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Abstract Magnetic Fe;0,4@SiO, nanoparticles with superparamagnetic properties were prepared via a reverse mi-

croemulsion method at room temperature. The as-prepared samples were characterized by transmission electron mi-
croscopy(TEM), X-ray diffractometry(XRD), and vibrating sample magnetometry(VSM). The Fe;04@SiO, nanopar-
ticles were modified by (3-aminopropyl)triethoxysilane(APTES) and subsequently activated by glutaraldehyde(Glu).

Protein A was successfully immobilized covalently onto the Glu activated Fe;04@Si0, nanoparticles. The adsorption

capacity of the nanoparticles was determined on an ultraviolet spectrophotometer(UV) and approximately up to 203
mg/g of protein A could be uniformly immobilized onto the modified Fe;0,@Si0, magnetic beads. The core-shell of
the Fe;0,@SiO, magnetic beads decorated with protein A showed a good binding capacity for the chime-
ric anti-EGFR monoclonal antibody(anti-EGFR mAb). The purity of the anti-EGFR mAb was analyzed by virtue of
HPLC. The protein A immobilized affinity beads provided a purity of about 95.4%.
Keywords Magnetic; Fe;0,4@SiO,; Protein A; Nanoparticle; Monoclonal antibody

1 Introduction

Magnetic nanomaterials have attracted significant atten-
tion in the past few decades due to their unique magnetic pro-
perties and potential application in the fields of biology and

biomedicine!' ™!

. In particular, superparamagnetic nanopar-
ticles have been extensively pursued for bioseparation, drug
delivery, and cancer detection. Among various magnetic nano-
particles, magnetite(Fe;O0,) has been considered as an ideal
candidate for these bio-related applications because of its good
biocompatibility, magnetic responsivity and low cytotoxici-
ty!®7). In 1996, iron oxide magnetic nanoparticlestMNPs) based
ferumoxides(Feridex 1.V.) were approved by the US Food and
Drug Administration(FDA) as an imaging agent for the detec-
tion of liver lesions. Currently iron oxide MNPs are also widely
used in the separation and purification of antibodies, magnetic
resonance imaging(MRI) contrast enhancement, clinic diagno-
sis and treatment, drug delivery, and biomolecular detec-
tion®—101,

A considerable number of core-shell magnetic nanopar-
ticles have been synthesized, which are commonly composed
of a Fe;0, magnetic core and a chemically modifiable shell,
such as Au', Sio,["2l  LDHMI polystyrene(PS)[M],
poly(glycidyl methacrylate)(PGM)!"?), etc. Among them, SiO,
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has been considered to be one of the best materials for shell due
to its advantages in magnetic property maintenance for the
Fe;04 core, reliable chemical stability, biocompatibility, and
versatility in surface modification!'®).

Kohler and Milstein'”? discovered monoclonal antibodies
in 1975 and thus the modern era of targeted therapy for cancer
began. Therapeutic antibodies have become a major strategy in
clinical oncology due to their ability to specifically bind to
primary and metastatic cancer cells with high affinity and
create antitumor effects by complement-mediated cytolysis and
antibody-dependent cell mediated cytotoxicity(naked antibo-
dies). The recent clinical and commercial successes of anti-
cancer antibodies, such as rituximab(Rituxan) and cetu-
ximab(Erbitux) have created a great interest in antibody-based
therapeutics for hematopoietic malignancies and solid tumors.
Cetuximab is a murine-human chimeric antibody composed of
the variable regions of a murine anti-EGFR antibody joined
with human IgG1 heavy and light chain regions. It binds to the
extracellular domain of the Epidermal Growth Factor recep-
tor(EGFR) with a twofold greater affinity than that of its natu-
ral ligand EGF and transforming growth factor-a!'®2%. In ad-
dition to its role in curing colorectal carcinom5a(CRC), cetu-
ximab is approved by both FDA and the European Medicines
Agency(EMA) for the treatment of locally advanced untreated

Supported by the National Natural Science Foundation of China(Nos.51572058, 91216123, 51174063), the Natural Science
Foundation of Heilongjiang Province, China(No.E201436), the International Science & Technology Cooperation Program of
China(Nos.2013DFR10630, 2015DFE52770) and the Specialized Research Fund for the Doctoral Program of Higher Education

of China(No.SRFDP 2013230211003 1).

© lJilin University, The Editorial Department of Chemical Research in Chinese Universities and Springer-Verlag GmbH



890 Chem. Res. Chin. Univ.

Vol.32

squamous cell carcinoma of the head and neck(SCCHN) in
combination with chemoradiotherapy, which is a single agent
for metastatic or recurrent disease.

Separation and purification of bio-products, such as pro-
teins, antibodies, amino acids, polysaccharides, and vitamins
are an important task of bio-processing industries. Up to now,
almost 70%—=80% of antibody purification is based on protein
A or G affinity chromatography!*'—2*!. Antibodies are produced
via very complex processes. Before purification, there are
many impurities in a sample, such as many micro-sized inso-
luble impurities, lipid and lipoproteins, etc., which can easily
clog the chromatographic column. This may lead to issues like
high back pressure, long processing time, etc. and can be a

[25=271 Compared to

huge disadvantage in practical application
the column technique, the suspension technique can avoid the
column clog problem®. However, it is known that the packing
materials in protein A or G affinity chromatographic columns
are very expensive. Furthermore, protein coated resin particles
are very difficult to recycle in a suspension technique, which
makes it unaffordable to use. Several separation systems based
on magnetic nanomaterials have been developed to avoid the
drawbacks of such column-based systems, such as hierarchical
core-shell micro/nanoflowers™ or polymer brush-modified
magnetic nanoparticles””. Protein A coated magnetic particles
have become commercially available, which have been suc-
cessfully employed in antibody purification.

Anti-EGFR mADb was purified with magnetic beads. A fa-
cile and efficient synthesis method of magnetic Fe;0,@SiO,
nanoparticles was reported. Protein A was successfully cova-
lently immobilized onto (3-aminopropyl)triethoxysilane
(APTES) modified Fe;0,@SiO, MNPs with Glu. Owing to the
inner magnetic core, the microspheres can be easily and rapidly
separated from suspensions in an external magnetic field. A
schematic diagram of the current study is illustrated in Scheme
1. The maximum adsorption of protein A on the magnetic affi-
nity beads was found to be 203 mg/g. The magnetic core shell
beads decorated with protein A showed a good binding capacity
for chimeric anti-EGFR mAb. The anti-EGFR mAb was eluted
from the magnetic beads with acetic acid/sodium acetate buffer
solution. The purity of anti-EGFR mAb was analyzed with the
aid of HPLC. The protein A immobilized affinity beads showed

a purity of about 95.4%. Adsorption studies of anti-EGFR mAb
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Scheme 1 Schematic illustration of the
experimental overview

onto protein A immobilized affinity beads were also carried out
in a continuous system. The protein A immobilized affinity
beads may have potential application in the fields of drug deli-
very and the preparation of biosensors.

2 Materials and Methods

2.1 Materials

Ferric  chloride  hexahydrate(FeCl;-6H,0),  hexane
[CH;3(CH,)4CHj3], sodium chloride(NaCl), oleic acid(C,;3H;40,),
ammonium hydroxide(NH;-H,0, mass ratio 25%) and sodium
hydroxide(NaOH) were purchased from Xilong Chemical In-
corporated Company(Guangzhou, China). Sodium oleate
(CisH33Na0,), disodium hydrogen phosphate(Na,HPO,), so-
dium dihydrogen phosphate(NaH,PO,), ethanol and cyclohex-
ane were obtained from the Fine Chemical Industry Research
Institute of Tianjin City(China). Polyoxyethylene(5)nonyl-
phenylether(Igepal CO-520) and 1-octadecene were obtained
from Sigma Aldrich. 3-Aminopropyltriethoxysilane(APTES)
and tetraethyl orthosilicate(TEOS) were purchased from the
Bodi Chemical Limited Liability Company(Tianjin, China).
Protein A was obtained from the Xinfeng Biological Material
Limited Company. Chimeric anti-EGFR mAb was provided by
Harbin Pharmaceutical Group Bioengineering Co., Ltd., China.
The water used was purified through a Millipore system. All
the chemicals were of analytical grade and used without further
purification.

2.2 Preparation of Fe;O, MNPs

Fe;04 nanoparticles were prepared as described early®').

First, iron oleate complex was synthesized via the reaction of
2.7 g of FeCl;-6H,0 with 8.875 g of sodium oleate in a mixture
solution of 80 mL of ethanol, 60 mL of distilled water and 140
mL of hexane. Furthermore, 5.6 g of 1-octadecene and 1 g of
iron oleate complex were dissolved in 0.16 mL of oleate acid,
which was added in the vessel. The resulting mixture was
heated to 320 °C at a rate of 3.3 °C/min, and kept for 30 min.
The resulting solution containing the Fe;O, nanocrystals was
then cooled to room temperature, and excess ethanol was added
to precipitate the nanocrystals. The nanocrystals were separated
by means of centrifugation and washed several times with
ethanol.

2.3 Synthesis of Fe;0,@SiO, Core-shell MNPs

A reverse microemulsion method was used to prepare
Fe;04@SiO, core-shell nanoparticles according to ref.[32].
Typically, 6.8 g of Igepal CO-520 was dispersed in 20 mL of
cyclohexane and sonicated for 10 min. Then, 200 mL of cyclo-
hexane containing 40 mg of Fe;O, was added to the above
solution with continuous stirring. Subsequently, 0.5 mL of
ammonium hydroxide was added to the above mixture solution.
Finally, 0.5 mL of TEOS was added in the above mixture
solution via the equivalently fractionated drop method
(adding 35 pL per 16 h). The resulted Fe;04@SiO, core-shell
MNPs were centrifuged and washed, and then redispersed in
ethanol.
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2.4 Amination of the Fe;04@SiO, Core-shell
MNPs

In order to functionalize the spheres with the amine func-
tional groups, Fe;0,4@SiO, core-shell nanoparticles were ami-
nated with APTES via a Silylation reaction. Briefly, 0.1 g of
Fe;04@Si0, core-shell nanoparticles was mixed with 30 mL of
ethanol in a three-necked flask and treated ultrasonically. Then
35 uL of APTES was added to it. The mixture was stirred at
300 r/min for 12 h at room temperature, then was heated to
70 °C and refluxed for 1 h, and then was aged for 12 h. The
nanoparticles were isolated by magnetic decantation and tho-
roughly washed sequentially with water and ethanol until the
solution was neutralized.

2.5 Conjugation of Glu on Aminated Fe;O0,@SiO,
MNPs

On the surface of aminated Fe;0,@SiO, core-shell nano-
particles, there were riched amine functional groups(—NH,),
then the covalent conjugatation of Glu to the MNPs was con-
ducted. First, 10 mg of the amino-modified MNPs was mixed
with 25 mL of ethanol, and then a 5% Glu solution(volume
ratio or volume fraction) in 5 mL of 0.01 mol/L PBS solu-
tion(pH=7.4) was added to the mixture. The mixture was stirred
at 300 r/min for 12 h at room temperature. Finally the MNPs
were washed with water to remove the excess activation agent
prior to protein A immobilization.

2.6 Adsorption Experiments of Protein A and An-
ti-EGFR mAb Binding

Protein A was covalently immobilized onto the Glu
activated Fe;0,@SiO, nanoparticles, 10 mg of which was
incubated with 2.5 mL of protein A solution in 0.05 mol/L
PBS buffer(pH=7.4) at 25 °C in a flask with stirring at 250
r/min. After magnetic separation, the concentration of protein
A in the supernatant solution was measured on a UV spectro-
photometer at a detection wavelength of 276 nm. The amount
of adsorbed protein A was calculated via the following equa-
tion:

O=(co—c)Vym
where Q is the amount of protein A adsorbed on the affinity
beads(mg/mL); ¢, and ¢ are the concentrations of protein A in
the initial solution and in the aqueous phase after adsorption,
respectively; V; is the volume of the aqueous solution(mL); and
m is the mass of the affinity beads in the adsorption medium(g).

Determination of the static adsorption capacities of anti-
EGFR mAb on the protein A ligands immobilized affinity
beads was achieved by measuring the adsorption of anti-EGFR
mADb from the aqueous solution under different experimental
conditions. 10 mg of immobilized protein A-MNPs was added
to a centrifuge tube containing 5 mL of anti-EGFR solution
with a certain concentration and the centrifuge tube was shaken
for 10 min. The affinity beads were then collected with a mag-
net and the supernatant was filtered through a 0.22 mm mem-
brane filter for HPLC analysis. The affinity beads were added

to an acetic acid/sodium acetate buffer solution(pH=3.6), and
incubated with shaking to release the anti-EGFR mAb to fur-
ther use.

3 Results and Discussion

3.1 Characterization of Fe;O0,@SiO, MNPs

TEM images Fe;0,4
Fe;0,@Si0, nanoparticles with the corresponding particle size

of pure nanoparticles and
distribution histogram are shown in Fig.l. Fe;O4 magnetite
particles were prepared via a robust solvothermal reaction
based on a high temperature reduction. As revealed in Fig.1(A),
the obtained magnetite particles possess a uniformly spherical
shape and a mean diameter of ca. 12 nm. Compared with the
Fe;04 nanoparticles, the obtained Fe;O0,@SiO, nanoparticles
[Fig.1(B)] exhibit a typical core-shell structure. The core-shell
structure can be clearly distinguished due to the different elec-
tron penetrability between the core and shell. The magnetic
cores are black spheres and the uniform silica shells are distin-
guished by a gray color with an average thickness of about 30
nm. The above observations demonstrate that the Fe;O4 nano-
particles are completely encapsulated into SiO, layer. Fig.1(C)
shows the average size distribution of Fe;0,@SiO, nanoparti-
cles. The result displays that the SiO, shells are formed homo-
geneously on the surfaces of Fe;0, cores.

100 nm
L

Distribution frequency(%)

55 60 65 70 75 80 85
Diameter/nm
Fig.1 TEM images of Fe;04(A), Fe;0,@SiO,
MNPs(B) and the size distribution of
Fe;0,@Si0, MNPs(C)
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The phase and purity of the as-prepared samples were
examined by virtue of XRD. Fig.2 shows a typical XRD pattern
of the obtained Fe;O4 and Fe;04@SiO, MNPs. As shown in
curve a, there are six major diffraction peaks observed at
30.02°, 35.50°, 42.97°, 53.38°, 56.89° and 62.47°for the Fe;0,
nanocrystals, which are assigned to (220), (311), (400), (422),
(511) and (440) planes of the cubic spinel structured magne-
tite(JCPDS No. 75-0449), respectively. No other peaks corres-
ponding to the impurity phases can be found, indicating the
high purity of the Fe;O, nanoparticles. The amorphous SiO,
exhibits no characteristic peak, and only shows a rising back-
ground at the lower angle side™™. After the Fe;O, MNPs were
coated with SiO,, the Fe;0,@Si0O, MNPs show a new broad
peak at 22°—26° in curve b, which can be assigned to the
amorphous SiO,. Combined with TEM results, the XRD result
shows the SiO, has been successfully coated on the surface of
Fe;04 MNPs.

10 20 30 40 50 60 70
26/(°)

Fig.2 XRD patterns of Fe;O4(a) and
Fe;0,@SiO, MNPs(b)

In order to study their magnetic responsive behavior, the
magnetic properties of the samples were measured at room
temperature with VSM. Fig.3 displays the field dependence
hysteresis loops(M-H curves) of the Fe;04 and Fe;0,@SiO,
microspheres. No reduced remanence and coercivity being zero
were detected, indicating that Fe;O, and Fe;O4,@SiO, MNPs
are superparamagnetic at room temperature. The saturation
magnetizations of Fe;O4 and Fe;0,@SiO, microspheres were
30 and 8.5 A/m, respectively. As shown in Fig.4, when a mag-
net was placed on one side of the vial, the microcapsules were
aggregated on the wall of the vial close to the magnet and the
solution became transparent in a short period of time. Once
the magnet was removed, the prepared MNPs were easily
redispersed in the solution via gentle shaking as shown in
Fig.4(A). The results demonstrat that the prepared Fe;O0,@SiO,
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Fig.3 Magnetization curves of Fe;O,(a) and
Fe;04@Si0, nanoparticles(b)

Fig4 Fe;0,@SiO, MNPs dispersed in water(A) and
separated by magnet(B)
MNPs exhibit excellent magnetic responsive properties, which
make them possible to be applied in the field of target
delivery.

3.2 Protein Loaded on Fe;0,@SiO, MNPs and
Purification of Anti-EGFR mAb

The surface of Fe;0,@SiO, MNPs was modified via
APTES-Glu method for conjugating proteins. APTES first
underwent a condensation reaction on the surfaces of nanopar-
ticles, causing the linking of APTES with the particles. Then,
the Glu solution was added to the solution, and an aldehyde
group reacted with the amino group of APTES via Schiff base
formation. Another remained aldehyde group can be used for
reacting with the active amino group on the protein via the
formation of the Schiff base. As a crosslinking agent with wide
applications, Glu can react more rapidly with NH, than NH*",
which shows that Glu has its greatest potency in the neutral to
alkaline pH range.

Protein A has lysine, arginine and histidine residues with
pendant amine groups. Covalent immobilization of protein A
onto Glu activated Fe;0,@SiO, MNPs was performed by the
formation of Schiff base between the aldehyde group on the
surface of the nanoparticles and the amino group of the protein.
At the isolation point of protein A, protein A is in the best form
to react with the surface aldehyde groups on the microspheres
with the pendant amine groups. That is why, in this paper, pro-
tein A immobilization was carried out at a pH of 7.4 in the PBS
buffer.

To determine the maximum level of the amount of immo-
bilized protein A per unit of mass of the MNPs, a varying ratio
of protein to particle was investigated as shown in Fig.5. At the

210 b .
180 |
150 |

120

MNPs/(mg-g™)

90

Immobilization capacity of

60

1 1 1 1 1 1
01 02 03 04 05 06
Concentration of protein A/(mg-mL™)

Fig.5 Loading capacity of protein A onto the surface
of APTES-Glu modified Fe;O,@SiO, MNPs
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beginning, the amount of bound protein increases as the ratio of
protein to particle increases, and then increases less rapidly and
the proteins loading appears to saturate as the added ratio
reaches a value. The maximum amount of loaded protein A was
found to be 203 mg per gram of MNPs.

Protein A has a high affinity for the Fc-part of the an-
ti-EGFR mAb of various species, for instance human, rabbit
and guinea pig, but only weak interactions occured for bovine
and mouse. Antigen-antibody can bind to mammalian cells
through the interaction of the constant Fc region of immunog-
lobulins with Fc receptors(Fc-R) on the cell surface. The an-
ti-EGFR mAD binding capacity was investigated at pH=7.4 and
¢o=0.4 mg/mL. The adsorption achieved equilibrium within 10
min. The immobilization capacity was calculated to be about
112.3 mg/g.

High-pressure liquid chromatography(HPLC) is less labo-
rious and provides more accurate and reliable quantitative re-
sults than SDS-Page for protein determination. The quantifica-
tion of anti-EGFR fractions was analyzed by means of HPLC
with the result indicating that about 95.4% of anti-EGFR from
crude sample bound to the MNPs(Fig.6). And it is possible to
elute 95.4% of pure anti-EGFR at pH=7.4.

35 L (A)
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j |-
0 \_fL;\_/
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Signal/mAU
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Fig.6 Chromatograms of anti-EGFR before(A) and
after(B) the removal treatment with protein A
immobilized on MNPSs

A comparison of Fe;0,@Si0, MNPs with other materials
reported in the literature!!>*#
purification value of the MNPs is higher than those of other
samples, which suggests that the Fe;0,@SiO, magnetic beads
decorated with protein A show a good binding capacity for the
chimeric anti-EGFR monoclonal antibody.

is summarized in Table 1. The

Table 1 Binding capacities of various particles

Sample Purification(%) Target
m-PGMA microspheres 61 L929 mouse fibroblasts
Immuno- y-Fe;O;@Au 88.5 Carcinoembryonic antigen
This work 95.4 Anti-EGFR monoclonal antibody

4 Conclusions

Fe;04@Si0, nanoparticles were synthesized by a reverse
microemulsion method. APTES and Glu were modified on the
surface of the nanoparticles. Protein A was immobilized on the
APTES-Glu modified magnetic Fe;O04@SiO, nanoparticles.
Approximately 203 mg/g of protein A could be immobilized
onto the modified Fe;04@SiO, nanoparticles. The removal of
anti-EGFR in an aqueous solution by protein A immobilized on
the APTES-Glu modified magnetic Fe;0,@SiO, nanoparticles
was studied. And the purity of anti-EGFR mAb was 95.4%
which was analyzed vie HPLC. This APTES-Glu surface mo-
dification can be applied to other kinds of nanoparticles for
conjugating biomolecules.
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