the
4th Polymer Microspheres Symposium, Fukui, Nov.
6-8, 1986, pp. 159-160.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

. N. Yanase, H. Asakura, T. Suzuta, H. Noguchi, Y.
Uchida, and M. Sales, Proc. Jpn. Soc. Immunol., 17,
595 (1987).

H. Noguchi, N. Yanase, T. Suzuta, and M. Sales,
Polym. Prepr. Jpn., 37, 693 and E555 (1988).

(a) N. Yanase, H. Asakura, F. Xhao, and T. Suzuta,
Proc. Jpn. Soc. Immunol., 21, 459 (1991). (b) N.
Yanase, H. Asakura, and T. Suzuta, J. Tokyo Med.
Coll., 50, 537-544 (1992).

H. Noguchi, N. Yanase, Y. Uchida, and T. Suzuta, J.
Appl. Polym. Sci., 48, 1539 (1993).

(a) J. Shimoiizaka and K. Nakatsuka, Hyomen, 13,
103-109 (1975). (b) J. Shimoiizaka, K. Nakatsuka,
R. Chubachi, and Y. Sato, Nippon Kagaku Kaishi, 6—
9 (1976).

C. P. Roe and P. D. Brass, J. Polym. Sci., 24, 401-
416 (1957).

T. Matsumoto and A. Ochi, Kobunshi Kagaku, 22,
481-487 (1965).

J. W. Goodwin, J. Hearn, C. C. Ho, and R. H. Ottewill,
Br. Polym. J., 5, 347-362 (1973).

T. Matsumoto, M. Okubo, and T. Imai, Kobunshi
Ronbunshu, 32, 229-234 (1975).

A. Kotera, K. Furusawa, and Y. Takeda, Kolloid-Z. Z.
Polym., 239, 677-681 (1976).

M. S. Juang and I. M. Krieger, J. Polym. Sci. Polym.
Chem. Ed., 14, 2089-2107 (1976).

F. A. Bovey, I. M. Kolthoff, A. I. Medalia, and E. J.
Meehan, in High Polymers, Vol. IX. Emulsion Poly-
merization, H. Mark, H. W. Melville, C. S. Marvel,
and G. S. Whitby, Eds., Interscience, New York, 1955.
J. E. Brinchmann, F. Vartdal, G. Gaudernack, G.
Markussen, S. Funderud, J. Ugelstad, and E. Thorsby,
Clin. Exp. Immunol., 71, 182-186 (1988).

E. Hornes, T. Hultman, T. Moks, and M. Uhlén,
BioTechniques, 9, 730-737 (1990).

T. Suzuta, Jpn. Kokai Tokkyo Koho, JP 75,152 (1984).
A. R. Goodall, M. C. Wilkinson, and J. Hearn, /.
Polym. Sci. Polym. Chem. Ed., 15, 2193-2218 (1977).

Received July 28, 1992
Accepted January 27, 1993





