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ABSTRACT: A series of uniform, macroporous particles with different surface chemis-
tries were prepared with different acrylic comonomers [methyl methacrylate (MMA),
butyl methacrylate (BMA), epoxypropyl methacrylate (EPMA), 2-hydroxyethyl methac-
rylate (HEMA), and methacrylic acid (MAA)] with styrene–divinylbenzene (S–DVB) in
a multistep seeded polymerization. In the synthesis, uniform polystyrene seed particles
6.2 �m in size were swollen first with a low molecular weight organic agent and then
with a monomer phase including an S–DVB mixture and a relatively polar acrylic
monomer. Final macroporous particles approximately 10 �m in size were obtained by
the repolymerization of the monomer phase in the swollen seed particles. Surface and
bulk morphologies were investigated with scanning and transmission electron micros-
copy, respectively. Although highly porous particles could be achieved with relatively
hydrophobic monomers such as styrene, BMA, MMA, and EPMA, the use of hydrophilic
monomers such as HEMA and MAA led to the synthesis of uniform particles with lower
macroporosity. A comparison of Fourier transform infrared and Fourier transform
infrared/diffuse reflectance spectroscopy spectra indicated that the concentration of polar
acrylic monomer on the surface was higher than in the bulk structure. The nonspecific
protein adsorption behavior of uniform, macroporous particles was investigated with albu-
min as a model protein. The highest nonspecific albumin adsorption was observed with
plain poly(styrene-co-divinylbenzene) [poly(S–DVB)] particles. The particles produced with
MMA and EPMA also exhibited albumin adsorption capacities very close to that of plain
poly(S–DVB). Reasonably low nonspecific albumin adsorption was observed with the par-
ticles produced in the presence of MAA, HEMA, and BMA. Poly(S–DVB) particles func-
tionalized with poly(vinyl alcohol) provided nearly zero nonspecific albumin adsorption. For
nonspecific albumin binding onto the particles via a physical adsorption mechanism,
desorption ratios higher than 80% could be achieved. The desorption ratio with the EPMA-
carrying particles was only 5% because the albumin adsorption onto EPMA-carrying
particles occurred predominantly with covalent-bond formation. © 2002 John Wiley & Sons,
Inc. J Appl Polym Sci 84: 414–429, 2002; DOI 10.1002/app.10412
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INTRODUCTION

Macroporous latex particles 5–20 �m in size have
been widely used as column-filling materials (i.e.,
stationary phases) in gel permeation chromatog-
raphy (GPC) applications aiming at the qualita-
tive or quantitative determination of different
biochemicals. Most of the currently available
macroporous particles used as column materials
in GPC have been manufactured in the polydis-
perse form. Since the 1990s, uniform, macro-
porous particles have been promoted as new-gen-
eration column materials possessing significant
advantages over conventional polydisperse parti-
cles.1–4 A more regular flow regime in the column,
lower column back-pressure, and chromatograms
with higher resolutions are the known advan-
tages of these new materials.1–4

Uniform, macroporous particles have usually
been obtained with seeded polymerization tech-
niques.1–13 Ugelstad and coworkers2,5,6 developed
a two-step microsuspension method to produce
compact or macroporous particles of predeter-
mined size in a range of 1–20 �m. El-Aasser and
coworkers7,8 achieved the preparation of mono-
disperse macroporous polymer particles 10 �m in
diameter via seeded emulsion polymerization. In
their studies, a linear polymer [polystyrene (PS)
seed] or a mixture of a linear polymer and a
solvent or nonsolvent were tried as inert diluents
to achieve macroporous structures with pore di-
ameters of approximately 1000 Å and specific sur-
face areas up to 250 m2/g.7,8 Frechet and cowork-
ers1,3,4 developed a multistage seeded polymer-
ization for the synthesis of uniformly sized porous
poly(styrene-co-divinylbenzene) [poly(S–DVB)]
beads 7.4 �m in size. They also examined the
chromatographic performance of the produced
beads in size exclusion chromatography with dif-
ferent proteins of reasonably close molecular
weights.3 A dynamic swelling method was pro-
posed by Okubo and Nakagawa14 for the synthe-
sis of highly crosslinked large, uniform latex par-
ticles. A new method, the Shirasu porous glass
emulsification technique, was also introduced for
the preparation of functional, uniform particles
with diameters of 2.5–60 �m.15–17

Although production methods and formation
mechanisms of uniform, macroporous particles
have been extensively investigated, limited atten-
tion has been paid to the chemical modification of
these particles. Most of the surface modification
methods were developed for uniform latex parti-
cles produced by emulsion or dispersion polymer-

ization processes in the size range of 0.1–2.0
�m.18–35 Nonspecific protein adsorption behav-
iors of chemically modified latex particles in sub-
micrometer or micrometer ranges have been ex-
tensively investigated.18–27 Recently, thermosen-
sitive polymeric latices have been tried as a novel
class of sorbents in protein adsorption studies
aiming to control the extent of nonspecific protein
adsorption onto the polymeric surface by adjust-
ing the medium temperature.36–38 Similar ther-
mosensitive particles in submicrometer ranges
were used as support materials for the immobili-
zation of different enzymes.39,40 Latex particles in
the submicrometer range were also tested as sup-
port materials for the immobilization of oligonu-
cleotides, DNA fragments, and antibodies for di-
agnostic purposes.41–46

The hydrophilicity and surface chemistry of
uniform, macroporous particles are important in
GPC applications involving the detection or quan-
titative analysis of biomolecules such as proteins,
glycoproteins, and nucleic acids. The surface
chemistry is the most important factor for control-
ling the nonspecific adsorption behavior of biolog-
ical agents onto the column materials. Today,
most uniform, macroporous particles are pro-
duced in the form of styrene–divinylbenzene (S–
DVB) copolymers.1–13 The modification of these
particles by the introduction of functional groups
onto their surfaces allows either the regulation of
surface hydrophobicity or the attachment of li-
gands for the synthesis of stationary phases with
specific recognition abilities for different biomol-
ecules.

Our recent studies were mainly focused on the
production and surface modification of uniform,
macroporous particles 5–20 �m in size and the
interaction of these particles, with their different
surface chemistries, with proteins.10–13 Poly(vi-
nyl alcohol) (PVA)-carrying uniform, macro-
porous particles, exhibiting no nonspecific protein
adsorption, were derivatized by an albumin-spe-
cific ligand (i.e., Cibacron Blue F3G-A) for the
synthesis of an albumin-specific stationary phase
with a potential use in GPC.12 In the development
of a protein-specific sorbent, the definition of the
nonspecific adsorption behavior of the base mate-
rial is essential. For this reason, we investigated
the nonspecific protein adsorption behavior of a
series of uniform, macroporous particles prepared
with different surface chemistries as potential
stationary phases in GPC applications. Here we
report on the production method, surface and
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bulk characteristics, and albumin adsorption be-
haviors of these particles.

EXPERIMENTAL

Materials

Styrene (S; Yarpet AS, Kocaeli, Turkey) was dis-
tilled in vacuo and stored in a refrigerator until
use. Divinylbenzene (DVB; including 55% para-
and meta-DVB isomers; Aldrich Chemical Co.,
Milwaukee, WI) was extracted with a 5% (w/w)
aqueous NaOH solution for removal of the inhib-
itor. Methacrylic acid (MAA; Merck, AG, Darms-
tad, Germany), 2-hydroxyethyl methacrylate
(HEMA, Sigma Chemical Co., St. Louis, MO),
methyl methacrylate (MMA; Aldrich Chemical),
butyl methacrylate (BMA; Aldrich Chemical), and
epoxypropyl methacrylate (EPMA, Aldrich Chem-
ical) were selected as acrylic comonomers. MMA
was extracted with a 5% (w/w) aqueous NaOH
solution before use, whereas the others were used
as received. Sodium lauryl sulfate (Sigma Chem-
ical) was the emulsifier in the preparation of
aqueous emulsion media for the swelling of seed
particles. Dibutyl phthalate (Polisan AS, Kocaeli,
Turkey) was used as the diluent. An oil-soluble
initiator, benzoyl peroxide (BPO; Aldrich Chemi-
cal), was used for the repolymerization of the
monomer phase in the swollen seed particles. Bo-
vine serum albumin (BSA; Fraction V, Sigma
Chemical) was used in the adsorption experi-
ments. Polymerizations and albumin adsorption
experiments were performed with distilled and
deionized (DDI) water.

Preparation of Uniform PS Seed Particles

The seed latex particles were obtained by disper-
sion polymerization. Typically, S (5 mL) was dis-
solved in a homogeneous mixture of ethanol (18
mL; Merck AG) and 2-methoxyethanol (high per-
formance liquid chromatography (HPLC) grade,
12 mL; Aldrich Chemical) including poly(vinylpy-
rollidone) (PVP; PVP-40, average molecular
weight � 40.000, intrinsic viscosity � 29–32,
0.525 g; Sigma Chemical) as the steric stabilizer.
The initiator, freshly crystallized 2,2�-azobi-
sizobutyronitrile (0.11 g; BDH Chemicals Ltd.,
Poole, England) was dissolved in the resulting
homogeneous mixture. The sealed Pyrex polymer-
ization reactor was placed in a shaking water
bath equipped with a heater and a temperature-

control system. The polymerization was con-
ducted at 70°C for 24 h at a 150-cpm shaking rate.
The product was 6.2-�m PS latex particles. The
latex particles were extensively washed with DDI
water with a centrifugation–decantation proce-
dure. The molecular weight of the seed latex was
determined in an HPLC system (Waters, Milford,
MA) with methylene chloride as the eluent in an
Ultrastyragel column operated at ambient tem-
perature with PS standards.

Synthesis of Large Uniform Latex Particles

The multistep seeded polymerization used in our
study was developed according to the principles of
the polymerization method proposed by Wang et
al.3 Large uniform latex particles were obtained
with a two-step seeded polymerization procedure.
By following this method, we obtained uniform
particles of plain poly(S–DVB), poly(vinyl alcohol)-
carrying poly(styrene-co-divinylbenzene) [PVA–
poly(S–DVB)], poly(styrene–methyl methacrylate–
divinylbenzene) [poly(S–MMA–DVB)], poly(sty-
rene–butyl methacrylate–divinylbenzene) [poly(S–
BMA–DVB)], poly(styrene– epoxypropyl meth-
acrylate–divinylbenzene) [poly(S–EPMA–DVB)],
poly(styrene–methacrylic acid– divinylbenzene)
[poly(S–MAA–DVB)], and poly(styrene–hydroxy-
ethyl methacrylate– divinylbenzene) [poly(S–
HEMA–DVB)].

In a typical synthesis, dibutylphthalate (0.35
mL) was emulsified in 25 mL of an aqueous me-
dium including 0.25% (w/w) sodium dodecyl sul-
fate (SDS) as the emulsifier. For the emulsifica-
tion, a mixture of dibutyl phthalate (DBP) and
aqueous SDS was sonicated for 30 min in an
ultrasonic water bath (Bransonic 200, Orange,
VA). An aqueous dispersion of PS seed particles
(ca. 4.0 mL) including 0.35 g of PS seed particles
was added to the DBP emulsion. The resulting
dispersion was stirred magnetically (400 rpm) at
room temperature for 24 h for the complete ab-
sorption of DBP by the PS seed particles. In the
next step, a monomer phase, consisting of S (0.4
mL), DVB (0.8 mL), an acrylic monomer (i.e.,
MMA, BMA, EPMA, HEMA, or MAA; 0.4 mL),
and BPO (60 mg), was emulsified in 25 mL of an
aqueous medium including 0.25% (w/w) SDS by
sonication for 5 min. The monomer emulsion was
then mixed with the aqueous dispersion of DBP-
swollen seed particles. The resulting emulsion
was stirred at room temperature for 8 h at 400
rpm for the absorption of the monomer phase by
the DBP-swollen seed particles. At the end of this
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period, the emulsion was purged with bubbling
nitrogen for 5 min. Repolymerization of the mono-
mer phase in the swollen seed particles was con-
ducted at 70°C for 24 h at a 120-cpm shaking rate.
Repolymerization provided macroporous particles
with different surface chemistries. In some prep-
arations, latex particles approximately 1 �m in
size were obtained as a byproduct together with
the large uniform fraction. These small particles
were discarded with a successive centrifugation–
decantation procedure, and the large macro-
porous fraction was isolated. For the synthesis of
PVA-carrying poly(S–DVB) particles, PVA was
used as a steric stabilizer in the repolymerization
step. For other particle types, the repolymeriza-
tions were performed without PVA. A schematic
representation of the seeded polymerization used
for the synthesis of the uniform, macroporous
particles is given in Figure 1. The final particles
were washed with tetrahydrofuran and ethanol
extensively for removal of the diluent and the
linear polymer with successive centrifugation and
decantation steps. Then, the particles were
washed with water and redispersed via shaking
in DDI water.

Characterization of the Uniform Latex Particles

The average size and size distribution of particles
were determined with scanning electron micros-
copy (SEM; JEOL JEM 1200EX, Tokyo, Japan).
An aqueous dispersion of cleaned latex particles

(ca. 0.1 mL) was spread onto a copper disk, and
water was evaporated. Dried particles were
coated with a thin layer of gold (ca. 100 Å) in
vacuo. The specimens were examined and photo-
graphed with SEM (JEOL JEM 1200 EX). The
magnification was set to 1000� in the SEM pho-
tographs taken for the determination of the aver-
age size and coefficient of variation (CV). For each
particle type, two different SEM photographs
were taken from different fields. The photographs
were printed at 14 cm � 10 cm, and all beads in
the photographs were measured and counted for
the determination of size distribution properties.
Through the evaluation of the SEM photographs,
the number-average diameter (Dn) of the particles
was calculated according to eq. (1), where Ni is the
number of particles with diameter Di (�m):

Dn � � NiDi/�Ni (1)

The weight-average diameter (Dw) was calculated
with eq. (2):

Dw � � NiD4/�NiDi
3 (2)

The CV was calculated as the ratio of the stan-
dard deviation (SD) to Dn according to eq. (3):

CV (%)� �SD/Dn�� 100 (3)

Figure 1 Schematic representation of the seeded polymerization used for the prepa-
ration of the macroporous particles.
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The surface morphology was evaluated by the
SEM photographs taken at 4000� magnification.
Transmission electron microscopy (TEM) was
used for the examination of the bulk structure of
the produced particles. For this purpose, dried
particles (100–200 mg) were fixed in a 1% aque-
ous OsO4 solution and dehydrated in a graded
series of alcohols; they were then embedded in
Araldit CY 212. Thin sections were cut serially
(60–90 nm) with an Ultrathom (LKB, Tokyo, Ja-
pan), mounted on 100-mesh grids, and examined
under a transmission electron microscope (JEOL
JEM 1200 EX). Fourier transform infrared
(FTIR) and Fourier transform infrared/diffuse re-
flectance spectroscopy (DRS) (FTIR–DRS) spec-
troscopy were used for examination of the bulk
and surface chemistries of the particles. FTIR and
FTIR–DRS spectra were obtained with KBr tab-
lets and KBr powder, respectively. Before the re-
lated spectra were taken, the produced particles
and KBr were first dried in a low vacuum at 40°C
for 3 days and then over anhydrous CaCl2 for 2
days. Mass-charge densities of the particles were
determined by potentiometric titration performed
with a 0.05N NaOH solution.

Nonspecific BSA Adsorption Experiments

In nonspecific BSA adsorption experiments per-
formed in batch fashion, seven types of uniform
latex particles with different surface chemistries
[i.e., plain poly(S–DVB), PVA-carrying poly(S–
DVB), poly(S–MMA–DVB), poly(S–BMA–DVB),
poly(S–EPMA–DVB), poly(S–HEMA–DVB), and
poly(S–MAA–DVB)] were used as sorbents. Typ-

ically, a certain amount of BSA was dissolved in a
buffer solution (40 mL) at pH 5.0. A certain vol-
ume of suspension including 0.25 g of uniform
particles was centrifuged, and the liquid part was
decanted. Precipitated particles were redispersed
in the BSA solution. Equilibrium adsorption ex-
periments were conducted at 25°C for 2 h at a
stirring rate of 200 rpm. Preliminary experiments
indicated that equilibrium was established within
20–30 min in the adsorption process. Then, an
equilibrium period of 2 h was used in the protein
adsorption runs. At the end of this period, the
suspension was centrifuged, and the particles
were separated from the adsorption medium. Al-
bumin adsorption capacities of uniform, macro-
porous particles were determined by the mea-
surement of the initial and final BSA concentra-
tions by the Biuret method. In the nonspecific
adsorption experiments, the initial BSA concen-
tration and pH of the adsorption medium were
changed. For the investigation of the reversible
desorption behavior, uniform particles were first
loaded with BSA in a medium with a pH of 5.0
with an initial BSA concentration of 5 mg/mL at
25°C. After establishment of the adsorption equi-
librium, the particles carrying different amounts
of BSA were transferred into the desorption me-
dia, including 1.0M NaSCN at pH 8.0. The final
BSA concentration in the desorption medium was
determined by the Biuret method after a release
period of 1 h at 25°C.

RESULTS AND DISCUSSION

Characterization of the Uniform, Macroporous
Particles

A typical electron micrograph of PS particles used
as the seed latex in the production of functional-
ized, macroporous particles is given in Figure 2.
The properties of the seed latex are summarized
in Table I. As seen here, seed particles with a Dn
value of 6.2 �m could be achieved with a suffi-
ciently narrow size distribution by the application
of a single-stage polymerization.

Table I Properties of PS Seed Particles

Dn (�) CV (%) Mn

6.2 2.64 5.8 �103

Figure 2 Typical SEM micrograph of the PS seed
particles (the bar indicates 10 �m).
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SEM photographs showing the size and size
distribution of functionalized, macroporous parti-
cles obtained with relatively hydrophobic and hy-
drophilic comonomers in the seeded polymeriza-
tion are given in Figures 3 and 4, respectively.
The properties of the functionalized, macroporous
particles are listed in Table II. For an idea of the
polarity, Hansen solubility parameters of S and
acrylic monomers are included in Table II. On the
basis of the solubility parameter values, the most
apolar structure was BMA. The polarity (i.e., the
hydrophilicity) of the acrylic monomers increased
with the increasing solubility parameter. Among
the attempted structures, HEMA and MAA were
infinitely soluble in water, whereas the others
(i.e., EPMA, MMA, and BMA) had a limited sol-
ubility lower than 5 wt %. In all particle prepara-
tions, DVB and acrylic monomer feed concentra-
tions in the repolymerized monomer mixture
were fixed at 50 and 25% (v/v), respectively. As
seen in Table II, the CV of produced particles was
approximately 5% in most cases. These CVs indi-
cated that all particle types were obtained with
reasonably narrow size distributions. The repoly-

merization of the monomer mixture containing no
acrylic monomer (i.e., S–DVB) provided a higher
average size relative to the particles obtained in
the presence of acrylic monomers. The highest
mass-charge density was obtained with the plain
poly(S–DVB) particles. The introduction of PVA
or an acrylic monomer into the particle structure
resulted in a decrease in the mass-charge density.

SEM photographs showing the detailed surface
structures of the uniform, macroporous particles
produced in the presence of S, BMA, and MMA
are given in Figure 5. As seen here, particles with
highly porous surfaces could be achieved when
relatively hydrophobic monomers (i.e., S, BMA,
and MMA) were used with DVB as the
crosslinker. For the internal part, TEM photo-
graphs of OsO4

2�-stained thin sections of the same
particles are given in Figure 6. As seen here, all
particle interiors were highly porous. An internal
structure based on the homogeneous distribution
of macropores in the whole cross section was ob-
served for all particle types. A comparison of Fig-
ures 5 and 6 indicates that the average pore size
on the particle surface was very close to that of

Figure 3 Electron micrographs showing the size and size distribution properties of
the macroporous particles produced with relatively hydrophobic monomers in the
repolymerization stage (for all photographs, the original magnification was 1000�): (A)
poly(S–DVB) particles produced in the absence of PVA, (B) poly(S–DVB) particles
produced in the presence of PVA, (C) poly(S–BMA–DVB) particles, and (D) poly(S–
MMA–DVB) particles.

MACROPOROUS LATEX PARTICLES 419



the particle interior, and the pore size distribu-
tions of the particle surface and particle interior
were similar for each particle type.

SEM photographs showing the surface struc-
tures of the particles produced with relatively
polar acrylic monomers (i.e., EPMA, HEMA, and
MAA) are given in Figure 7. As seen here, the
particle surfaces obtained in the presence of polar
acrylic monomers were reasonably different from
those obtained with more hydrophobic monomers
(Fig. 5). On the basis of the solubility parameters
in Table II, EPMA should be considered the most

apolar structure among the hydrophilic mono-
mers tried. A relatively regular macroporous sur-
face was only obtained for the particles produced
in the presence of EPMA. However, the surface
porosity of poly(S–EPMA–DVB) particles was
lower than those of the particles produced with
hydrophobic monomers such as S, BMA, and
MMA (Fig. 5). However, HEMA and MAA were
more polar relative to EPMA (Table II). As seen in
Figure 7(B), there were craterlike and large
macropores on the surface of poly(S–HEMA–
DVB) particles. This view indicates that the
macropore number density was lower on the sur-
face of poly(S–HEMA–DVB) particles. The use of
MAA in the repolymerized monomer mixture led
to the synthesis of particles with a nonporous
surface [Fig. 7(C)]. Note that both HEMA and
MAA were infinitely soluble in water. These re-
sults confirmed that the surface porosity mark-
edly decreased or disappeared in the presence of
hydrophilic comonomers.

TEM photographs of OsO4
2�-stained thin sec-

tions of the particles produced with EPMA,
HEMA, and MAA are given in Figure 8. The bulk
structure of poly(S–EPMA–DVB) particles was
the most similar to those obtained with hydropho-
bic acrylic monomers (i.e., S, BMA, and MMA in
Fig. 6). However, the bulk views of poly(S–HE-
MA–DVB) and poly(S–MAA–DVB) were reason-
ably different. Instead of a macroporous structure
including homogeneously distributed pores of ap-
proximately equal sizes in the whole cross section,
a porous structure including large voids was ob-
served in the presence of HEMA and MAA. This
structure was more characteristic for the parti-
cles produced with MAA [Fig. 8(C)]. Note that
such a porous structure should have a signifi-
cantly lower specific surface area and pore volume
relative to those obtained in the presence of hy-
drophobic monomers.

FTIR and FTIR–DRS spectra of plain poly(S–
DVB) and poly(S–DVB) particles produced with
PVA as the stabilizer are given in Figure 9. As
seen here, a reasonably characteristic FTIR spec-
trum was obtained for the plain poly(S–DVB) par-
ticles.12,29 The weak band at 1740 cm�1 probably
originated from the carbonyl groups of a co-
valently bound initiator used in the repolymeriza-
tion (i.e., BPO). FTIR and FTIR–DRS spectra of
plain poly(S–DVB) particles were reasonably sim-
ilar. For poly(S–DVB) particles produced with
PVA as the stabilizer, a clear hydroxyl band was
detected at 3500 cm�1 in the FTIR–DRS spec-
trum. This band probably originated from the co-

Figure 4 Electron micrographs showing the size and
size distribution properties of the macroporous parti-
cles produced with relatively hydrophilic monomers in
the repolymerization stage (for all photographs, the
original magnification was 1000�): (A) poly(S–EPMA–
DVB) particles, (B) poly(S–HEMA–DVB) particles, and
(C) poly(S–MAA–DVB) particles.
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valently bound or strongly entrapped PVA chains
on the surface.12 However, the hydroxyl band was
very weak, in fact almost absent, in the FTIR
spectrum, showing the bulk structure of the same
particles. This indicated that PVA was predomi-

nantly located on the surface of poly(S–DVB) par-
ticles, and its bulk concentration in the whole
particle structure was very low.

FTIR and FTIR–DRS spectra of poly(S–BMA–
DVB) and poly(S–MMA–DVB) particles are given

Table II Properties of the Macroporous Particles

Particle Type � (cal/cm3)1/2 Dn (�m) Dw (�m) CV (%) Q (mequiv/g) � 103

Plain poly(S–DVB) 9.3a 9.87 9.92 4.10 110.0
Poly(S–DVB) with PVA — 10.03 10.11 5.84 18.9
Poly(S–BMA–DVB) 8.2b 9.53 9.58 4.23 68.7
Poly(S–MMA–DVB) 8.8b 9.43 9.50 5.97 13.7
Poly(S–EPMA–DVB) 9.5c 9.53 9.57 4.41 12.9
Poly(S–HEMA–DVB) 11.4c 9.42 9.52 7.20 79.4
Poly(S–MAA–DVB) 11.2b 9.46 9.52 5.37 21.1 (84.6)d

� Hansen solubility parameter of of S and acrylic monomers; Q; mass-charge density based on acidic OOSO3H groups of
particles.

aThe solubility parameter of S.
bThe solubility parameters of BMA, MMA, and MAA were taken from ref. 47.
cThe solubility parameters of EPMA and HEMA were calculated with the Hildebrand expression and molecular attraction

constants in ref. 47, respectively.
dMAA content of poly(S–MAA–DVB) particles determined by potentiometric titration is given in the parenthesis as mg of MAA/g

of particles.

Figure 5 SEM photographs showing the detailed surface structures of the macro-
porous particles produced in the presence of relatively hydrophobic monomers in the
repolymerization stage (for all photographs, the original magnification was 4000�): (A)
poly(S–DVB) particles produced in the absence of PVA, (B) poly(S–DVB) particles
produced in the presence of PVA, (C) poly(S–BMA–DVB) particles, and (D) poly(S–
MMA–DVB) particles.
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in Figure 10. The strong carbonyl bands at 1740
cm�1 in the FTIR spectra of poly(S–MMA–DVB)
and poly(S–BMA–DVB) particles showed the
presence of the corresponding acrylic monomer in
the bulk structure. For each particle type, the
relative intensities of carbonyl bands in both
FTIR and FTIR–DRS spectra were approximately
the same. This indicated that concentrations of
each acrylic monomer (i.e., BMA or MMA) in the
particle interior and on the particle surface were
approximately the same.

FTIR and FTIR–DRS spectra of uniform parti-
cles produced with relatively hydrophilic comono-
mers (i.e., EPMA, HEMA, and MAA) are given in
Figure 11. The introduction of EPMA into the
particle structure was confirmed by the strong
carbonyl bands at 1740 cm�1 in both the FTIR
and FTIR–DRS spectra of poly(S–EPMA–DVB)
particles. The relative intensities of carbonyl
bands (i.e., based on the intensities of aliphatic
bands at 2900 cm�1) appearing in both the FTIR
and FTIR–DRS spectra of poly(S–EPMA–DVB)
particles were very close. This indicated that bulk

and surface concentrations of EPMA were
roughly the same. In the FTIR spectrum of pol-
y(S–EPMA–DVB) particles, a hydroxyl band with
appreciable relative intensity was detected at
3500 cm�1. This probably indicated that some
part of EPMA introduced into the particle struc-
ture was hydrolyzed during the repolymerization
step. However, the relative intensity of this band
also showed that the hydrolyzed fraction of EPMA
was not so significant. The relative intensity of
the hydroxyl band (3500 cm�1) in the FTIR–DRS
spectrum of poly(S–EPMA–DVB) particles was
not stronger than that observed in the FTIR–DRS
spectrum of PVA-carrying poly(S–DVB) particles.
This comparison supported that the hydroxyl
band predominantly originated from EPMA
chains hydrolyzed on the surface of poly(S–
EPMA–DVB) particles.

The relative intensity of the hydroxyl band at
3500 cm�1 in the FTIR–DRS spectrum of poly(S–
HEMA–DVB) particles was reasonably strong in
comparison with that observed in the FTIR spec-
trum of the same particles. This indicated that

Figure 6 TEM photographs of OsO4
2�-stained thin sections showing the internal

structures of the macroporous particles produced in the presence of relatively hydro-
phobic monomers in the repolymerization stage: (A) poly(S–DVB) particles produced in
the absence of PVA, (B) poly(S–DVB) particles produced in the presence of PVA, (C)
poly(S–BMA–DVB) particles, and (D) poly(S–MMA–DVB) particles (the original mag-
nifications were 6000� for A, 5000� for B, and 3000� for C and D).
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the HEMA concentration was higher on the par-
ticle surface than in the particle interior. In FTIR
and FTIR–DRS spectra of poly(S–MAA–DVB)
particles, the strong and divided bands at 1740–
1750 cm�1 probably originated from the carbonyl
group of MAA. However, in the FTIR–DRS spec-
trum of poly(S–MAA–DVB) particles, the shoul-
der at 3500 cm�1 originating from the hydroxyl
site of the carboxyl group was much stronger.
This also indicated that the surface concentration
of MAA was higher than that in the particle in-
terior. Because HEMA and MAA are reasonably

hydrophilic, these monomers were preferentially
located on the surface of the corresponding parti-
cles produced in an aqueous emulsion medium.
Highly porous forms of poly(S–MAA–DVB) and
poly(S–HEMA–DVB) particles could also be
achieved with some modifications to the seeded
polymerization.13

A mechanism was proposed by Cheng et al.8 for
the pore formation process in large uniform latex

Figure 8 TEM photographs of OsO4
2�-stained thin

sections showing the internal structures of macro-
porous particles produced in the presence of relatively
hydrophilic monomers in the repolymerization stage
(for all photographs, the original magnification was
3000�): (A) poly(S–EPMA–DVB) particles, (B) poly(S–
HEMA–DVB) particles, and (C) poly(S–MAA–DVB)
particles.

Figure 7 SEM photographs showing the detailed sur-
face structures of the macroporous particles produced
in the presence of relatively hydrophilic monomers in
the repolymerization stage (for all photographs, the
original magnification was 4000�): (A) poly(S–EPMA–
DVB) particles, (B) poly(S–HEMA–DVB) particles, and
(C) poly(S–MAA–DVB) particles.
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particles. According to this mechanism, the first
stage in the pore formation process was described
as the production and agglomeration of low-en-
ergy and highly crosslinked microspheres by
phase separation taking place between the
crosslinked polymer and the diluent phase, in-
cluding linear PS and a nonsolvent. The fixation
and binding of microspheres (i.e., agglomerate
formation) occurred in the second stage, and the
voids between the fixed microspheres filled with
the linear polymer and nonsolvent.8 By consider-
ing this mechanism and combining our results
obtained with FTIR and electron microscopy, we
make the following comments for the pore forma-
tion process in the presence of polar acrylic mono-
mers.

There was a layer with reasonably low porosity
or, in the nonporous form, on the surface of uni-
form particles obtained with relatively hydro-
philic monomers (i.e., HEMA and MAA). FTIR–
DRS results showed that these monomers were

preferentially located in this layer. Then, an effi-
cient phase separation probably did not occur in
this region because of the high concentration of
polar monomer. In other words, the crosslinked
polymeric microspheres or aggregates, containing
S and acrylic monomer, mixed well with the di-
luent phase on the particle surface.

Extremely large voids in the cross sections of
poly(S–HEMA–DVB) and poly(S–MAA–DVB) can
be explained by the formation of larger agglomer-
ates during the pore formation process. These
should occur by the adhesion and combination of
smaller crosslinked gel microspheres in the form-
ing particles. The adhesion and combination ten-
dencies of these microspheres are probably higher
for polar acrylic monomer. The rigid and stable
gel microspheres, which are more resistant to ad-
hesion and combination, should occur with the
monomer mixtures containing only S and DVB
(i.e., in the absence of a polar acrylic monomer).
In such a case, the integrity of each microsphere
is protected during the fixation process, and the

Figure 10 FTIR and FTIR–DRS spectra of poly(S–
BMA–DVB) and poly(S–MMA–DVB) particles.

Figure 9 FTIR and FTIR–DRS spectra of plain
poly(S–DVB) and poly(S–DVB) particles produced with
PVA as the stabilizer in the repolymerization stage.
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individual microspheres do not mix or dissolve in
each other. In this case, the voids, between the
fixed individual microspheres filled with porogen,
should be macropores of produced particles. The
crosslinked microspheres occurring in the pres-
ence of a polar monomer probably have a stickier
character. This property makes adhesion and
combination easier. In a such a case, the integrity
of individual microspheres cannot be protected,
and large, continuos solid blocks are formed by
combination, or excessive aggregation, of sticky
microspheres during the fixation period. This case
results in the formation of larger voids located
between these blocks. However, the diluent ab-
sorption capacity of crosslinked microspheres
generated during the pore formation process
might be higher when a polar acrylic monomer is
found in their structure. In this case, a larger
amount of diluent is preferentially located in the

swollen microspheres instead of being located in
the voids between microspheres. The increasing
diluent absorption capacity also may lead to a
stickier form. Therefore, larger blocks are gener-
ated by the combination of these microspheres.

BSA Adsorption and Desorption Studies

Nonspecific protein adsorption behaviors of uni-
form, macroporous particles were investigated
with BSA as the model protein. The amount of
particles and the volume of the adsorption solu-
tion were fixed at 0.25 g and 40 mL, respectively.
For the derivation of nonspecific BSA adsorption
isotherms for each particle type, the BSA initial
concentration was varied between 0.5 and 5.0 mg/
mL. The adsorption experiments were performed
at nearly the isoelectric point of BSA (pH 5) and
at 25°C. For all particle types, the variation of the
equilibrium BSA adsorption capacity with the ini-
tial BSA concentration is given in Figure 12. As
seen here, the plateau value of the BSA adsorp-
tion capacity of particles decreased according to
the following order: QP(S–DVB) � QP(S–EPMA–DVB)
� QP(S–MMA–DVB) � QP(S–MAA–DVB) � QP(S–HEMA–
DVB) � QP(S–BMA–DVB) � QPVA–P(S–DVB). As defined
in the literature, in the isoelectric point region,
because the protein molecule was scarcely
charged as a whole, BSA molecules were adsorbed
onto the particles through nonelectrostatic forc-
es.21,48 In the case of plain poly(S–DVB) particles
with the most hydrophobic surface, hydrophobic
interaction is probably the predominant driving
force to nonspecific BSA adsorption at the isoelec-
tric point.48 For this reason, the highest BSA ad-
sorption capacity was obtained with plain poly(S–
DVB) particles.

Nonspecific BSA adsorption capacities of pol-
y(S–EPMA–DVB) particles were approximately
equal to those of plain poly(S–DVB). The mecha-
nism of BSA adsorption onto poly(S–EPMA–
DVB) particles is probably different than for the
others. Although a physical adsorption process is
valid for all particle types tried in this study, BSA
adsorption onto poly(S–EPMA–DVB) particles
probably occurs by either physical interaction or
covalent-bond formation. The epoxypropyl group
of EPMA has a direct reaction ability with the
amino groups of BSA under the selected adsorp-
tion conditions. The proposed reaction scheme is
given in Figure 13. Therefore, the dominant
mechanism for BSA binding onto the poly(S–EP-
MA–DVB) particles is probably a chemical ad-
sorption process. The high BSA adsorption capac-

Figure 11 FTIR and FTIR–DRS spectra of poly(S–
EPMA–DVB), poly(S–HEMA–DVB), and poly(S–MAA–
DVB) particles.
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ity of these particles should be explained by the
covalent binding of BSA molecules onto the par-
ticle surface.

The maximum nonspecific BSA adsorption ca-
pacity of poly(S–MMA–DVB) particles was lower

than that of plain poly(S–DVB). The use of MMA
in the repolymerization step probably led to a
more hydrophilic particle surface relative to that
of plain poly(S–DVB). Therefore, the introduction
of MMA probably reduced the hydrophobic inter-

Figure 12 Variation of the equilibrium BSA adsorption capacity of the macroporous
particles with the initial BSA concentration.

Figure 13 Proposed reaction scheme for the covalent binding of BSA molecules onto
the epoxypropyl groups of poly(S–EPMA–DVB) particles.
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action between BSA and the particle surface, and
lower BSA adsorption was obtained. Okubo et
al.23 investigated the nonspecific BSA adsorption
behaviors of submicrometer PS and poly(MMA)
latices produced by a conventional emulsion
polymerization procedure. They found that the
nonspecific albumin adsorption capacity of
poly(MMA) latex was lower than that of PS.

The results in Figure 12 indicate that rela-
tively lower BSA adsorption capacities were ob-
tained with uniform particles functionalized with
acrylic monomers having polar hydrophilic
groups (i.e., MAA and HEMA). A comparison of
FTIR and FTIR–DRS spectra of the particles pro-
duced in the presence of HEMA or MAA clearly
showed that the concentration of HEMA or MAA
on the corresponding particle surfaces was higher
than its bulk concentration. For these particles,
a hydrous poly(HEMA)-rich or poly(MAA)-rich
layer on the particle surface probably led to weak
hydrophobic interaction between the particles
and BSA. In the literature, significantly lower
nonspecific BSA adsorption capacities, relative to
that of plain PS latex, have also been reported for

poly(S–HEMA) particles produced by conven-
tional emulsion polymerization in the submi-
crometer range.20,23 In our results, the higher
adsorption capacity of MAA-functionalized parti-
cles, relative to that of HEMA-carrying ones, is
probably explained by the hydrogen-bond forma-
tion between BSA and carboxyl groups of the
MAA-rich surface layer.22,49

PVA-carrying latex particles provided the low-
est equilibrium BSA adsorption capacities at all
BSA concentrations. PVA is one hydrophilic agent
widely used for reducing nonspecific protein ad-
sorption onto hydrophobic polymeric materials.26

Although BMA was one of the most hydrophobic
comonomers among those tried, BSA adsorption
capacities obtained with the BMA-carrying parti-
cles were surprisingly low. This result did not
obey the tendency expected from the hydrophilic-
ity of the acrylic monomers.

The effect of pH on the BSA adsorption capac-
ity of the uniform, macroporous particles is given
in Figure 14. These experiments were performed
at 25°C with an initial BSA concentration of 5
mg/mL. As seen here, no significant nonspecific

Figure 14 Effect of pH on the equilibrium BSA adsorption capacity of the macro-
porous particles.
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BSA adsorption onto the poly(S–DVB) particles,
produced in the presence of PVA, was observed at
all pH values. As expected, maximum equilibrium
adsorption capacity was obtained at the isoelec-
tric point of BSA (pH 5.0) for all other particles.
The maximum albumin adsorption observed at
pH 5 is probably explained by the minimum water
solubility of albumin at the isoelectric point. Note
that similar behavior was observed for PS, poly-
(S–HEMA), and poly(S–acrylamide) copolymer la-
tices of submicrometer size.20,21,48 The equilib-
rium adsorption capacity markedly decreased in
the pH region higher than the isoelectric point
(pH � 5). Note that all types of latex particles
produced in this study possessed negatively
charged surfaces (Table II). As stated in the liter-
ature, electrostatic repulsion acts between nega-
tively charged latex particles and albumin at pH
values higher than the isoelectric point.21,48 In
physical adsorption, electrostatic repulsion is
probably the main reason for the decrease in the
adsorption capacity. Although very low (i.e.,
nearly zero) equilibrium adsorption capacities
were obtained with all particles in the alkaline
pHs (i.e., 8 and 9), poly(S–EPMA–DVB) particles
exhibited an appreciable BSA adsorption in this
range. This behavior probably originated from the
BSA adsorption mechanism, which was valid for
EPMA-carrying particles (i.e., adsorption via co-
valent-bond formation). However, the decrease
observed in the albumin adsorption capacity of
poly(S–EPMA–DVB) particles probably indicated
that chemical interaction between the amine
groups of BSA and epoxypropyl groups was not so
strong in the alkaline pH region.

The desorption of BSA adsorbed from the uni-
form particles was studied in batch fashion. The
desorption ratio was defined as the ratio of the
amount of BSA released in the desorption me-

dium to the amount of BSA adsorbed onto the
particles. The desorption ratios, achieved with
particles loaded with an initial BSA concentration
of 5 mg/mL, are presented in Table III. Except for
poly(S–EPMA–DVB), approximately 80–90% of
the adsorbed BSA could be desorbed from the
surfaces of all particles. In other words, the
macroporous particles, except for poly(S–EPMA–
DVB), exhibited reversible BSA adsorption–des-
orption behavior. However, the desorption ratio
observed with poly(S–EPMA–DVB) particles was
very low (ca. 5% w/w). This indicated that most
BSA was adsorbed irreversibly onto poly(S–EP-
MA–DVB) particles. The validity of a chemical
adsorption mechanism for poly(S–EPMA–DVB)
particles (i.e., covalent binding of BSA molecules
onto the surface of EPMA-carrying particles) was
confirmed by this result.

CONCLUSIONS

As chromatographic support materials in GPC
applications, uniform, macroporous particles ap-
proximately 10 �m in size were prepared with
different surface chemistries by the inclusion of
different acrylic monomers in a multistage micro-
suspension polymerization. The presence of
acrylic monomer strongly affected the surface and
bulk morphology of the final particles. Although
highly porous particles could be achieved with
relatively hydrophobic monomers such as S,
BMA, MMA, and EPMA, the use of hydrophilic
monomers such as HEMA and MAA led to parti-
cles with lower porosity. Because the nonspecific
interactions between the proteins and stationary
phase materials are important in GPC applica-
tions, the adsorption of albumin onto the particles
obtained with different surface chemistries was

Table III Desorption Ratios Achieved with the Macroporous Particles Loaded with Different
BSA Initial Concentrations

Particle Type

Equilibrium BSA
Adsorption Capacity

(mg of BSA/g of particle)
Desorption Ratio

(wt % adsorbed BSA)

Plain poly(S–DVB) 57.4 83.4
Poly(S–DVB) with PVA 3.9 96.2
Poly(S–BMA–DVB) 5.2 92.1
Poly(S–MMA–DVB) 50.1 85.7
Poly(S–EPMA–DVB) 54.5 5.9
Poly(S–HEMA–DVB) 7.9 80.9
Poly(S–MAA–DVB) 15.6 89.8
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investigated. The particles with relatively hydro-
phobic character [i.e., plain poly(S–DVB), poly(S–
MMA–DVB), and poly(S–EPMA–DVB)] provided
high nonspecific albumin adsorption. Lower albu-
min adsorption was observed with the particles
produced in the presence of hydrophilic acrylic
monomers such as MAA and HEMA. Poly(S–
DVB) particles functionalized with PVA gave
nearly zero albumin adsorption.
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