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Hydrophilic magnetic polymer latexes.
2. Encapsulation of adsorbed iron oxide

nanoparticles

Abstract The encapsulation of seed
polymer particles coated by anionic
iron oxide nanoparticles has been
investigated using N-isopropylacryl-
amide as a main monomer, N,N-
methylene bisacrylamide as a cross-
linking agent, itaconic acid as a
functional monomer and potassium
persulfate as an anionic initiator.
The magnetic latexes obtained have
been characterized with regard to
particle size, iron oxide content and
electrophoretic mobility. All these
properties have been examined by
varying several polymerization pa-
rameters: reaction medium, mono-

mer(s) and crosslinking agent
concentrations, nature of seed la-
texes and type of polymerization
(batch versus shot process). The
magnetic content in the polymer
microspheres strongly depends on
the polymerization procedure (i.e.,
encapsulation process) and varies
between 6 and 23 wt%, and mono-
disperse magnetic polymer particles
were obtained.

Key words Encapsulation -
Magnetic polymer particles -
Hydrophilic - Submicron size -
Carboxylic

Introduction

For many years, various strategies have been conceived
and performed with a view to producing magnetic
polymer particles for application in the biomedical field.
Solid-phase immunoassays require microspheres with
a narrow size distribution that exhibit a hydrophilic,
biocompatible and functionalized surface for the cova-
lent immobilization of proteins (such as antibodies,
enzymes, etc.). In order to obtain submicron, monodis-
perse, hydrophilic, magnetic polymer microspheres, a
three-step strategy is proposed.

1. The synthesis of three different monodisperse cationic
seed polymer particles, polystyrene (PS) [2, 3], core—
shell poly(styrene/N-isopropylacrylamide) [P(S/NI-
PAM)], as described elsewhere [4, 5], and pure
P(NIPAM) microgels [6].

2. The adsorption of anionic magnetic nanoparticles
onto these cationic polymer microspheres as reported
in Ref. [1].

3. Seed precipitation polymerization of NIPAM.

In order to avoid iron oxide release or desorption, the
last step is intended to encapsulate coated iron oxide
nanoparticles. For more information on the adsorption
study, the reader should consult Ref. [1].

This paper aims to describe the encapsulation step of
the magnetic nanoparticles adsorbed onto PS and P(S/
NIPAM) core—shell particles. Preliminary studies were
performed to optimize the reaction medium, the recipe,
the polymerization process and to check the reproduc-
ibility of encapsulation experiments. Potassium persul-
fate (KPS) was used as an anionic initiator and
N,N-methylene bisacrylamide (MBA) as a crosslinker.
In addition, itaconic acid (IA) was selected to provide
surface carboxylic groups on the particles. Colloidal
properties of the composite microspheres such as
particle diameter, size distribution and electrophoretic
mobility were determined. Moreover, the iron oxide
contents and the magnetic properties of the magnetic
particles prepared were also measured.
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Experimental
Materials

Unless stated otherwise, reagents and solvents were used as
received. Water was Milli-Q grade (Millipore, France) and was
boiled for 2 h under a nitrogen stream before use. Styrene (Janssen
Chemica, France) was distilled under reduced pressure; NIPAM
(Kodak) was recrystallized in a 3/2 hexane/toluene mixture. KPS
(Prolabo) was used as the initiator. MBA and IA bathophenan-
throline disulfonic acid disodium salt hydrate, FeSO47H,0,
(Aldrich) were used as received.

Encapsulation of adsorbed iron oxide nanoparticles
onto latex seeds

Before encapsulation, the excess free iron oxide particles were
removed after 15 min incubation time by magnetic separation for
5-10 min and the supernatant was replaced by boiled and
deoxygenated water before starting the polymerization. Encapsu-
lation of adsorbed iron oxide nanoparticles onto various latex seeds
was carried out in a 50-ml round-bottomed four-necked flask
equipped with a glass anchor-shaped stirrer, condenser and
nitrogen inlet. The temperature of the polymerization medium
was maintained at 70 °C.

In accordance with Ref. [1], encapsulations were performed on
several seed polymer particles coated with magnetic nanoparticles:
PS (PS14) and P(S/NIPAM) core-shell latexes exhibiting different
colloidal characteristics. The particle diameters of the seed latexes
were measured both by quasielastic light scattering (QELS) at 20
and 40 °C and by transmission electron microscopy (TEM). As
reported in Table 1, the seed particles are monodisperse and the
thermal sensitivity of the P(S/NIPAM) core-shell particles is
evident through the hydrodynamic diameter decrease at 40 °C [4, 5].

Precipitation polymerization of a mixture of NIPAM, MBA, IA
and KPS was carried out according to the following conditions.
Monomers solubilized in water were introduced in one or more
shots. The final reaction volume was between 35 and 45 ml, with an
initial solid content between 1 and 1.3%. The weight percentage of
NIPAM with respect to seed polymer particle weight varied from
25 to 40%. The molar percentage over NIPAM of KPS was kept
constant at 2%, MBA and IA molar percentages were between 1.2
and 7.2% and 0 and 6.3%, respectively. The polymerization
conversion was determined according to the weight of the
corresponding water soluble polymers (WSP) formed.

A series of composite latexes was produced by batch polymer-

The magnetization of the ferrofluids was investigated by decreasing
the magnetic field from 20000 to —500 cersteds. The diamagnetic
value of water was subtracted in order to take into account only the
magnetic properties of the ultrafine particles.

Determination of magnetic particle content

The iron oxide content in the final latexes was determined both by a
physical and a chemical method.

1. The magnetization variation as a function of the applied
magnetic field was recorded on the ABMM. The saturation
magnetization (M) corresponds to the plateau value of
magnetization at high magnetic field values and the magnetic
particle content (W,,,) was calculated from the experimental
standard curve of the amount of iron oxide versus M.

2. Chemical titration based on the complexation reaction of
bathophenanthroline disulfonic acid disodium salt with Fe**
ion in acidic medium [7, 8] was used by establishing a calibration
curve using a FeSOy solution. In the acidic medium, iron oxide
particles contained inside polymer particles were degraded and
transformed into Fe* ™ ions. The formation of the read complex
was monitored from the optical density change at 535 nm using
a Uvikon 930 spectrophotometer.

Particle size and distribution

The particle size and distribution of the magnetic latexes were
determined by TEM and QELS. The particle morphology of the
final magnetic polymer latexes was examined by scanning electron
microscopy using a Hitachi S800, CMEABG, at the C. Bernard
University, Lyon I, France.

Electrophoretic mobility measurements

Experiments were carried out with a Zeta Sizer III (Malvern
Instruments England) at 20 and 40 °C. Latex electrophoretic
mobilities were obtained in 107> M NaCl solution and as a function
of pH.

Table 2 Encapsulation recipes as a function of N,N-methylene
bisacrylamide (M BA) and itaconic acid (/4) proportions [mol %/
N-isopropylacrylamide (NIPAM)]. Wnipam 25 wt%/seed

ization using the P(S/NIPAM)3 sample as a seed by varying the particles poly(styrene/NIPAM)3 [P(S/NIPAM)3], Mxps = 2.1%
MBA and IA concentrations according to the recipe described in  (mol %/NIPAM), theoretical final solid content 1.70%
Table 2. Another series was obtained by varying the polymeriza-
tion process according to the recipe given in Table 3. Code Mmpa Mia

ML7 3.6 0
Physicochemical and colloidal properties of magnetic latexes ML10 3.9 3.25

MLI13 3.6 6.3
Magnetic properties of composite particles ML14 1.2 2.9

. . . MLI10 3.9 3.25
Magnetic measurements were carried out on the Automatic Bench  py 15 72 315
of Magnetic Measurements (ABMM), CNRS-IRC, Villeurbanne.
Table 1 Particle size character- —
dable 1 Particle size character- g4 latex D, PDI Dy(20°C) D, (40°C)  Ref.
sured by quasielastic light (nm) (nm) (nm)
Sca“ﬁring (D) atng and 40 °C,  pqyy 320 1.002 360 - 2]
glfénpzrl fg:;z%; ) ‘?ﬁeefr(f%}) P(S/NIPAM)3 320 1.050 570 350 ;3]
as deteri/nined byytransmission P(S/NIPAM)24 475 1.010 695 350 (1]
electron microscopy P(S/NIPAM)25 475 1.020 690 540 [1]
P(S/NIPAM)23 660 1.003 1050 860 -
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Table 3 Encapsulation recipes

according to various processes, ~°de Process Wxipam Myipa Miycps Mia
(Wipam Wt%/seed particles) gy 46 Shot at 0 h 33 (St)° 11 (NIPAM)® 1 0
[P(S/NIPAM)23]): Myipa. Mps Shot at 14 h 7.6 3 1.9 13
and Mia (mol %/NIPAM) MLI17 Batch 30 43 1.75 0
MLI8 Batch 30 40 2.1 3.1
ML19 Shot at 0 h 35 47 1.9 0
Shot at 20 min 35 1.8 0 24
ML20 Shot at 0 h 30 1.95 1.87 0
Shot at 30 min 30 3.6 1.88 0
Shot at 30 min 30 472 0 3.4

#Weight ratio the amount of styrene over seed polymer particle
Weight ratio to the amount of NIPAM over styrene

Table 4 Encapsulations in various reaction media: iron oxide
content (Wp,,), number of magnetic separations before poly-
merization and pH of uncleaned latexes. Polymerization recipe
Wxipam = 40 (Wt%/seed particles [P(S/NIPAM)25], Mypa = 4,

kps = 2, Mia = 3 (mol%/NIPAM), theoretical final conversion
was from 1.7 to 2%

Code  Reaction medium Winag (Wt%)  Cleaning pH
MLI* Water 10 1 5.4
ML2  Iron oxide dispersion 5 0 8.6
ML3  Water 11 3 3.5
ML4  Citrate 5 x 107> mol/l 6 1 6.5
ML5 NaOH 107° M 13 1 7.3

#Latex seed was P(S/NIPAM)24

Results

Due to the electrostatic nature of the interactions
between magnetic-nanoparticle-coated seed particles
and polymer chains growing during the encapsulation
step, the influence of pertinent variables such as pH, the
nature of the reaction medium and the amount of the
main monomer was investigated first.

Preliminary study
Influence of reaction medium on the encapsulation step

Encapsulations were performed under different poly-
merization conditions such as pH, ionic strength and
also the presence or the absence of free iron oxide
nanoparticles in the polymerization medium as de-
scribed in Table 4. As expected, the numbers of
encapsulated nanoparticles are drastically affected by
the reaction medium. In fact, comparison of magnetite
contents (Wp,,,) between ML1 and ML2 experiments
seems to indicate that the presence of ferrofluid is
unfavourable for an efficient encapsulation process. This
behaviour can be attributed to the role of free iron oxide
nanoparticles leading to the inhibition of encapsulation
magnetic-nanoparticle-coated seed polymer particles.
The amount of encapsulated iron oxide is similar when

polymerization is carried out in the presence either of
the free nanoparticles (ML2) or of free citrate anions
(ML4). By adding a citrate solution, the ionic strength is
increased to 3.0 x 1072 leading to a decrease in the
amount of magnetic material incorporated. In this case,
the affinity between new polymer chains and seed
particles is enhanced compared to electrostatic interac-
tions between magnetic nanoparticles and latex which
might be decreased by charge-screening. Nevertheless, in
the presence of a large number of magnetic nanoparti-
cles in the reaction medium, no encapsulation was
observed. Moreover, the polymerization pH does not
seem to affect the number of nanoparticles incorporated
(ML3, ML1 and ML)Y).

Effect of the amount of NIPAM monomer introduced

In order to enhance the thickness of the hydrophilic
surface layer and to allow a better encapsulation of iron
oxide particles, the weight percentage (referred to seed
particle amount) of the main monomer (Wyxipam) Was
increased from 25 to 42%, all other reactant concentra-
tions being kept constant with respect to the NIPAM
amount (Table 5). The final particle size was measured
by both QELS and TEM. The hydrodynamic particle
diameter drastically increases upon increasing the
monomer concentration, reflecting the encapsulation of
the adsorbed iron oxide nanoparticles onto seed micro-
spheres. As can be seen in Table 5, the iron oxide
content (#13 wt%) is not affected by the amount of
NIPAM added whereas the WSP proportion rises from
12 to 27%. The results from TEM reflect the fact that
the final latexes exhibit a narrow size distribution; no
secondary nucleation occurred. The large values of the
hydrodynamic diameter can be mainly attributed to the
presence of a small fraction of aggregated particles or to
the bridging flocculation induced by the large degree of
WSP formation, as for MLI12. The electrophoretic
mobility values measured at 20 °C and pH 10 (see
Table 5) decrease with increasing amount of added
monomers, indicating that either the electrostatic stabi-
lization is reduced, due to a decrease in the amount of
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Table 5 Influence of the amount of monomer added: diameter
(Dy,Dy), water soluble polymer (WSP) amount, Wy,,,, electro-
phoretic mobility (1) at pH 10 at 20 and 40 °C (in units of 10~% m?/

Vs) and the isoelectric point (PI). Polymerization recipe: Wnipam
in Wt%/seed particle (PS]4), Myga = 3.8, MKPS = 2.1, Mip =
3.0 (mol%/NIPAM), theoretical final solid content = 1.70%

Code WNIPAM Du PDI Dh WSP Wmag u u PI
(wt %) (Wt%) (Wt%) (20 °O) (40 °C)

ML9 25 346 1.003 460 12 14 -2.5 -5.9 4

MLI11 30 337 1.004 800 22 12.5 -1.5 -5.6 4

MLI12 42 329 1.004 1040 27 13 -1.1 =52 <3

Table 6 Reproducibility study: particle size, pH, u at 20 and 40 °C  particles P(S/INIPAM)3, Myiga = 3.6, Mkps

(in units of 107® m?/Vs) encapsulated nanoparticle amount (Winag)
and WSP amount. Polymerization recipe: Wnipam = 25 wt% /seed

I
o
=
>

I
o

(mol% /NIPAM), theoretical final solid content

Code D PDI Dy pH m n Winas WSP
(20 °C) (40 °C) (Wt%) (Wt%)
ML6 380 1.02 670 - - - 27 9.4
ML7 341 . 650 7.15 -2.5 -45 26 8.7
MLS 352 1.03 860 7.35 -2.5 -45 26 5

Table 7 Influence of the nature of seed particles on the weight
percentage of magnetic nanoparticles before (W,qs) and after
(Wmag) encapsulation. u (in units of 1078 m?/Vs) at 20 and 40 °C
at 10 ionic strength and pH 10, weight percentage of WSP.

Polymerization recipe: Wnipam = 25 wt%/seed latex, Mypa =
3.85, Mxps = 2.1, Mipn = 3.2, (mol%/NIPAM), theoretical final
solid content = 1.70%

Code Seed latex Adsorbed Encapsulated u u WSP
(W ags, Wt%) (Wnag, Wt%) (20 °C) (40 °C) (Wt%)

ML9 PS14 29 14.5 -2.5 -5.9 12

MLI10 P(S/NIPAM)3 43 23 —-1.35 —4.8 17

functional monomer (IA) incorporated, or that the
presence of a thicker layer influences more significantly
the slipping plane and, as a consequence, the electro-
phoretic values.

Reproducibility study

Finally, the encapsulation reproducibility was also
checked by performing three encapsulations under
identical conditions, using the seed particles and recipe
described in Table 6. No significant difference was
observed when considering particle diameter, size distri-
bution, electrophoretic mobility and iron oxide content.
Nevertheless, there could be some variation in the
hydrodynamic diameter of the composite microspheres
due to the presence of aggregated particles. In addition,
the magnetic latexes prepared exhibit the same proper-
ties such as electrophoretic mobility (at 20 and 40 °C),
magnetic content (Wp,,, ~ 26 wt%) and have similar
WSP amounts.

Based on this preliminary study, further encapsula-
tion experiments were conducted by directly replacing
the excess nanoparticles by degassed and boiled water
and the amount of added NIPAM was limited to 25%
with respect to seed polymer particle weight.

Influence of the type of seed particles

As previously shown [l], the nature of the seed
microspheres was found to drastically affect the amount
of iron oxide adsorbed. In fact, the number of nano-
particles adsorbed was found to be higher in the case of
core—shell and pure P(NIPAM) microspheres than in the
case of PS particles (Table 7). Thus, it is expected that
the number of iron oxide nanoparticles encapsulated
should likewise depend on the type of seed particles.

From TEM micrographs of encapsulated ML9 and
ML10 latexes (Fig. 2), no second population of polymer
particles appears and the weight percentage values of
WSP chains are near 15%. These two features confirm
that encapsulation mainly took place within and onto a
coated seed polymer surface.

Based on the results reported in Ref. [1], some
encapsulations were also carried out using pure
P(NIPAM) microgel particles as seeds in order to
further increase the final magnetic material content.
Precipitation polymerization of NIPAM was first per-
formed in conditions similar to that of experiments
ML9. From TEM micrographs (Fig. 3) it seems that
iron oxide particles are distributed around a polymer
core, which suggests that release took place during the
encapsulation. So far, we have no clear explanation to
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Fig. 1 SEM micrographs. a
Scanning electron microscopy
(SEM) image (x30000), run
ML2, low magnetic nanoparti-
cle content. b SEM image
(x30000), run ML3, high mag-
netic nanoparticle content

interpret this result and more experiments are underway
to gain more insight. No more experiments were carried
out using P(NIPAM) particles.

Magnetic material content

As already reported [1], a high amount of adsorbed
iron oxide was obtained in the case of the core—shell
latex (48 wt%) compared to the smooth PS latex
(29 wt%) and a high number of encapsulated nano-
particles onto the core-shell latex is observed, as
expected (Table 7).

In the case of core—shell particles, it seems that some
of the adsorbed nanoparticles are not strongly incorpo-
rated within the P(NIPAM) layer. As shown in Ref. [1],
P(NIPAM) chains are swollen by water and allow iron
oxide particle diffusion into the hairy layer. Some of the
magnetic nanoparticles are attracted by electrostatic
interactions, and some are only physically entrapped in
the hairy layer; this can easily be desorbed during
polymerization, storage or washing leading to a lower
encapsulated amount (23%) compared to that of the
initial amount of iron oxide adsorbed (48%). In
contrast, in the case of PS particles, neither water nor
ferrofluid penetrate into the polymer particles and
interactions between inorganic and polymer particles
occur more strongly at the water—polymer interface.
Even if the amount adsorbed is lower, electrostatic
interactions should be strong enough to reduce the
desorption phenomenon. Moreover, as far as thermo-

dynamics is concerned, adsorption is more favoured
onto a smooth PS particle surface than onto a hairy
P(NTPAM) hydrogel. Indeed, it may be considered that
adsorption of magnetic nanoparticles is more entropi-
cally favourable onto plain cationic hydrophobic mic-
rospheres than onto the hairy layer of core—shell
particles.

Electrophoretic mobility

With both types of seed particles, the electrophoretic
mobility values of the final magnetic particles are larger
at 40 °C than at 20 °C. As already reported by Fujimoto
et al. [9], this behaviour reflects the thermal sensitivity of
the magnetic latexes, which is attributed to the presence
of P(NIPAM). In fact, in the case of run ML9 (using PS
seed particles), the electrophoretic mobility increased on
raising the temperature above 32 °C, which is indicative
that the final composite particles also exhibit a
P(NIPAM) hydrophilic layer.

Effect of polymerization recipe

The influences of the crosslinker agent (MBA) and the
functional monomer (IA) concentrations on the encap-
sulation of adsorbed iron oxide nanoparticles onto core—
shell latex P(S/NIPAM)3 were studied according to the
recipes reported in Table 2. The properties of the final
latexes are reported in Table 8.
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Fig. 2 TEM micrographs. a Transmission electron microscopy
(TEM) image, run ML11, monodispersed uncleaned latex using
PS14 as seed particles. b TEM image, run ML8, monodispersed

uncleaned latex  using  poly(styrene/N-isopropylacrylamide)3
[P(S/NIPAM)3] as seed particles

Iron oxide content

The numbers of adsorbed iron oxide nanoparticles
encapsulated onto core—shell microspheres were deter-
mined by varying the proportion of MBA and IA in
the polymerization recipe. In fact, upon raising both
functional monomer (IA) and crosslinker (MBA) con-
centrations, the number of magnetic nanoparticles
incorporated by encapsulation slightly decreases from
26% to 14%, and from 21% to 17%, respectively. A
reduction in the iron oxide content during encapsulation
can occur for two reasons.

1. Desorption of adsorbed iron oxide induced by
negatively charged WSP which may act as competing
agents in the adsorption process as stabilizers of
desorbed nanoparticles.

2. Shrinkage of the P(NIPAM) shell ““bearing iron oxide
nanoparticles” induced by polymerization tempera-

ture (70 °C) can lead to an increase in the nanopar-
ticle desorption as evidenced in Ref. [1].

Excessively high concentrations of TA and MBA
result in a decrease in the amount of encapsulated iron
oxide and also favour undesirable WSP formation.
Nevertheless, MBA and IA monomers should be
introduced in appropriate concentrations, i.e., 3 and
4 mol% relative to NIPAM, respectively, to ensure both
P(NIPAM) chain incorporation (MBA) and significant
surface carboxylic charge on the particles (IA).

Colloidal properties

The particle sizes measured by QELS are larger than
expected; this can be due to the presence of few
aggregated particles and also to the complexity of the
particle structure. This can be attributed to the aggre-
gate formation during the encapsulation step since the
pH of the medium is controlled by both iron oxide
dispersion (pH close to 8) and IA concentration. At high
IA concentration, the pH decreases as shown in Table 8.
The carboxylic groups are only partially dissociated,
thereby reducing electrostatic stability during polymer-
ization. Furthermore, due to the water solubility of IA,
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the amount of WSP increases greatly upon increasing its
concentration, which could affect the colloidal stability
as discussed previously. Anyway, the particle size and
size distribution as deduced from TEM reflect the
presence of a second population of particles for high
MBA concentrations such as 7.2 wt% (run MLI5),
whereas no secondary nucleation is observed in the
functional monomer concentration range investigated
and for low MBA concentrations as reported in Table 8.

Fig. 3 TEM image, uncleaned latex using whole P(NIPAM) micro-
spheres are seed particles

According to the interface complexity of the magnetic
latex particles prepared, only two points can be deduced
from the electrophoretic mobility measurements.

1. All latexes produced are negatively charged and are
thermosensitive since the electrophoretic mobility
increases with increasing temperature.

2. The isoelectric point (PI) was found to be close to the
pK, of the carboxylic groups, reflecting the possible
incorporation of functional monomer (IA).

Effect of polymerization process (batch versus shot)

More experiments were carried out to improve the
encapsulation performance by sequentially addition of
MBA and IA during the encapsulation step.

The shot encapsulation process consists of adding the
whole monomer mixture in several steps (or additions),
the first shot charge containing all monomers with a low
proportion of IA, whereas in the last stage the remainder
of IA is introduced. With large seed P(S/NIPAM) core—
shell particles, encapsulations were performed either
using a batch process (runs ML17 and ML18 without
and with TA, respectively), or different shot additions as
described in Table 3. With a shot process, carboxylic
monomer (IA) was introduced in the last step so as to
reduce WSP formation and to favour the incorporation
of carboxylic groups onto the particle surface. The
crosslinker concentration was either increased at each
step of the polymerization (run ML20), or decreased
(run ML19). The reason for adding styrene instead of
NIPAM in the first shot of the process (ML16) was to
compare the influence of both types of polymer (hydro-
philic versus hydrophobic) on the incorporation of
magnetic nanoparticles. According to the characteristics
of the final composite particles given in Table 9, some
remarks may be raised concerning the iron oxide content
and particle stability.

Iron oxide content

At first sight, the introduction of styrene in the initial
step of shot addition (run ML16) did not affect the
amount of iron oxide incorporated in comparison with
the batch process using NIPAM (run ML17). In fact, the

Table 8 Influence of MBA and —

IA concentrations on properties €04 Dn PDI Dy Winag U u PI WSP pH
of magnetic latexes: ﬁrr)1a1p (nm) (nm)  (wWt%) (20°C) (40 °C) (wWt%)
D gy, MLT 341 101 650 26 227 45 5 8.7 715
e e MLIO 38 103 1200 23 102 —424 445 17 6.25
(W), at pH 10 at 20 and MLI13 331 1.01 900 14 -2.12 -5.80 4/4.5 19 5.60
50 i it of 10°F miivey,  MLI4 335 Lol 1200 21 220 -570 4 2 6.36
weight percentage of WSP and, ML10 382 1.03 1200 23 -1.35 —4.80 4/4.5 17 6.25
MLI15* 343 1.01 950 17 -1.35 -4.85 4/4.5 19 6.30

pH of uncleaned magnetic

latexes 2Second nucleation
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Table 9 Influence of the poly-

g Code D PDI D W, PI WSP H
merization process on the col- n h mag B B p
loidal properties of magnetic (nm) (nm) (wt%)  (20°C) (40 °C) (wt%)
particles: Dy, PDL, Dy, Mg, at - \rry6™ cag 1005 1000 125 _ - - 12 6.60
DO A o oot MLIT 716 L002 1050 125 -l45  -460 35 27 7.10
tace of WP oad 1%1 O}’un_ MLIS* 619 1.003 1100 7 124 -410  4/45 25 5.35
cleganed N enatic Eltexes ML19® 721 1.003 1100 11 —091  -471 3.5 40 5.45

£ ML20° 704 1.006 1110 6.5 043 -2.86 4 38 6.35

#Second nucleation

QELS particle size was found to be in the same range and
the amount of iron oxide encapsulated was 12.5 wt%
irrespective of the polymerization process. Nevertheless,
in the former case, the measured particle size using QELS
is higher than expected, a result which can be explained
by the presence of unstable particles undergoing aggre-
gation. By increasing the crosslinker agent (MBA)
concentration at each step of the shot process (run
ML20) or in the presence of IA (run MLI1S), the iron
oxide content (Wy,,,) was lowered from 12 to 6.5 and
7 wt%, respectively. In contrast, in run ML19, where the
total amount of MBA is low, Wy,,, is more important.
This confirms the paramount influence of MBA concen-
tration on the nanoparticle encapsulation.

Shot processes performed with NIPAM provided a
large amount of WSP (40%, run ML19), instead of 12%
when styrene was added in the first step in spite of the
large amount of TA added in the second step of the
addition process. In this case, new oligomer chains
containing styrene units are more hydrophobic, which
makes it easier for them to be captured by seed particles.
Moreover, by adding IA in one or several stages, a
secondary nucleation appears (ML19, ML20, MLIS)
which favours WSP formation. Such generation of new
particles should depend on the relative concentration of
monomer added with respect to the overall surface area
provided by the seed particles [10]. In the case of
encapsulations carried out with IA, the oligomer forma-
tion is greatly enhanced, explaining the high percentage
of WSP. These [A-rich growing polymer chains with
hydrophilic character cannot be captured easily by
relatively hydrophobic seed particles and stay preferen-
tially in the aqueous phase where they can lead to new
particles through a homogeneous (or micellar) nucle-
ation mechanism. This is well exemplified by comparing
ML17 and ML20 experiments, where a second nucle-
ation was observed when only IA was added (ML20). In
contrast, with the hardly water soluble styrene, most of
the monomer diffuses into the polymer particles, which
disfavours a second nucleation stage [10].

Colloidal stability

The particle size does not appear to be process-
dependent. The differences between TEM and QELS

values are significant, revealing the hydrophilic P(NI-
PAM) layer at the surface of the encapsulated nanopar-
ticles. No dramatic increase in particle size is evident
from comparisons of QELS and TEM values. It can also
be supposed that no particle aggregates are formed in
these series of latexes. Large differences in electropho-
retic mobility values (Table 9) are observed for the
different encapsulations. Since electrophoretic mobility
or isoelectric potential values are influenced by the
interfacial P(INIAPM) layer thickness, the availability of
carboxylic groups and the presence of nanoparticles, one
cannot correctly correlate the electrokinetic behaviour to
the surface carboxylic groups.

Discussion

According to various experimental observations and
from studies reported by other authors, several points
are worth discussing in relation to the polymerization
mechanism leading to the production of these composite
particles and their colloidal and magnetic properties.

Polymerization onto inorganic particle surfaces

Precipitation polymerization of NIPAM was generated
using a negatively charged initiator to encapsulate
particles bearing charges of the same nature. Such a
strategy was also followed by Furusawa et al. [11] and
Yanase et al. [12], who used KPS to initiate emulsion
polymerization of styrene on iron oxide particles coated
with an anionic surfactant; however this method was
questioned by other authors [13, 14] who reported a
large decrease in the polymer yield and the formation
of a second population of polymer particles when the
initiator and the inorganic particles bore charges of the
same nature. In this case although electrostatic repul-
sions are strong, polymerization can occur at an
inorganic particle surface through chemical affinity. In
contrast, with an initiator oppositely charged to the seed
particles, the new oligomers can be adsorbed (via
attractive electrostatic interactions) onto seed micro-
sphere surfaces, causing an increase in the polymer yield.

In our case, a second population of polymer particles
was obtained in the presence of seed microspheres of
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large size by introducing monomers in several shots or
by adding relatively high concentrations of IA mono-
mer. The formation of new tiny particles was attributed
to a low surface-capture efficiency and the hydrophilicity
of the oligomers. Moreover, seed particles constituted of
a polymeric core coated by nanoparticles exhibit a
heterogeneous surface structure. Encapsulation of these
heterocoagulates cannot be straightforward compared
to polymerization performed only in the presence of
inorganic particles.

In the literature, the polymerization at an inorganic
surface is reported to be feasible after particle surface
modification [14]. This can be accomplished either by
physical adsorption of a surfactant [7, 12] or a polymer
[15] onto iron oxide nanoparticles, or by chemical
grafting of a coupling agent [16, 17] onto silica or rutile
nanoparticles. In our case, the affinity is provided by
the presence of citrate molecules at the surface of the
nanoparticles. Both electrophoretic mobility measure-
ments and the low amount of WSP recovered suggest
that polymerization occurred mostly on the seed particle
surface.

Particle stability

Magnetic polymer particles were found to settle rapidly
due to the presence of the iron oxide material (density of
5.25 g/em?® for Fe30,). Such sedimentation can eventu-
ally cause aggregate formation during storage. Never-
theless, magnetic particles can be stabilized both by
electrostatic and steric repulsions provided by sulfate and
carboxylic groups from the initiator fragments (IA) and
P(NIPAM) chains, respectively. For example, in the case
of large seed particles, the small difference between D,

Iron oxide content

It is worth comparing results from magnetic and
chemical titration of iron oxide, as given in Table 10.
Both methods, performed on seven different samples,
are in good agreement, proving the reliability of the
chemical titration used for further titration. Special
attention was given to the possible desorption of
nanoparticles upon storage. Numerous washing steps
were required to make sure that no more desorption
occurred. The amount of iron oxide released was
evaluated by comparing the weight percentage of
magnetic material on cleaned latex just after washing
(Whmae-1) and after several weeks under gentle agitation
(Wmag-2) (Table 11). W,,,.1 was determined when the
last supernatant was not coloured; however, after a few
days under gentle agitation, the supernatant was again
coloured, indicating a slow iron oxide desorption
process. After extensive washing for a few weeks, the
supernatant was found to be unchanged after 1 week of
agitation: the new iron oxide content was then calculat-
ed, i.e., Wiag-o

The ratio AD/Dy, (ratio of the difference between
Dy, measured at 20 and 40 °C and the value of the
hydrodynamic diameter measured at 20 °C) represents
the contribution of the hydrogel layer to the overall seed
particle diameter. In the case of small-seed core—shell
particles [P(S/NIPAM)3], AD/Dy, is large which explains
the high number of magnetic nanoparticles before [1]
and after encapsulation (Wyae-1). According to Table 11,

Table 10 Encapsulated magnetic nanoparticles amount (weight
percentage) determined by chemical titration and by magnetization
measurements

and Dy can be assigned only to P(NIPAM) shrinkage. Code Chemical titration ~ Magnetization measurement

The magnetic nanoparticle content is low and electro- MLI10 % 3

steric stabilization is efficient enough to prevent magnetic  py.13 2.4 230

particle aggregation. Furthermore, the formation of MLI8 17.7 17.5

a large amount of WSP can induce particle-bridging MLI16 12.7 12.5

at room temperature. In experiments ML7 and ML9 ML3 12 13.1

(Tables 5, 6), low hydrodynamic diameter values can ML9 18.8 19.2

NP MLI 11.2 12

indirectly reflect a low percentage of WSP.

Table 11 D i :

sezlcjl elatex ag?gﬁgg;ﬂ;%};o_ Code Seed latex AD/Dy, Winag-1 Winag-2

philic shell thickness (AD/D), (wt%) (Wt%)

weight percentage of nano- ML10 P(S/NIPAM)3 38 29 23

ﬂigcjﬁ:tcjéfgi;Z‘ih?ggClea“ed MLIS P(S/NIPAM)3 38 23 17

(Wmag-1) and after several weeks M]]:P g(g/igﬁm); 32 %2 5 ig

under gentle agitation (Wpe.2) ML17 PES?NIPAM%B 19 17' 0
ML19 P(S/NIPAM)23 19 16 11
MLI2 PS14 0 18 13
MLI11 PS14 0 16 12.5
ML9 PS14 0 19 14
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nanoparticle desorption depends on the type of seed
particle and whatever the significance of the hairy layer
(from 0 to 25%), the iron oxide content after encapsu-
lation, Wye.1, is about 17-18%. For example, for
experiments carried out with P(S/NIPAM)3 as seed
particles, the final iron oxide content is about 15%,
except in the case of run ML10, where Wy,ae2 is 23%
because the particles formed aggregates during the
washing procedure and desorption was less significant.

In the other runs, the amount of magnetic material
desorbed is near 5% and Wy,e.o remains at approxi-
mately 12%. The desorption process is very significant
for high AD/Dy, (Table 11) values. The final iron oxide
content obtained with P(S/NIPAM) as seed particles is a
little larger than that obtained with PS ones.

Magnetic properties of composites particles

The composite latexes were examined with regard to
their magnetic nature in relation to the weight percent-
age of iron oxide. In Ref. [1], the iron oxide dispersion
was reported to exhibit superparamagnetic properties.
Magnetization measurements were performed to verify
whether or not these nanoparticles kept this property
when incorporated inside the final magnetic particles.
Magnetization was recorded upon decreasing the mag-
netic field. Figure 4 shows high plateau values depend-
ing on the iron oxide content and a rapid decrease of
magnetization to zero when the magnetic field tends to
zero, which corroborates the fact that the incorporated
nanoparticles are still superparamagnetic.

Conclusions

Superparamagnetic, hydrophilic, carboxylated and
monodisperse microspheres were obtained by encapsu-
lation of magnetic nanoparticle-coated polymer parti-
cles. Seed precipitation polymerization of NIPAM was
carried out under various experimental conditions. No
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Fig. 4 Magnetization as a function of applied magnetic field for
different ferrite contents. ML18(A), ML13(O), ML3(®)

aggregation was observed and a second population of
polymer particles was formed only in particular cases.
Moreover, quite low amounts of WSP were left leading
to the conclusion that P(NIPAM) is mainly formed and
is anchored onto the particle surface.

Using a three-step procedure, the presence of the
initial seed particles allows the final particle diameter
range and the size distribution to be monitored. The
amount of iron oxide incorporated largely depends on
the polymerization recipe and only slightly on the nature
of the polymer particles (hydrophobic versus hydrophil-
ic). Nevertheless, one may expect larger amounts to be
incorporated by using pure P(NIPAM) microgel parti-
cles or two hydrophilic polymers (one in the core, the
other for the outer shell) exhibiting different lower
critical solubility temperatures: these alternative routes
should be investigated in more detail.

Due to their size and surface hydrophilicity, these
well-characterized and monodisperse magnetic particles
should be good candidates for solid phases in immuno-
assays. The presence of a P(NIPAM) shell should avoid
nonspecific immobilization of proteins and the presence
of carboxylic groups provided by the functional mono-
mer would allow, after activation, covalent binding of
proteins.
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