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ABSTRACT: A novel preparation method of micron-sized
non-porous magnetic polymer microspheres with immobi-
lized metal affinity ligands was developed. A modified sus-
pension polymerization of methacrylate (MA) and divinyl-
benzene (DVB) was performed in the presence of oleic acid-
coated magnetic Fe3O4 nanoparticles to obtain magnetic
poly (methacrylate-divinylbenzene) (mPMA-DVB) micro-
spheres. Through ammonolysis using ethylenediamine
(EDA) and subsequent carboxymethylation with chloroace-
tic acid, magnetic polymer microspheres with chelate li-
gands of iminodiacetic acid (IDA) were obtained. Charging
with copper ions resulted in magnetic polymer micro-
spheres capable of binding proteins that display metal affin-
ity. The morphology, magnetic properties, and composition

of magnetic polymer microspheres were characterized with
scanning electron microscopy (SEM), vibrating sample mag-
netometer (VSM), and Fourier transform infrared spectros-
copy (FTIR), respectively. Bovine hemoglobin (BHb) was
adopted as a model protein to investigate their affinity ad-
sorption capacity. It was found that the adsorption capacity
was as high as 168.2 mg/g microspheres and with rather
low non-specific adsorption. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 96: 2174–2180, 2005
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INTRODUCTION

Magnetic support-based separations are fast, gentle,
and compatible with complex biological suspensions
such as blood, milk, and cell disruptates, and have
consequently become increasingly popular in biotech-
nology and bioseparation. However, the majority of
published work on magnetic separation concerns their
use with immobilized enzymes and in bench scale
separation, such as cell sorting and molecular biol-
ogy.1,2 Comparatively, seldom is there published
work on the application of magnetic affinity adsor-
bents in protein purification, and most of these have
involved porous support structures.

A potential constraint of any porous adsorbent is its
propensity to become “plugged” with biological fou-
lants and/or suspended solids. Once fouled, in addi-
tion to being difficult of access of the target protein to
a large fraction of potential binding sites, the difficul-
ties in removing such substances can also be acute. In
contrast, non-porous support particles are less prone

to fouling and are easier to clean than their porous
counterparts and, therefore, are potentially more use-
ful in purification of substances in dirty fouling feed-
streams.3,4 However, in order to obtain a comparable
surface area of a typical macro-porous support, the
dimensions for a non-porous particle have to be in the
order of micron-size.5 In addition, for the sake of easy
separation, the magnetic particles should possess a
strong magnetic responsiveness and high stability.

Another aspect hindering the magnetic affinity sep-
aration in protein purification is the lack of suitable
generic ligands; classical proteinaceous ligands (e.g.,
antibodies) are not an attractive choice because of their
high cost, low binding capacity on immobilization,
instability, and leakage. The application of pseudo
affinity ligands, such as immobilized metal affinity
separation, has been developed rapidly since its first
introduction by Porath and co-workers in 1975.6 It
takes advantage of the selective interaction between
immobilized metal ions and the functional groups of
amino acids located at the surface of biomolecules,
such as the imidazole group of histidine, thiol group
of cysteine, and indolyl group of tryptophan.6,7 Com-
pared with classical biological affinity ligands, they
are small, inexpensive, and chemically and physically
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stable, and can be easily coupled to matrices at high
density, resulting in high capacity adsorbents.

Magnetic supports can be produced using inorganic
materials or a number of synthetic and natural poly-
mers. The main disadvantage of inorganic supports is
their limited functional groups for selective binding.
For a highly selective process, magnetic supports are
more commonly made from polymers since they have
a variety of surface functional groups that can be
tailed for specific applications. Among the common
preparation methods of magnetic polymer supports,
monomer polymerization is more widely used, in
which suspension polymerization is relatively easy to
perform and results in high magnetite contents sup-
port with bead shape. However, the magnetic polymer
microspheres obtained from conventional suspension
polymerization methods are in the size of several hun-
dred micrometers, with very broad size distribu-
tion.8–10 It is scarcely reported in literature that mi-
cron-sized (several microns) magnetic spheres could
be prepared with suspension polymerization.

In this work, we developed a novel modified sus-
pension polymerization method for the production of
non-porous magnetic polymer microspheres with mi-
cron size, which have narrow size distribution and
high magnetite contents. Oleic acid-coated magnetic
Fe3O4 nanoparticles were first prepared, and then the
modified suspension polymerization of methacrylate
(MA) and divinylbenzene (DVB) was performed in the
presence of magnetic nanoparticles to obtain magnetic
poly(methacrylate-divinylbenzene) (mPMA-DVB) mi-
crospheres. Through ammonolysis using ethylenedia-
mine (EDA) and subsequent carboxymethylation with
chloroacetic acid, magnetic polymer microspheres
with chelate ligands of iminodiacetic acid (IDA) were
obtained. The morphology, magnetic properties, and
composition of magnetic polymer microspheres were
characterized with scanning electron microscopy
(SEM), vibrating sample magnetometer (VSM), and
Fourier transform infrared spectroscopy (FTIR), re-
spectively. After being coupled with copper ions, bo-
vine hemoglobin (BHb) as a model protein was used
to investigate their affinity adsorption capacity.

EXPERIMENTAL

Materials

All chemicals used were purchased from Beijing
Chemical Reagents Company (Beijing, China) unless

otherwise stated. Methacrylate (MA) and divinylben-
zene (DVB) were distilled under reduced pressure to
remove the inhibitor before use. Benzoyl peroxide
(BPO) was used as initiator. Poly (vinyl alcohol) (PVA-
1788, degree of polymerization 1700, degree of hydro-
lysis 88%) was used as a stabilizer. Bovine hemoglobin
(BHb) was obtained from Sigma. All other materials
were analytical grade and used without further puri-
fication, including ferric chloride hexahydrate (FeCl3 �
6H2O), ferrous chloride tetrahydrate (FeCl2 � 4H2O),
ammonium hydroxide (25% [w/w]), oleic acid, ethyl-
enediamine (EDA), chloroacetic acid, N, N�-dimethyl-
formamide (DMF), and copper sulfate (CuSO4 � 5H2O).

Preparation of oleic acid-coated magnetic Fe3O4
nanoparticles

The preparation of oleic acid-coated magnetic Fe3O4
nanoparticles was by a co-precipitation method11 with
some modifications. Twenty three and a half grams of
FeCl3 6H2O and 8.6g of FeCl2 � 4H2O were dissolved in
800ml deionized water under nitrogen. When the so-
lution was heated to 90°C, 30 ml NH3 � H2O were
added rapidly. Then, 20 ml oleic acid was added drop-
wise within 20 min. The reaction was kept at 90°C for
1 h. The black lump-like Fe3O4 gel was cooled to room
temperature and washed several times with deionized
water.

Preparation of mPMA-DVB microspheres

The mPMA-DVB microspheres were prepared by a
modified suspension polymerization method. In a typ-
ical experiment, 30g of the magnetic Fe3O4 gel and 3g
of BPO were dispersed in a mixture of 95ml MA and
5ml DVB (crosslinker) to form the organic phase, and
agitated until Fe3O4 was dissolved completely. The
mixture was then transferred into a 2-liter beaker con-
taining 25g PVA and 30g NaCl dissolved in 1000 ml
H2O, which was equipped with four vertical stainless
steel baffleplates, a nitrogen inlet, and a 4-paddle me-
chanical stirrer. With agitation at 1000rpm, the mix-
ture temperature was increased evenly from 45°C to
60°C within 1 h, then the temperature was maintained
at 60°C for 2 h until finally the temperature was in-
creased to 70°C and kept for 2 h. The reaction mixture
was cooled to room temperature, and the resulting
magnetic microspheres were thoroughly washed with
deionized water and ethanol to remove the excess

Scheme 1
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amount of stabilizer and other impurities. The micro-
spheres were stored in ethanol before use.

Modification of mPMA-DVB microspheres with
EDA

In order to prepare the EDA-modified mPMA-DVB
microspheres, the following procedure was applied. A
3g sample of mPMA-DVB microspheres was washed
with DMF two times and put in a solution of 100ml
DMF plus 100ml EDA. The mixture was agitated
gently at 110°C for 12 h. After being cooled to room
temperature, the mPMA-DVB microspheres were sep-
arated by magnetic decantation and washed with wa-
ter and ethanol to remove the residual DMF. After
modification, ester groups on the mPMA-DVB were
converted into amino groups. The resulting micro-
spheres were denoted as mPMA-DVB-NH2. The reac-
tion was as follows:

Carboxymethylation of mPMA-DVB-NH2
microspheres with chloroacetic acid

Carboxymethylation of the EDA-modified mPMA-
DVB microspheres was carried out by the reaction of
the microspheres with sodium salt of monochloroace-
tic acid solution, while 18.9g (0.2mol) of chloroacetic
acid was dissolved in 30ml H2O. Then 8g (0.2mol)
NaOH in 30ml H2O was added dropwise to the ice
cooled solution of the chloroacetic acid with stirring.
The stirring was continued until no foaming occurred.
The sample of the above EDA-modified mPMA-DVB
microspheres and 2g of Na2CO3 were placed in this
solution, and the mixture was agitated at 70°C for
12 h. After carboxymethylation, amino groups in
mPMA-DVB-NH2 were transformed to iminodiacetic
acid groups, which were used as chelating ligands for
immobilization of metal ions. The produced micro-

spheres were denoted as mPMA-DVB-IDA, and the
reaction is shown below:

Charging of mPMA-DVB-IDA microspheres with
copper ions

To charge the mPMA-DVB-IDA microspheres with
copper ions, the microspheres were mixed with
CuSO4 � 5H2O solution (50mg/ml) under continuous
shaking at room temperature for 2 h. Then the mPMA-
DVB-IDA-Cu2� microspheres were washed several
times with water and 20mM sodium phosphate buffer
(pH 8.0) to remove the excess unbound Cu2�. The
microspheres were stored in 20mM sodium phosphate
buffer (pH 8.0), and the coupling process can be
shown as follows:

Characterization of magnetic microspheres

The morphology and the size of magnetic Fe3O4 nano-
particles were determined by transmission electron
microscopy (TEM, Hitachi 8100). The morphology of
the mPMA-DVB microspheres was observed by scan-
ning electron microscopy (SEM, JEOL, JSM-6700F, To-
kyo, Japan). The magnetization curves of the dried
microspheres were recorded with a vibrating sample
magnetometer (VSM) (model-155, Digital Measure-
ment System, Inc.). Fourier transform infrared spec-
troscopy (FTIR) spectra of both the unmodified and
modified magnetic microspheres were obtained with
an FTIR spectrophotometer (FTIR, Bruker, Vector 22).
All the microspheres were thoroughly washed with
water and dried under vacuum. The dried samples
were milled with potassium bromide (KBr) powder,
and pressed into a disk. Then the spectra were re-
corded.

Scheme 2

Scheme 3
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Determination of immobilized Cu2� capacity

A known amount of microspheres was suspended in
0.5M EDTA to release the bound Cu2�. The Cu2�

concentration released in EDTA solution was detected
with atomic absorption spectrophotometry (AAS, An-
alyst 100, Perkin–Elmer). The immobilized Cu2� ca-
pacity is equal to the amount released.

Protein adsorption on magnetic microspheres

The adsorption of BHb on microspheres of mPMA-
DVB, mPMA-DVB-NH2, mPMA-DVB-IDA, and
mPMA-DVB-IDA-Cu2� was carried out by the batch
adsorption method. The initial concentration of BHb
was 1.0 mg/ml. BHb was incubated with approxi-
mately 1 mg of the microsphere suspension in 1.5ml
binding buffer (20mM sodium phosphate buffer con-
taining 1M NaCl, pH 8.0). After being shaken at room
temperature for 2 h, which proved to be a sufficient
period to reach equilibrium, the microspheres were
separated by magnetic sedimentation and washed
twice with binding buffer. The supernatant was as-
sayed for residual protein concentration by UV-Vis
spectrophotometer at 406nm.12 The adsorption capac-
ity of BHb was calculated by mass balance.

RESULTS AND DISCUSSION

Preparation and characterization of oleic acid-
coated magnetic Fe3O4 nanoparticles

Magnetic Fe3O4 nanoparticles were obtained in a co-
precipitation process by quickly adding a concen-
trated ammonium solution to a solution of Fe2� and
Fe3�. By adding oleic acid as a surfactant, oleic acid
was coated (adsorbed on) the surface of magnetic
Fe3O4 nanoparticles because of the reaction of carbox-
ylic groups with hydroxyl groups on magnetic Fe3O4
nanoparticles. TEM images showed the average diam-

eter of oleic acid-coated magnetic nanoparticles was
about 8nm (Fig. 1). It has been clear that, for ultrafine
magnetically ordered particles, there exists a critical
size below which the particles will exhibit superpara-
magnetism. The critical size was estimated to be
25nm.13 This suggested that the magnetic particles
prepared in this work were superparamagnetic.

The good dispersibility of oleic acid-coated mag-
netic nanoparticles in monomer resulted from their
hydrophobic property. The long alkyls of oleic acid
not only stabilized the Fe3O4 nanoparticles, prevent-
ing their coagulation, but also enhanced the affinity of
the Fe3O4 nanoparticles to the monomer in the poly-
merization step.

Preparation and characterization of magnetic
microspheres

Figure 2 shows the morphology of mPMA-DVB mi-
crospheres observed by SEM. It can be seen that the
size of microspheres ranged from 1 to 8�m, with a
mean diameter of about 5�m.

The magnetic properties of mPMA-DVB and
mPMA-DVB-NH2 microspheres were recorded by
VSM at room temperature. Figure 3 shows their mag-
netization curves. There was no hysteresis loop ob-
served at this temperature, suggesting that the mag-
netic microspheres were superparamagnetic, which
indicated that there would no magnetic interactions
among magnetic microspheres in a zero magnetic field
environment. This feature would result in the easy
dispersion of the magnetic microspheres. The satura-
tion magnetization of mPMA-DVB microspheres was
13.8emu/g, which was higher than those reported by
other similar works.8,10 With such high saturation
magnetization, they could be easily and quickly sep-

Figure 1 TEM of oleic acid-coated magnetic Fe3O4 nano-
particles.

Figure 2 SEM micrograph of mPMA-DVB microspheres.
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arated from a suspension. This is very favorable to the
magnetic separation of proteins on a large scale.

Micron-sized mPMA-DVB microspheres were pre-
pared via a modified suspension polymerization
method in this study. In suspension polymerization,
the monomer phase containing an oil soluble initiator
was dispersed by mechanical agitation in dispersion
media to form droplets. The combination of continued
agitation and the addition of a suitable stabilizer (of-
ten a surface active polymer) have a stabilizing effect,
hindering both the coalescence and further breakage
of monomer droplets. The size of the initial monomer
droplets formed is dependent upon the balance be-
tween the droplet breakage and their coalescence. The
average size of the polymer beads formed is expected
to be approximately the same as that of the initial
monomer droplets. However, in conventional suspen-
sion polymerization, because of the uneven distribu-
tion of monomer droplets, the resultant polymer
beads have very broad size distribution. Moreover, the
polymer beads are mostly in the size range of several
hundred micrometers.

To overcome the drawbacks of conventional sus-
pension polymerization, four modification measures
were adopted in our study. First, the polymerization
was conducted in a 2-liter beaker equipped with four
vertical stainless steel baffleplates and a 4-paddle stir-
rer, so that the strength of mechanical agitation was
enhanced and the monomer droplets could be dis-
persed more uniformly. Second, the reaction temper-
ature was increased at a controlled rate. It is important
to control the process of temperature to ensure the
period of droplet dispersion and the formation of
small droplets. A relatively long residence time in the
temperature of 45°C to 60°C is advantageous to form-
ing micron-sized uniform monomer droplets with

high magnetite contents. During this period, the drop-
lets’ size would gradually change to smaller with the
diffusion of monomer into the aqueous phase, and
consequently the magnetite contents will become
higher in each monomer droplet. In conventional sus-
pension polymerization, on the other hand, the reac-
tion is carried out directly at high temperature (70 or
80°C), without the long residence time in low temper-
atures. Therefore, the droplets’ size was mainly de-
pendent on the strength of mechanical agitation.
Third, a large amount of PVA (more than 20 wt % of
monomer) was added in the aqueous phase, which is
much higher than that in conventional suspension
polymerization (only 0.1–1 wt % of monomer). It has
been proven in this study with the addition of a large
quantity of PVA, the size distribution of magnetic
microspheres would become narrower. Because more
PVA would adsorb on the droplet surface, the extent
of the droplets’ aggregation decreased and the stabil-
ity of droplets was enhanced. Fourth, compared with
conventional suspension polymerization, in which an
initiator of only 0.1–1 wt % of monomer was used, in
this study, a high quantity of initiator BPO (3–5 wt %
of monomer) was added for the sake of magnetite as a
strong inhibitor to the polymerization process. On the
other hand, a large quantity of initiator is favorable to
shortening the nucleation period, which is helpful to
the formation of magnetic microspheres with narrow
size distribution.

Modification of mPMA-DVB microspheres with
EDA

In order to introduce metal chelate ligand to the
mPMA-DVB microspheres, the microspheres were
first modified with EDA by ammonolysis. The result
was proven by the comparison of FTIR spectra of
mPMA-DVB (A) and mPMA-DVB-NH2 (B), as shown
in Figure 4. The FTIR spectra of EDA-modified
mPMA-DVB microspheres give some absorption
bands different from those of unmodified mPMA-
DVB microspheres. The most important absorption
bands at 1650 cm�1 and 1545 cm�1 represent amide I
(mainly due to CAO stretching) and amide II (mainly
due to NOH bending), respectively, due to EDA
bonded to mPMA microspheres.

Carboxymethylation of mPMA-DVB-NH2
microspheres with chloroacetic acid

The amino groups of the mPMA-DVB-NH2 micro-
spheres could be carboxymethylated by sodium salt of
chloroacetic acid. FTIR spectra of chloroacetic acid
modified magnetic microspheres are shown in Figure
4c. The OCOO� stretch band at 1394 cm�1 and the
vibration band at 1606 cm�1 (antisymmetric stretch)
appeared after the chloroacetic acid modification,

Figure 3 Magnetization curves of the amino-modified and
unmodified mPMA-DVB microspheres.
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which suggested the reaction of carboxymethylation
occurred.

To obtain high conversions, it is critical to use so-
dium salt of chloroacetic acid. It has been proven that
the direct reaction with chloroacetic acid yielded al-
ways a low degree of substitution. Moreover, due to
the hydrolysis of chloroacetic acid, it is necessary to
add more sodium salt of chloroacetic acid solution to
the reaction system during reaction. The reaction re-
sulted in the transformation of amino groups to imi-
nodiacetic acid groups, which is a tridentate chelator
and can coordinate with many metal ions.

Charging of mPMA-DVB-IDA microspheres with
copper ions

Many metal ions, such as Cu2�, Ni2�, Co2�, and Zn2�,
could coordinate with IDA groups on the magnetic
microspheres. Cu2� was selected in this study for its
high coordinate capacity with IDA groups and high
binding capacity with proteins having exposed histi-
dines. The coordinate capacity of Cu2� was
0.30mmol/g determined by AAS.

Cu2� coordinating with IDA groups could be qual-
itatively proven. When the Cu2� charged magnetic
microspheres were treated with 0.5M EDTA, the
EDTA solution turned light blue, indicating that Cu2�

was readily chelated, and the bound Cu2� could be
stripped easily from the microspheres by using EDTA.

Affinity adsorption of BHb

BHb, which has an estimated 24 exposed histidines,14

was selected as a model protein to investigate the
affinity adsorption capacity of mPMA-DVB-IDA-Cu2�

microspheres.

Adsorption of a protein to an immobilized metal
affinity support has to be performed at a pH at which
an electron donor group on the protein surface is at
least partially unprotonated. In fact, the optimal pH
for adsorption largely depends upon the nature of the
metal ion, the chelating ligand, and the structure of the
protein. For immobilized Cu2�, which is directed
chiefly toward accessible histidine residues on pro-
teins, the optimal adsorption occurs in the pH range of
6–8.15,16 So in this study, the adsorption of BHb was
performed at pH 8.0.

With the non-porous structure, the magnetic micro-
spheres were not prone to fouling and the mass trans-
fer efficiency was high, for there was no inner diffu-
sion but only outer diffusion and surface diffusion.
Although equilibrium binding to Cu2�-charged mag-
netic microspheres was achieved rapidly for BHb, 2 h
contact was routinely employed to ensure the equilib-
rium was attained for all tested proteins and micro-
spheres under investigation.

Adsorption of protein onto an immobilized metal
ion is caused not only by the formation of a coordi-
nated compound of protein with the immobilized
metal ion (specific interaction), but also by non-spe-
cific interaction, for example, electrostatic and hydro-
phobic interactions.17,18

To evaluate the non-specific binding of protein to
magnetic microspheres, mPMA-DVB, mPMA-DVB-
NH2, mPMA-DVB-IDA, and mPMA-DVB-IDA-Cu2�

were used in batch adsorption. The results are shown
in Figure 5. The former three microspheres showed
very little binding of BHb, while the binding capacity
of Cu2� chelated microspheres was significantly in-
creased. This could be explained as follows: BHb ad-
sorption onto mPMA-DVB is probably due to hydro-
phobic interactions. After modification with EDA, the
surface became more hydrophilic, which resulted in
the decrease of adsorption capacity. At pH 8.0, since
the residual charged groups on the mPMA-DVB-IDA

Figure 4 FTIR spectra of (A) unmodified mPMA-DVB, (B)
EDA modified, and (C) chloroacetic acid modified.

Figure 5 BHb adsorption on different magnetic polymer
microspheres.
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were anionic, BHb was expelled due to its net negative
charge (the isoelectric point of BHb is 7.119). The high-
est adsorption capacity on mPMA-DVB-IDA-Cu2� in-
dicated that the specific interaction is dominant in this
case.

Regeneration of magnetic microspheres is impor-
tant for their application in affinity separation. Both
the bound protein and chelated Cu2� could be
stripped from the magnetic microspheres by the ad-
dition of EDTA or other chelating agents. After being
reloaded with Cu2�, the microspheres could be reused
to affinity adsorb proteins. To investigate the reusabil-
ity of the magnetic microspheres, the strip-reload cy-
cles were repeated 10 times using the same micro-
spheres. There is no significant protein adsorption
capacity loss (data not shown) observed, indicating
such magnetic microspheres could be repeatedly uti-
lized for the affinity separation of proteins.

CONCLUSION

Micron-sized non-porous magnetic polymer micro-
spheres were prepared via a novel modified suspen-
sion polymerization of MA and DVB in the presence
of oleic acid-coated magnetic nanoparticles. The mag-
netic microspheres have narrow size distribution with
high magnetic contents. After ammonolysis and car-
boxymethylation, IDA chelate ligands were intro-
duced on the microspheres. When charged with metal
ions (e.g., Cu2�), the magnetic microspheres efficiently
bound a model protein (BHb) with high adsorption
capacity. With the advantages of not being prone to
fouling, high mass transfer efficiency, high magnetic
contents, and high adsorption capacity, these mag-
netic microspheres are a good candidate that could be

used in large scale protein affinity separation or puri-
fication.
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