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Abstract The magnetic separation technique based on
magnetic iron oxide nanoparticles (MNPs) has potential
applications in protein adsorption and purification, enzyme
immobilization, cell sorting, nucleic acid detachment, and
drug release. However, the naked MNPs are often insuffi-
cient for their hydrophilicity, colloidal stability, and further
functionalization. To overcome these limitations, chitosan
was firstly carboxymethylated and then covalently conju-
gated on the surface of the MNPs ranging in size from
about 5 to 15 nm, which were prepared by co-precipitating
iron (II) and iron (III) in alkaline solution and then treating
under hydrothermal conditions. It was found that such
modification did not result in the phase change of the
MNPs, and the resultant modified nanoparticles were still
superparamagnetic. In particular, the colloidal stability of
MNPs in aqueous suspension was improved after the
surface modification. By investigating the adsorption of
bovine serum albumin (BSA) on the modified MNPs, it
was observed that the adsorption capacity of the BSA on
the modified MNPs increased rapidly within several
minutes and then reached the maximum value at about
10 min. The adsorption equilibrium isotherm could be fitted
well by the Langmuir model. The medium pH affected
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greatly the adsorption of the BSA. The maximum adsorp-
tion of the BSA occurred at the pH value close to the
isoelectric point of the BSA, with a saturation adsorption
amount of 94.45 mg/g (25 °C). For the BSA feed
concentration of 1.017 mg/ml, a high desorption percentage
of 91.5% could be achieved under an alkaline condition
(pH 9.4).
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Introduction

As a recent developing biotechnology, the magnetic
separation based on magnetic iron oxide nanoparticles
(MNPs) has a wide range of applications such as protein
adsorption and purification [1, 2], enzyme immobilization
[3], cell sorting [4], nucleic acid detachment, and drug
release [5, 6]. Different from conventional bioseparation
methods, this technique possesses the advantages of
rapidity, high efficiency, and cost-effectiveness. It is known
[7-11] that MNPs are inherently biocompatible and are
amenable to post-synthesis surface modification, which
makes them excellent candidates for many important
applications. In the absence of any surface coating, MNPs
have hydrophobic surfaces with a large surface area to
volume ratio. Due to hydrophobic interactions between the
particles, these particles are easier to agglomerate and form
large clusters, resulting in increased particle size. Ideally,
surface modification should provide good colloidal stabil-
ity, biocompatibility, and specific biorecognition of the
particle surface [12]. The applications for the MNPs that are
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solely stabilized by either electrical double layers [13] or
surfactant monolayers [14] are somewhat limited, as the
stability of such dispersions is sensitive to pH and ionic
strength [13, 14]. In contrast, polymer-stabilized MNPs can
offer enhanced colloidal stability and some unique advan-
tages [15-21]. For example, poly(ethylene glycol) (PEG)-
coated MNPs are of particular interest for biomedical
applications, as the modified MNPs surfaces are non-
immunogenic, non-antigenic, and hydrophilic [22-24].
Moreover, it is possible to prepare the MNPs for the
conjugation with targeting agents based on well-developed
PEG chemistry [25].

In this work, we developed the polysaccharide-modified
MNPs as effective magnetic affinity adsorbent for bovine
serum albumin (BSA), an amphiphilic protein. The used
polysaccharide is naturally occurring chitosan with many
useful features such as hydrophilicity, biocompatibility,
biodegradability, antibacterial properties, and remarkable
affinity for biomacromolecules [26—28]. For this purpose,
chitosan was firstly carboxymethylated and then covalently
bound on the surface of MNPs in the presence of the
conjugating agent, 1-ethyl-3-(3-dimethyla- minopropyl)car-
bodiimide hydrochloride. We expect that such surface
modification can improve the colloidal stability of MNPs
in aqueous suspension and yield new magnetic nano-
adsorbent for protein adsorption and purification.

Experimental
Materials

The chitosan with the deacetylation degree of 85.0% and
the viscosity-average molecular weight of 350 KD, and the
conjugating agent, l-ethyl-3-(3-dimethyla-minopropyl)car-
bodiimide hydrochloride (EDC), were purchased from
Aldrich in USA. BSA was obtained from Shanghai
Biochemical in China. Glutaraldehyde (GLU), iron (II)
chloride tetrahydrate (99%), iron (III) chloride hexahydrate
(98%) were purchased from Guangzhou Chemical in China.
All other chemicals were analytic grade reagents commer-
cially available and used without further purification.

Preparation of MNPs and their surface modification
by polysaccharide

The MNPs were prepared by co-precipitating iron (II) and
iron (III) in alkaline solution and then treating under
hydrothermal conditions [29]. At first, 0.30% aqueous iron
(IT) chloride tetrahydrate dispersion and 0.85% iron (III)
chloride hexahydrate dispersion were thoroughly mixed and
added to 8.0 mol/l NaOH under continuous stirring at room
temperature. Then, the reaction mixture was heated at 80 °C
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for 30 min, and the medium pH was maintained at 10 by
the addition of aqueous NaOH during the reaction. After
removing impurity ions such as chlorides, the resulting
magnetic nanoparticles were washed with distilled water
and ethanol and dried in a vacuum oven at 70 °C.

The polysaccharide-conjugated MNPs was prepared by
the carboxymethylation of chitosan and its covalent con-
jugation onto the MNPs via EDC. For the carboxymeth-
ylation of chitosan [30], 3.0 g chitosan and 15.0 g sodium
hydroxide were added into 100 ml of isopropanol/water
(80:20 v/v) mixture at 60 °C to swell and alkalize for 1.0 h.
Then, 20 ml of monochloroacetic acid solution (0.75 g/ml
in isopropanol) was added into the reaction mixture in
drops in 30 min. After reaction for 4.0 h at 60 °C, 200 ml of
ethyl alcohol was added to stop the reaction. Finally, the
solid was filtered and washed with ethyl alcohol to remove
salt and water and dried in vacuum oven at 55 °C. For the
covalent conjugation [31], 75 mg of the magnetic nano-
particles were added to 4 ml phosphate buffer (0.2 mol/l
Na,HPO,—NaH,PO,, pH 6.0) containing 25 mg EDC, and
then the reaction mixture was sonicated for 10 min. After
that, 1.0 ml carboxymethylated chitosan solution (25 mg/ml
in phosphate buffer) was added, and the reaction mixture
was sonicated for another 1.0 h. The product was recovered
from the reaction mixture by a permanent magnet (6,000 G)
and then washed with water and ethanol.

To obtain the modified MNPs with a dense polysaccharide
coating shell, which may be useful for hindering the irre-
versible permeation of BSA large molecules on the particle
surface and facilitating the desorption of the adsorbed BSA
[32], the cross-linking procedure was introduced using
glutaraldehyde. One hundred milligram of the chitosan-
conjugated MNPs were dispersed in 2 ml ultrapure water
and sonicated for 10 min. The formed dispersion was added
to 7 ml toluene containing 0.12 g Span 20 as the surfac-
tant under vigorous mechanical stirring, resulting in a water-
in-oil dispersion. Then, 0.08 ml glutaraldehyde solution
(25 wt%) was added, and the reaction was carried out for
2 h. Finally, the polysaccharide-modified MNPs were
obtained by washing with water and ethanol and dried in
a vacuum oven at 55 °C.

Characterization methods for the naked
and polysaccharide-modified MNPs

Fourier transform infrared (FTIR) spectra were obtained
using a Nicolet/Nexus 670 FT-IR spectrometer with a
resolution of 4 cm '. For the naked and polysaccharide-
modified MNPs, the size and morphology were observed
by a JEM-2010HR transmission electron microscope
(TEM, Japan), the crystal structure was measured by a
Rigacu D/MAX 2200 VPC diffractometer (Japan) using a
monochromatized X-ray beam with nickel-filtered CuKR
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radiation, the magnetic property was evaluated using a
MPMS XI-7 magnetic property measurement system (USA)
with a maximum magnetic field of 7 T and a sensibility of
107° emu, the zeta potential in water was measured using a
Powereach JS94H microelectrophoresis unit (China), and
the stability of aqueous colloidal dispersions was evaluated
from the change in relative absorbance of the supernatant
with respect to the setting time at a wavelength of 360 nm
using a UV-visible spectrophotometer (S52, China).

Absorption and desorption of BSA
on polysaccharide-modified MNPs

For the absorption tests, 20 mg of the resultant polysac-
charide-modified MNPs were mixed with 6 ml of BSA
solution with different concentrations. The pH value of
absorption medium was changed in the range of 3.8 to 8.9,
adjusted using different buffer systems (0.2 mol/l
CH3;COONa—CH3;COOH for pH 3.8, 4.6, 5.6; 0.2 mol/l
Na,HPO,~NaH,PO, for pH 7.4; 0.05 mol/l Tris—HCI buffer
for pH 8.9). All the absorption experiments were conducted
at 25 °C in a shaking incubator. At the end of the adsorption,
the support was magnetically separated with the surface
magnetization of 6,000 G, and the supernatant was analyzed
for the BSA concentration at 280 nm using a Spectrum Lab
52 UV spectrophotometer (China).

For the desorption tests, the polysaccharide-modified
MNPs absorbed with BSA were mixed with 5 ml of
0.36 mol/l NaH,PO, solution. After incubating at 25 °C for
1 h, the supernatant was collected and analyzed for the
eluted BSA amount.
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Fig. 1 FTIR spectra of pure MNPs (a), carboxymethylated chitosan
(b), and the modified MNPs (c)

Results and discussion

The covalent coating of carboxymethylated chitosan on the
surface of MNPs was confirmed by FTIR spectroscopy. As
shown in Fig. 1, the spectrum of the modified MNPs shows

L
. 4

ol g ™

e

i
AT,

il )

5
23

wé

3 5k

e 1 »
o ey

" - ] : r ’ -
* - . x4 y e
F e FU M S Y e Rty

Ca o W ataT e ot e 3P 2 )
Fig. 2 TEM micrographs of the naked and the polysaccharide-
modified MNPs. a The naked MNPs; b the polysaccharide-modified
MNPs
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not only the characteristic bands of pure MNPs at 1,578 and
590 cm ™', but also the characteristic peaks of carboxymeth-
ylated chitosan at 1,411 and 1,114 cm . In particular, the
characteristic peaks of carboxymethylated chitosan at 1,704
and 1,506 cm™ !, which could be attributed to asymmetric
and symmetric stretching vibrations of the COOH, dis-
appeared in the spectrum of the modified MNPs due to the
conjugation reaction.

Further evidence for the coating was obtained by
scanning electron microscopy observation. Figure 2 shows
the typical TEM micrographs of the naked and polysac-
charide-modified MNPs. The naked MNPs were found to
be nearly rectangular, ranging in size from about 5 to 15 nm
with some aggregation (Fig. 2a). In contrast, the modified
MNPs became somewhat round and had little aggregation
(Fig. 2b). These results may be attributed to the covalent
conjugation of carboxymethylated chitosan on the magnetic
nanoparticle surfaces and the shielding of hydrophobic
interactions between the magnetic nanoparticles due to the
existence of hydrophilic polysaccharide coating. To confirm
this, the stability of aqueous colloidal dispersions was
investigated by a spectroscopy method for the naked and
polysaccharide-modified MNPs, respectively. Figure 3
gives the change in relative absorbance with respect to the
setting time. As indicated, the relative absorbance has an
obvious decrease for aqueous suspension of the naked
MNPs. However, there is only a little change in relative
absorbance for aqueous suspension of the modified MNPs,
which implies an enhanced stability. Thus, our attempt to
improve the colloidal stability of MNPs in aqueous
suspension by the conjugation of carboxymethylated
chitosan on the MNPs has been achieved in this work.

Figure 4 presents the X-ray diffraction patterns for the
naked and polysaccharide-modified MNPs. It was found
that two samples showed the same characteristic peaks
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Fig. 3 The change in relative absorbance with respect to the setting
time for aqueous suspensions of the naked and polysaccharide-
modified MNPs (360 nm, 25 °C)
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Fig. 4 XRD patterns of the naked and the polysaccharide-modified
MNPs. a The naked MNPs; b the polysaccharide-modified MNPs

located at 260=30.1, 35.5, 43.1, 53.4, 57.0 and 62.6°,
marked respectively by their indices as (220), (311), (400),
(422), (511), and (440), which are consistent with the
characteristic peaks for pure Fe;O4 with a spinel structure.
This fact revealed that the polysaccharide modification did
not result in the phase change of Fe;O4.

The plots of magnetization versus magnetic field (M—H
loop) at 300 K for the naked and polysaccharide-modified
MNPs are illustrated in Fig. 5. In two cases, the magneti-
zation curve exhibited zero remanence and coercivity,
which revealed that the naked and polysaccharide-modified
MNPs had both superparamagnetic properties [17, 33]. This
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Fig. 5 The magnetization curves of the naked and the polysaccharide-

modified MNPs at 300 K. a The naked MNPs; b the polysaccharide-
modified MNPs
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Fig. 6 The adsorption kinetic curves of BSA on the polysaccharide-
modified MNPs under various BSA feed concentrations: (open circle)
1.012 mg/l; (open square) 0.198 mg/l (pH 4.6, 25 °C)

could be attributed to the fact that the magnetic nano-
particles were so small that they may be considered to have
a singe magnetic domain [34]. In addition, the polysaccha-
ride-modified MNPs have a lower specific magnetization
when compared with the naked MNPs. This might be a
result of the conjugation of carboxymethylated chitosan on
the magnetic nanoparticle surface, which might quench the
magnetic moment. Similar phenomena were also observed
by Flesch et al. [35] when they investigated the magnetic
properties of poly (g-caprolactone) (PCL)-modified MNPs
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Fig. 7 The adsorption isotherms of BSA on the polysaccharide-
modified MNPs in the adsorption media with various pH values:

(filled diamond) 4.6; (filled square) 5.6; (filled triangle) 7.4; (filled
circle) 3.8; (%) 8.9 (25 °C)

Table 1 The Langmuir constants and the correlation coefficients (R%)
for the adsorption isotherms of BSA on the polysaccharide-modified
MNPs in the adsorption media with various pH values (25 °C)

Medium pH qm (Mg/g) Ky (mg/ml) R?

3.8 38.43 0.104 0.988
4.6 94.45 0.018 0.990
5.6 73.94 0.021 0.987
7.4 57.47 0.040 0.993
8.9 21.87 0.145 0.982

and by Kamruzzaman Selim et al. [36] when they carried
out the surface modification of MNPs using lactobionic
acid (LA). In comparison with these works, however, we
obtained the modified MNPs with a higher specific
magnetization. Under an applied field of 6,000 Oe, for
examples, the specific magnetization were found to have
27,22, and 64 emu/g for the PCL-modified MNPs, the LA-
modified MNPs, and the polysaccharide-modified MNPs in
this work, respectively. The large specific magnetization of
the modified MNPs makes them very susceptible to
magnetic fields and, therefore, makes the solid and liquid
phase separate easily.

Figure 6 gives the adsorption kinetic curve of BSA on
the polysaccharide-modified MNPs. With the increase of
contact time, the adsorption amount of BSA increased
rapidly within several minutes and then reached the
maximum value at about 10 min regardless of the initial
BSA concentration. Tanyolac and Ozdural [37] studied the
adsorption behavior of BSA on the polyvinylbutyral-
modified magnetic microparticles in the range 125-—
250 um and found that 2 h of adsorption time was sufficient
for reaching the adsorption equilibrium. In contrast, the
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Fig. 8 The zeta potentials of the naked (filled circle) and the
polysaccharide-modified (filled square) MNPs in aqueous suspensions
as well as in aqueous BSA solution (filled triangle) at different pH
values
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modified MNPs in this work had a rapid adsorption rate,
which might be attributed to the availability of more specific
surface area on the modified MNPs.

Figure 7 shows the adsorption isotherms of BSA on the
polysaccharide-modified MNPs in the adsorption media
with various pH values. The equilibrium data were fitted by
the Langmuir isotherm equation, which can be expressed as
[38, 39]:

Ce/qe = Ce/qm + 1/(qmKL)

where ¢, is the equilibrium adsorption amount of BSA on the
polysaccharide-modified iron oxide nanoparticles (mg/g), C,
is the equilibrium BSA concentration in solution (mg/ml),
gm 1s the maximum adsorption amount of BSA on the
modified iron oxide nanoparticles (mg/g), and K is the
Langmuir adsorption constant (ml/mg). The plots of C, /g,
versus C. could give straight lines, indicating that the
adsorption of BSA on the modified MNPs obeyed the
Langmuir adsorption isotherm. Table | lists the obtained
Langmuir constants and corresponding correlation coefficients.

As shown in Table 1, the pH values affected greatly the
maximum adsorption capacity of the modified MNPs. The
adsorption capacity increased obviously when the solution
pH increased from 3.8 to 4.6 and then decreased continu-
ously with further increase of the solution pH to 8.9. This
phenomenon may be attributed to the electrostatic inter-
actions varied with the solution pH. To illustrate this, the
zeta potentials of the naked and polysaccharide-modified
MNPs in aqueous suspensions as well as in aqueous BSA
solution at different pH values were measured (Fig. 8). It
was found from Fig. 5 that the naked magnetic nano-
particles, the modified magnetic nanoparticles, and BSA
had the isoelectric points (IEP) of 6.68, 5.45, and 4.67,
respectively. The modified MNPs and BSA have positive
charges below their respective IEP and negative charges
above their respective IEP. After the surface modification,
the IEP was shifted from 6.68 to 5.45, which also
confirmed the conjugation of chitosan with the magnetic
nanoparticles and revealed that the polysaccharide-modified
iron oxide nanoparticles were positively charged at
pH <5.45. Therefore, the electrostatic repulsion between
the modified magnetic nanoparticles and the BSA having
same charges appeared at pH<4.67 and at pH>5.45, which
does not favor the BSA adsorption and results in lower
adsorption capacity. In particular, large electrostatic repul-
sion occurred at the pH of 8.9, leading to lowest adsorption.
In the pH range from 4.67 to 5.45, the modified magnetic
nanoparticles have a positive charge, while the BSA has a
negative charge, which can promote the adsorption of the
BSA on the modified MNPs. The maximum adsorption of
the BSA occurred at the pH of 4.6, which is close to the
IEP of the BSA. This may be due to the fact that the BSA
macromolecules have a compact conformational state at the
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IEP and lead to a minimum intermolecular repulsion [2],
which refers to the higher adsorption amount. Similar
phenomenon was observed for the adsorption of the BSA
on the glass powder coated with polyvinyl alcohol in which
the maximum adsorption was obtained at the IEP of BSA
[40].

The desorption of the BSA from the polysaccharide-
modified MNPs was investigated under alkaline conditions
(pH 9.4) due to the fact that high pH is not beneficial for
the adsorption of BSA, as observed above. For this
purpose, NaH,PO, was used as the desorption agent. The
adsorbed and desorbed quantities of BSA at equilibrium for
the BSA feed concentration of 1.017 mg/ml were found to
be 93.03 and 85.12 mg/g, respectively. In this case, a high
desorption percentage of 91.5% was achieved.

Conclusions

Carboxymethylated chitosan was used to modify the MNPs
by the covalent conjugation. This surface modification
improved obviously the colloidal stability of MNPs in
aqueous suspension, and the resultant modified nano-
particles were still superparamagnetic. By investigating
the adsorption and desorption of bovine serum albumin on
the modified MNPs, it was observed that such materials
were characteristic of rapid adsorption rate, large adsorption
capacity, and high desorption percentage under certain
conditions, showing a potential application as effective
magnetic affinity adsorbent for bovine serum albumin.
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