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Abstract: The separation process is very important in a variety of scientific fields,
especially in biochemistry and biotechnology. The separation performance of a method can
be determined by the separation time and the purity of the separated molecule, which is
directly proportional with the ligand chosen for the target molecule. The separation time is
actually a very important step for the cost and the time-dependent analysis, especially in
medical applications. Magnetic separation is a very advantageous technique because it
eliminates the time-consuming sample preparation and centrifugation steps. However, the
magnetic performance of adsorbent may not be strong enough to respond the magnetic
force applied externally. Therefore, in nanoparticle studies, magnetic performance of
nanoparticles is highly important. In this study, the magnetic performance of polymeric
microparticles synthesized using different magnetic cores (Fe203 & Fe304, Fe & Ni, Ni & Co,
Fe & Ni & Co) with a solid support, HEMA (2-hydroxyethylmethacrylate), and a functional
monomer, AdeM (adenine methacrylate), were compared. Some other properties such as
size, zeta potential, surface morphology, etc. were also studied.
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INTRODUCTION

There are a variety of applications in the fields such as high-density data storage, ferro-
liquids, magnetic resonance imaging, wastewater treatment, protein purification,
biomedical (1-7), and especially clinical (8, 9) areas (10, 11). The classical separation and
purification techniques have been replaced by magnetic separation methods in terms of
the removal of the long steps, including filtration and centrifugation (12, 13) or
disadvantages like decomposition, inactivation, or deformation of biomolecules (14). The
magnetic separation techniques, as expected, requires magnetic particles to satisfy some
vital features such as colloidal sustainability, equality in size, low poly dispersity index, the
high and equal amount of magnetite content, superparamagnetic behavior, and effective
surface functional groups to interact with active biological ligands (15). There is a variety
of methods to synthesize magnetic polymeric spheres like emulsion (16) and multistep
swelling polymerization (17), solvent evaporation (18), etc. In contrast to these methods,
providing very complex or broad polydispersity index, the dispersion polymerization has
been suggested as an alternative method to synthesize micron-sized magnetic particles
(19). The most crucial advantage of this method is being simple: It is a single-step
technique providing mono-size particles under desired conditions (20). The polymeric
magnetic particles are quite available candidates in terms of and due to the high
mechanical resistance, insolubility and wonderful shelf-life (21), having a variety of surface
functional groups, (22-26), good mechanical features, easy preparation, and
biocompatibility developed for bio-friendly components (27). Poly(2-hydroxyethyl
methacrylate) [Poly(HEMA)] has been considered as a suitable matrix for enzyme
immobilization due to being a biocompatible synthetic polymer with a good mechanical
strength for several biomedical and biotechnological applications (28). Magnetic separation
techniques have a number of applications in biosciences especially in laboratory scale (29).
The magnetic separation is very fast and simple with the requirement only a simple
apparatus, namely magnetite (30). The magnetic carriers also decrease the cost of
operation and supply (31-34). Beside the providing solution for diffusion limitation,
nanoparticles providing the increase of the adsorption capacity of the solid support are
alternative for the macroporous microparticles (3, 21, 35, 36). High surface area and lack
of carrying limitations make the magnetic nanoparticles the desired choice for the
purification of biomolecules (37). However, the main problem in the use of nanoparticles
is agglomeration. In this aspect, researchers should be very careful while using

nanoparticles.
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Spinel ferrite (SF) magnetic materials are an important class of metal oxide composites
including iron ions with the structural formula of M2*Fe23+*04 (M = Mg?*, Co?*, Ni%*, Zn?",
Fe2*, Mn?, etc.). SFs have unique properties such as perfect magnetic characteristic, high
surface area, surface active sites, surface chemical stability, controllable size, and easy
functionalization and modification. Because of multi-functionality, being cost effective, and
high capacity of magnetic separation, SF adsorbents are the first as a choice for the
purification process with the requirement of high adsorption effectivity and fast kinetics
(38).

Iron-oxide based materials are at the center for the nanostructured magnetic materials
and because of the being naturally abundant, cost-effective and environmentally friendly,

they are studied in a large spectrum of research (38).

Iron(III) oxide (Fe203) or iron(II-III) oxide (Fe304) (39) and also Fe & Ni (40) and Fe & Co
(41, 42) double salts were used to get magnetic polymeric materials in some studies up to
now. There is almost not yet any research with the double salt in the literature. In this
study, the salts of Fe203 and Fe304, Fe & Ni, Fe & Co, Ni & Co and Fe & Ni & Cu structures
were synthesized and the polymeric particles with these salts were compared in terms of

size, magnetism, etc.

MATERIAL AND METHODS

Material

The chemicals [cobalt(II) nitrate hexahydrate, iron(II) nitrate nonahydrate, toluene,
sodium nitrite and potassium carbonate] needed for the double salt synthesis process were
obtained from Sigma-Aldrich (St. Louis, MO, USA). The polymerization of microparticles
was run using polyvinyl alcohol (PVA) (cold water soluble, MW 31,000-50,000), ethylene
glycol dimethacrylate (EGDMA), 2-hydroxyethyl methacrylate (HEMA), and methacryloyl
chloride obtained from Aldrich (Munich, Germany). The initiator [azobis(isobutyronitrile)
(AIBN)] used in this experiment obtained from Fluka (St. Gallen, Switzerland). Fe>0O3 and
FesO4 N-methacryloyl adenine (43) and double and triple salts [Fe(II)-Co(II), Fe(II)-Ni(II),
Ni(II)-Co(1I), Fe(II)-Co(II)-Ni(II)] (44) used were synthesized in the laboratory according
to the literature (42). Monomers were maintained in a refrigerator at 4 °C until use. The

remaining chemicals not mentioned above are of analytical grade.
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Methods

First step, synthetic process of poly(HEMA-AdeM) microparticles with magnetic core: The
suspension polymerization technique was used to obtain m-poly(HEMA-AdeM)
microparticles (45). 50 mg of adenine methacrylate (AdeM) was added to the mixture of 2
mL of 2-hydroxyethyl methacrylate and 4 mL of ethylene glycol dimethacrylate. After AdeM
was totally dissolved, toluene (6 mL) was added as a diluent. 200 mg of polyvinyl alcohol
and 50 mL of distilled water were mixed to have dispersion medium. Before treatment with
nitrogen gas, the two media were mixed with each other. The polymerization process was
started with the addition of 50 mg azobis(isobutyronitrile) and also 1 g of the magnetic
core (Fe203 and Fe304 for mc-Fe203 & Fesz04-poly(HEMA-AdeM), Fe-Ni double salt for mc-
Fe & Ni-poly(HEMA-AdeM), Fe-Co double salt for mc-Fe & Co-poly(HEMA-AdeM), Ni-Co
double salt for mc-Ni & Co-poly(HEMA-AdeM) and Fe-Ni-Co triple salt for mc-Fe & Ni & Co-
poly(HEMA-AdeM)). The polymerization process was completed at the end of stirring (the
conditions; 500 rpm, 65°C, 6 h and 650 rpm, 85°C, 2 h) for 8 hours. All microparticles
were washed to get rid of the unreacted chemicals and other contaminants, and they were

remained under vacuum at 45-50 °C for a day.

Second step, characterization process: The magnetic properties owned by the
microparticles were determined using vibrating sample magnetometer (VSM) (Quantum
Design, Physical Properties Measurement System (PPMS), USA). The hysteresis curves for
all particles were obtained under the external magnetic field of 20,000/+20,000 G at room
temperature. The surface morphology of microparticles was determined using scanning
electron microscopy (SEM; Carl Zeiss AG - EVOR 50 Series, Germany). The microparticles
were dried at 50 °C overnight before the analysis. The Fourier transform infrared
spectroscopy (FT-IR, Thermo Scientific Nicolet 6700 FT-IR spectrometer, USA) was used
in the wavenumber range of 400-4000 cm~! to identify the characteristic peaks obtained
from structures, especially nitrogen containing AdeM molecules. 98 mg of IR-grade KBr
was mixed with the microparticles of approximately 1 g. The Brunauer-Emmett-Teller
(BET), (Quantachrome Autosorb® iQ-Chemi, USA) analysis was performed to investigate
the specific surface area of microparticles. Carefully dried microparticles using vacuum
oven under the conditions of 20 mbar, 6 h were run the adsorption of nitrogen gas at

200°C, but the desorption process at room temperature.
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RESULTS AND DISCUSSION

Characterization Data

The structure of microparticles synthesized in this study was assumed as given in Figure
1. As can be understood from the figure, there is a magnetic core in the center and the
polymerization of HEMA and the monomer form of adenine were polymerized by
surrounding of the magnetic core. As a result of this polymerization, spherical

microparticles were obtained.

Adenine

N 2-hydroxyethyl methacrylate

Figure 1. Expected polymeric structure of mc-M1&M2-poly(HEMA-AdeM) microparticles.

From the FTIR spectral data, the synthesis of m-poly(HEMA-AdeM) microparticles was
proved by the bands obtained especially at 1636.03 cm™ for amide (I and II), at 1558.17
cm! and 1456.44 cm! for ester, at 1730.94 cm for carbonyl (C=0) stretching and at
1071.84 cm™ for C-N=C stretching (Figure 2).
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Figure 2. FTIR spectra of microparticles.

The perfect spherical structure and rough surface of microparticles can be seen in the SEM
images of the m-poly(HEMA-AdeM) microparticles (Figure 3). The roughness is actually
advantageous in terms of the existence of functional groups and the attachment of target
molecules. Moreover, some of the microparticles like in Figure 3.b are equidimensional,
but some are not. The reason for this may be the slight daily changes in environmental
conditions, personal error or the characteristics of the magnetic core. After all, the

polydispersity indexes of all microparticles obtained are almost <0.5.

Figure 3. SEM images of microparticles: a) mc-Fe,O3 & Fe3z04-poly(HEMA-AdeM), b) mc-Fe & Ni-
poly(HEMA-AdeM), c¢) mc-Fe & Co-poly(HEMA-AdeM), d) mc-Ni & Co-poly(HEMA-AdeM), e) mc-Fe &
Ni & Co-poly(HEMA-AdeM).
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The theoretical sizes of the magnetic core were calculated as given in Table 1. The
polymeric microparticles with Fe & Co magnetic core have the lowest ionic radii, in parallel
with this the highest is Fe & Ni & Co magnetic core as expected due to the number of the
metallic cores which is one more than the former. However, in the light of Brunauer-
Emmett-Teller (BET) analyses (the specific surface areas given in Table 2), it is obvious
that the molecular size and also the double salt character affect the size construction of
microparticles and thus specific surface area. From the data, the lowest particle size and
thus the highest surface area are owned by the mc-Fe & Ni-poly(HEMA-AdeM)
microparticles. The reason for this contradiction may be attributed to the interaction
between the metals and the polymeric structure, i.e. the interaction between Fe & Ni is
somewhat higher than that of Fe & Co or the polymerization process around the metallic
core. Moreover, the microparticles with the large surface area will have a high amount of
adsorption capacity. This is also proof of a thin polymer layer surrounded over magnetic

core.

Another useful data given in Table 2 is the zeta potential, providing the degree of
intermolecular interaction. As can be seen from the table, all microparticles have good zeta
potential values indicating the existence of almost no intermolecular interaction

microparticles have.

Table 1. The theoretical size of magnetic cores formed by double and triple salts.

Fe Ni Co Total
Ionic radius
Fe-Ni 0.55 0.69 1.24
Fe-Co 0.55 0.65 1.20
Ni-Co 0.69 0.65 1.34
Fe-Ni-Co 0.55 0.69 0.65 1.89
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Table 2. Some specific properties of microparticles.

RESEARCH ARTICLE

Size S. Area BJH S. Area Pore Volume Pore Radius Dv Zeta Pot. Ligand Incorp.
Microparticles
(») (m?/g) (m?/g) (cc/9) (r) (A) (mv) (N%)
1) mc-Fe203 & Fe304-poly(HEMA-
2.745 39.178 35.647 0.155 17.078 -24.9 1.08
AdeM)
2) mc-Fe & Ni-poly(HEMA-AdeM) 1.534 113.478 91.376 0.380 21.566 8.06 1.08
3) mc-Fe&Co-poly(HEMA-AdeM) 2.545 51.216 36.687 0.084 17.063 -24.1 0.79
4) mc-Ni&Co-poly(HEMA-AdeM) 3.452 6.884 5.367 0.040 15.280 -23.8 0.82
5) mc-Fe & Ni&Co-poly(HEMA-AdeM) 4.446 4.103 3.248 0.026 17.082 -22.9 0.53
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The hysteresis curves of m-poly(HEMA-AdeM) microparticles are given in Figure 4.
According to these curves, it is obvious that all microparticles have significant
paramagnetic character. There was a loss observed in the magnetic behavior, which may
be because of the oxidation during the process causing the iron oxide, nickel oxide, and
cobalt oxide molecules, actually nhonmagnetic, in the chain of polymeric materials. The
main reason for this phenomenon is the oxidizing initiator fragment. In the light of the
Mrs/Ms values of microparticles (0.1-0.3), it can be concluded that the microparticles
synthesized in the scope of this study all have almost natural magnetism due to the
pseudo-single-domain grains (46). These particles are irregularly-shaped and thus they
have domain imbalance resulting in stability to thermal demagnetization and alternating
field. Consequently, as can be seen from the figure, the mc-Fe & Ni-poly(HEMA-AdeM)
microparticles have the highest and regular magnetism. However, the magnetism of Fe &
Co double salt incorporated polymeric material should be higher than that of Fe & Ni
because of smaller size and higher electron delocalization resulting higher magnetic field,
but it is not. The explanation may be the negative effect of Co(II), d” metal with 3
paramagnetic d orbitals but Ni(II), a d® metal, has two paramagnetic orbitals diminishing
the magnetic power of iron, on the d orbitals of the Fe which is the source of Fe magnetism,
and thus the magnetic power of iron may be diminished but less for the nickel case. As a
conclusion, the magnetism of Fe & Ni is a little bit higher than that of Fe & Co double salt

incorporated polymeric material.

mc-Fe203&Fe304-poly(HEMA-AdeM) 3,E-03 2,E+10

mc-Fe&Ni-poly(HEMA-AdeM)

(Moment (emu)

2,E-03 1,E+10
mc-Fe&Co-poly(HEMA-AdeM)
e 1 C-Ni&C0-poly(HEMA-AdeM)
5,E+09
s 11C-Fe&Ni&Co-poly(HEMA-AdeM)
Magnetic Field (Oe)
0,E+00
-3,E+08 -2,E+08 2,E+08 3,E+08
-5,E+09
2 -1,E+10
-3,E-03 -2,E+10

Figure 4. The magnetic hysteresis curves for microparticles.
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The application of an external field to the sample may create an internal field which may
be added to or subtracted from external field. To produce local magnetic effective field
(Hefrective) produced by electronic magnetic moment, it should be done vector addition to

the external magnetic field (Hexternal).

Heffective = Hexternal + Hlocal (EQ- 1)

The molecules with an unpaired electron can be analyzed using an electron spin resonance
device (ESR, Bruker ELEXSYS E580, Germany), indicating whether these molecules have
a magnetic feature or not. This method also proves the incorporation of magnetic double

salts into the polymeric structure.

An external magnetic field applied to a material with an unpaired electron pair produces
energy levels with the energy difference known as AE depending on magnetic moments.
The difference between these energy levels is equal to AE = g.8.H. The magnetic field at
the time of equivalence of the energy difference to the microwave energy is defined as the
resonance field (Hr). The resonance field is the value of magnetic field at the point that the
signal intensity in the ESR spectrum is zero, i.e., the maximum microwave energy was
absorbed. The g factor indicates the characteristic amount of molecules on which the
unpaired electron pairs are located. For example, the g values for iron, nickel, and cobalt
are 2.09, 2.21, and 2.18 (47). For the identification of an unknown signal, it is better to
determine the g factor. The g factors for the mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe203
& Fe304-poly(HEMA-AdeM) microparticles were calculated as 2.3 and 2.68, respectively,
according to the formula given. Moreover, the magnetic field value, Hr, obtained from the
graph was 3023 and 2582 gauss for the mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe203 &
FesO4-poly(HEMA-AdeM) microparticles, respectively, which are the sufficient values for
the stimulation of all dipole moments in the mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe20s3 &
FesO4-poly(HEMA-AdeM) microparticle samples of 1 g each (Figure 5).

_hD
B.Hy

g (Eq. 2)

Wherein h is the Planck’s constant (6.626 x 1027 erg x s), 9 is the frequency (9.707 X
10° Hz), B is the universal constant (9.274 x 102! erg x G!) and the H: is the magnetic

field resonance (G).
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Figure 5. The ESR spectra of mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fe;03 & Fe304-poly(HEMA-
AdeM) microparticles.

On the contrary to mc-Fe & Ni-poly(HEMA-AdeM) and mc-Fez03 & Fe3z04-poly(HEMA-AdeM)
microparticles, there were no Hr points observed for other microparticles synthesized in
this study. The reason for this result may be the same with the cause given above about
the d orbitals and overlapping of energies. This result does not mean that other
microparticles have no magnetic behavior but very minor as compared to the both of mc-
Fe & Ni-poly(HEMA-AdeM) and mc-Fe203 & Fes04-poly(HEMA-AdeM) microparticles.

The microparticles synthesized in this study have also significant water swelling ability. The
porous structure of microparticles is very convenient to uptake water. In the adsorption
process, the water swelling ratio is very important; because of that, the more water
diffuses to the pores, the more interaction between ligand and target molecules occurs.
According to Figure 6, the water uptake ability of mc-Fe & Ni-poly(HEMA-AdeM)
microparticles is almost the same with that of the mc-Fe & Ni-Co-poly(HEMA-AdeM)
microparticles, which is the highest in the group. If these data are compared with those in
Table 2, it can be inferred that the mc-Fe & Ni-poly(HEMA-AdeM) microparticles are also
highly adequate for water swelling.
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mc-Fe203&Fe304-poli(HEMA-AdeM) 46,8
mc-Fe&Ni-poly(HEMA-AdeM) 490
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0 5 10 15 20 25 30 35 40 45 50

Figure 6. The water swelling ability of microparticles.

It can be concluded as a summary of all characterization steps that the mc-Fe & Ni-
poly(HEMA-AdeM) microparticles are almost equidimensional with the lowest size (which
is important for the surface area and effectivity) and thus the highest surface area
(important for the interaction number and thus the amount to be adsorbed) as compared
to other microparticles according to the SEM images. According to the theoretical size of
double salts, the lowest theoretical size belongs to the Fe-Co magnetic core, but this does
not mean the polymeric material in which the Fe-Co magnetic core was incorporated will
have the lowest particles size; actually the size of polymeric microparticles is directly
related with the polymerization conditions which are all the same for all polymeric
microparticles and also the interaction of the magnetic core with the monomers and other
chemicals needed in polymerization step. This interaction, according to the results, was
happened as highly effective for Fe-Ni magnetic core and thus mc-Fe & Ni-poly(HEMA-
AdeM) microparticles. Moreover, the pore volume and also the water swelling ability
obtained as a result of polymerization step is the highest for mc-Fe & Ni-poly(HEMA-AdeM)
microparticles meaning that the diffusion of the matrix into the pores of mc-Fe & Ni-
poly(HEMA-AdeM) microparticles will be the highest and thus interaction and adsorption.
In this point, the water swelling of mc-Fe & Ni & Co-poly(HEMA-AdeM) microparticles is a
tiny little bigger than the mc-Fe & Ni-poly(HEMA-AdeM) microparticles, but it does not
make sense because of other characterization results. With respect to the results, all
polymeric microparticles have ideal zeta potentials, meaning the lowest inter- and intra-
molecular interactions with each other are present. In the light of the characterization of
magnetism, the mc-Fe & Ni-poly(HEMA-AdeM) microparticles have the highest magnetic
moments as compared to even mc-Fe203 & Fe304-poly(HEMA-AdeM) microparticles which
is the only structure having the H:r value other that mc-Fe & Ni-poly(HEMA-AdeM)
microparticles. Therefore, one should compare these to structure in terms of magnetism

and also applicability. As seen, the magnetic hysteresis curve of mc-Fe203 & Fe3z04-
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poly(HEMA-AdeM) microparticles is very low as compared to mc-Fe & Ni-poly(HEMA-AdeM)
meaning the magnetic moment of former is very low as compared to latter, i.e.,
magnetism. As given above, The ESR spectrum was obtained only for both mc-Fe203 &
Fes04-poly(HEMA-AdeM) and mc-Fe & Ni-poly(HEMA-AdeM) microparticles and thus Hr
value needed for the stimulation of dipole moments in the molecule which is bigger for mc-
Fe & Ni-poly(HEMA-AdeM) microparticles (better if it is low). Overall, a researcher may
choose the Fe-Ni magnetic core for the synthesis of magnetic polymeric micro- or
nanoparticles for a separation process due to the promising features of this double salt

core.

CONCLUSION

The polymeric microparticles are very good materials used in a wide variety of fields from
the cleaning of wastewater to isolation of DNA as indicated above. Therefore, in this
respect, the efficiency of microparticles is very important. Up to date, there are so many
studies about the improvements of the functionality of microparticles and also there have
been lots of ligands developed to interact with these microparticles. Especially, magnetic
microparticles are very good at the magnetic separation of biomolecules in almost single
or double steps. The double salts or microparticles containing double salts are very new in
the literature and also very effective. The magnetism of these double salts or other features
affects the microparticle formation, composition, and also the structure. Which double salt
or which magnetic core is promising for the isolation, removal or purification of
biomolecules is very vital in terms of time, efficiency, labor or purity of biomolecules
obtained. In this study, some double salts and iron oxide structure were used to synthesize
microparticles for the investigation of the effect of double salt on the functionality or
performance of microparticles obtained. As noted in the text, mc-Fe & Ni-poly(HEMA-AdeM)
microparticles passed all steps in success. The reason for this may be attributed to the Fe
& Ni ionic radius, Fe & Ni magnetism, and the efficient interaction with polymeric structure
because of their useful orbitals pulling negatively charged structures of polymeric material
around them. The researchers studying polymeric materials for the removal, isolation, or

purification of biomolecules may consult these data prior to their studies.
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Tiirkce Oz ve Anahtar Kelimeler

Characterization of Magnetic Polymeric Microparticles

Kazim Kdése

Oz: Ayirma islemi, dzellikle biyokimya ve biyoteknolojide olmak lizere, bir ¢ok bilim dalinda
¢ok 6nemli bir islemdir. Bir ydntemin ayirma performansi ayirma zamani ve hedef molekdl
icin secilen ligandla dogrudan iliskili olan, ayrilacak molekilin safligi ile belirlenebilir.
Ayirma zamani,dzellikle tibbi uygulamalarda olmak lizere zamana bagh analizlerin ve
maliyetin gok dnemli bir bileseni olmaktadir. Manyetik ayirma ¢ok avantajli bir tekniktir,
c¢unkl zaman alan 6rnek hazirlama ve santrifijleme adimlarini ortadan kaldirir. Ancak,
adsorbanin manyetik performansi, disaridan uygulanan manyetik kuvvete cevap verecek
kadar kuvvetli olmayabilir. Bu sebepten 06tlrli, nanoparcacilk c¢alismalarinda
nanoparcaciklarin manyetik performansi son derece 6nemlidir. Bu calismada, farkl
manyetik cekirdeklerin (Fe203 & Fe304, Fe & Ni, Ni&Co, Fe & Ni&Co) HEMA (2-hidroksil
etilmetakrilat) ve fonksiyonel bir monomer olan AdeM (adenin metakrilat) kullanilarak
sentezlenen polimerik mikropargaciklarin manyetik performansi karsilastiriimistir. Boyut,
zeta potansiyeli, ylizey morfolojisi gibi diger bazi 6zellikler de galisiimistir.

Anahtar kelimeler: Mikroparcgaciklar, manyetik mikropargaciklar, polimer malzemeler.
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