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Received 2 September 2013; Accepted 21 January 2014; Published 26 March 2014

Academic Editor: Chih-Hung Hsiao

Copyright © 2014 Christian Chapa Gonzalez et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Magnetic nanoparticles (MNPs) have great potential in biomedical applications because of their magnetic response offers the
possibility to direct them to specific areas and target biological entities. Magnetic separation of biomolecules is one of the most
important applications of MNPs because their versatility in detecting cancer biomarkers. However, the effectiveness of this method
depends onmany factors, including the type of functionalization ontoMNPs.Therefore, in this study, magnetite nanoparticles have
been developed in order to separate the 5-nucleotidase enzyme (5eNT).The 5eNT is used as a bio-indicator for diagnosing diseases
such as hepatic ischaemia, liver tumor, and hepatotoxic drugs damage.Magnetic nanoparticles were covered in a core/shell typewith
silica, aminosilane, and a double shell of silica-aminosilane. A ScFv (fragment antibody) and anti-CD73 antibody were attached to
the coated nanoparticles in order to separate the enzyme.Themagnetic separation of this enzymewith fragment antibodywas found
to be 28% higher than anti-CD73 antibody and the enzyme adsorption was improved with the double shell due to the increased
length of the polymeric chain.Magnetite nanoparticles with a double shell (silica-aminosilane) were also found to bemore sensitive
than magnetite with a single shell in the detection of biomarkers.

1. Introduction

Nanomedicine is generally defined as the biomedical appli-
cation of nanotechnology. Nanomagnetism is at the forefront
of the nanosciences as magnetic nanomaterials are the most
promising materials used in the clinical diagnosis and in
various therapeutic applications [1, 2]. Magnetic particles
have special features that make them viable for biomedical
applications [3]. Their particle size can be controlled in
the nanometric scale and they can be functionalized with
biocompatible molecules to interact with biological entities.
Many researchers have been focusing on the nanoscale
because magnetic nanoparticles contain a simple magnetic
domain and show a superparamagnetic behavior at room
temperature, which means that the magnetization𝑀 is close
to zero in the absence of a magnetic field, but when an
external magnetic field is applied, the magnetic moments are

aligned with the field [4]. This kind of magnetic response
is highly desired in biomedical applications because these
materials offer the possibility of being manipulated to a
specific body area and target biological entities through
an external stimulus. This ability of magnetic nanoparticles
has allowed them to be used for labeling and manipulating
biomolecules as drugs and genes [5–8]. Drug delivery is the
most studied application of the magnetic nanoparticles in
order to develop a new therapeutic method that increases
the effectiveness of anticancer drug [9]. Magnetic drug
targeting (MDT) has also been used to improve localized
drug delivery to interstitial tumor targets. MDT involves
attaching an antibody to the nanoparticles surface in order
to get an antibody-antigen coupling ensuring an efficient
and controlled drug release [10]. In order to improve the
antibody adherence to the nanoparticles, they are coated with
a biocompatible and/or biodegradable material to modify
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their surface. The coated material can be a natural polymer
such as chitosan, collagen, folic acid, or a synthetic material
like dextran, tetraethyl orthosilicate, poly-lactic-co-glycolic
acid, polyethylene glycol, and so forth. These materials
provide different functional groups attached to the surface
of the nanoparticles as aldehyde (–CHO), hydroxyl (–OH),
and amine (–NH

2
) [9, 11–14]. Biological entities, such as

antibodies, are attached to the coated nanoparticles through
bonding with these functional groups, and the type of ligand
defines the effectiveness of these systems.

5-Nucleotidase (5-ribonucleotide phosphohydrolase;
5eNT) is an intrinsic membrane glycoprotein present as
an ectoenzyme in a wide variety of mammalian cells.
An increased 5eNT concentration is a bioindicator of
hepatobiliary and osseous disease [15, 16]. In this study,
magnetite nanoparticles coated with antibody against
5eNT were developed and adherence of antibody against
5eNT was investigated with diverse coated materials. The
effectiveness of functional groups such as silanol and amine
was determined. A double shell nanoparticle was developed
in order to improve the antibody adherence. Increase in
the antibody content of the nanoparticles improved the
effectiveness of the MDT systems as a result of better
antibody-antigen coupling.

2. Experimental Procedures

2.1. Synthesis of Magnetite Nanoparticles. Magnetic nanopar-
ticles (Fe

3
O
4
) were prepared by coprecipitation with a rapid

injection method. The starting material was a mixture of
1.3519 g of FeCl

3
⋅6H
2
O (Sigma Aldrich, CAS no. 10025-77-

1) and 0.6820 g of FeSO
4
⋅7H
2
O in 25mL of distilled water.

Subsequently, 25mL of NH
4
OH was added abruptly in a

rapid injection process to increase the pH value to 12. A black
precipitate was formed; it was washed several times until the
supernatant reached a pH value of 6.5. The precipitate was
dried in a vacuum oven at 30 ± 5∘C for 24 h.

2.2. Coated Magnetic Nanoparticles. To evaluate the enzy-
matic adherence to the nanoparticle surface, three different
nanoparticles were obtained: magnetite with a silica shell
(with hydroxyl group), magnetite with aminosilane shell
(with amine group), and magnetite with a double shell silica-
aminosilane. For magnetite with a silica shell (MS samples),
1.910 g of sodium silicate (Na

2
SiO
3
) was dissolved in 100mL

of deionized water in a flask, 0.20 g of Fe
3
O
4
nanoparticles

was added to this solution and sonicated using Ultra-Turrax
for 30 minutes. Further, the temperature of the mixture was
increased to 80∘C and hydrochloric acid was added dropwise
until pH 6.0 was attained. The material was then washed
several times with deionized water by magnetic decantation.
This procedure was repeated twice in order to ensure that the
magnetite was coated with silica.

For magnetite with aminosilane shell (MA samples),
1.0mL of N-(2-aminoethyl)-3 aminopropyltrimethoxysilane
was dissolved in a solution containing 250𝜇LH

2
Oand 25mL

of methanol, and then 0.20 g of magnetite nanoparticles was
added. The mixture was exposed to ultrasonic homogenizer

for 30 minutes. Subsequently, 15mL glycerol was added, and
the temperature of the mix was increased to 90∘C with rapid
stirring for 6 h. The product was washed several times with
deionized water andmethanol and concentrated bymagnetic
decantation; the material was dried at room temperature. For
double shell silica-aminosilane nanoparticles (MSA samples),
a similar methodology (as mentioned above) was used with
the exception that the starting nanoparticles were precoated
with silica.

2.3. Antibody Adherence to Coated Nanoparticles. Two types
of antibodies against 5-nucleotidase were used in order
to compare antigen affinity: a commercially purified anti-
CD73 monoclonal antibody (Ecto-5-nucleotidase, 5F/B9,
BD Pharmingen) (namely, CD73) and single chain fragment
Fv monoclonal antibody obtained by phage display method
(namely, ScFv) [16]. 100 𝜇L of antibodies solution was incu-
bated in a flask containing 0.02 g of functionalized magnetic
particles for 24 h at room temperature with slow agitation.
The material was washed several times with 1.0M, pH 7.4
phosphate buffer solution (PBS). Finally, the material was
suspended in 100 𝜇L of PBS and stored at 4∘C. The adher-
ence of the antibody to functionalized magnetic nanoparti-
cles (FMNPs) was determined by measuring absorbance at
280 nm in a UV-Vis spectrophotometer (Thermo Scientific
Nanodrop 2000).

2.4. 5-Nucleotidase Enzyme Separation. In order to evaluate
the effect of the surface modification on 5-nucleotidase
(5eNT) separation, magnetite with no modification (M),
silica-magnetite (MS), silica-aminosilane-magnetite (MSA),
silica-amino silane-ScFv antibody-magnetite (MSACF), and
silica-aminosilane-anti-CD73 antibody (MSA-CD73) were
tested. In the first step, an initial solution of 1.0M of the 5eNT
(Sigma-Aldrich; CAS no. 9027-73-0) in PBS (Sigma-Aldrich,
CAS no. 7447-40-7) pH 7.4, was incubated with 0.02 g of each
material at room temperature for 24 h in a microcentrifuge
tube in a rotator with gentle mixing. After the immobi-
lization step, the magnetically loaded nanosorbents carrying
probe enzymes were removed from the medium by applying
an external magnetic field. Finally, separation efficiencies
were determined by measuring the initial and final enzyme
concentrations before and after the separation step using a
Bradford colorimetric method at 595 nm wavelengths.

2.5. Characterization of Magnetite Nanoparticles. X-ray
diffraction (XRD; PANalytical XRD84) was used to confirm
the formation of the crystalline phase of magnetite (Fe

3
O
4
).

Field emission scanning electron microscopy (FESEM;
JEOL 7000F) was used to analyze the morphology and
particle size distribution was determined by using Scandium
software with SEM images. The superparamagnetic behavior
was confirmed by a vibrating sample magnetometer
(VSM). Magnetic measurements were performed at room
temperature in magnetic field up to 20 kOe. The Fourier
transform infrared spectra (FTIR; Thermo Scientific Nicolet
6700) was used to confirm the adherence of the polymeric
shell to the nanoparticles. Enzyme and antibody adsorption
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Figure 1: X-ray pattern of magnetite nanoparticles.

on magnetite nanoparticles was analyzed in a UV-Vis
spectrophotometer at a wavelength of 280 nm.

3. Results and Discussion

The XRD patterns of the nanoparticles obtained (𝑀) in
this study are shown in Figure 1. The spectra showed six
characteristic diffraction peaks of an inverse spinel crystal of
themagnetite structure. Average crystallite sizewas estimated
from X-ray pattern by using Scherrer’s formula and using the
line broadening measurements (FWHM) of the most intense
peak. The obtained value was 12.8 nm, which was similar
to the particle size values observed by TEM (Figure 2(a)).
This suggests that themagnetite nanoparticles are monocrys-
talline.

TEM image shows that spherical particles with a narrow
particle distribution (16 ± 4 nm) were obtained, and because
of their size and greater reactivity, the nanoparticles form
agglomerates between 50 and 80 nm. Figures 2(b) and 2(c)
show TEM images of the functionalized nanoparticles with
silica shell and double shell silica-aminosilane. The nanopar-
ticles were obtained with silica shell agglomerated with a
coating thickness of 2.9 ± 0.2 nm; however, when double
shell silica-aminosilane was obtained, particles distributed
between 100–200 nm with polymagnetic cores and the coat-
ing thickness increased to 5.8 ± 0.8 nm.

Hysteresis loops of themagnetite nanoparticles are shown
in Figure 3. Magnetite with and without coated material
shows a superparamagnetic behavior that is desirable for
biomedical applications. Magnetite has saturation magne-
tization (𝑀

𝑠
) of 55.9 emu/g; this value decreases by 14%

when magnetite is coated with a silica shell, 28.6% with an
aminosilane shell, and 23% with a double shell. The decrease
in the magnetization was due to the presence of the coating
material. This property indicates the statistical average of the
magnetic moments in the direction of the external magnetic
field. In this case, there are two materials, but only magnetite
nanoparticles are ferromagnetic material and this property
is divided by the total mass of the material (magnetite
nanoparticles + coated material) [17]. According to Das et
al., 40 emu/g is enough to easily and quickly manipulate
the nanoparticles in the presence of an external magnetic
field in a body [12]. The superparamagnetic condition is not
influenced by agglomeration because each particle has its

own magnetic moment; according to Cullity and Graham,
this property depends on the particle size [18].

Functionalized magnetite with silica was confirmed by
FTIR analysis. Figure 4 shows the characteristic adsorption
band at 586 cm−1 due to the (Fetetra–O) stretching vibrations
of the magnetite. When these particles are coated with silica,
the FTIR spectra showed a new band at 1090 cm−1 due to the
presence of silanol group [13]; this bandwas present when the
particles were coated with both silica (MS) and double shell
silica-aminosilane (MSA). In aminosilane coating samples,
bands at 3309 and at 1654 cm−1 were observed, which are
attributed to the presence of amine group (–NH

2
) [14, 15].

The band observed at 2943 cm−1 is due to the stretching
of C–H of the methyl group (–CH

2
, –CH

3
). The suggested

mechanism of coated particles is shown in Figure 5. In the
magnetite-aminosilane shell, the silicon is bonded with the
iron through the deprotonation ofmagnetite. However, when
a silica shell is added before the aminosilane groups, the
silicon is bonded in the samewaywith themagnetite andwith
aminosilane through S–O–S bond, and the resulting band
appeared at 804 cm−1. According to these results, magnetite
nanoparticles coated with silica have silanol functional group
on the surface and magnetite with aminosilane and double
shell (silica-aminosilane) has the amine group functional
on the nanoparticle surface, and the difference between
these two samples lies in the length of the polymeric chain.
The surface-modified superparamagnetic nanoparticles are
biodegradable and some studies have showed that biodegra-
dation time depends on the kind of coating used in the mag-
netite nanoparticle. In previous studies, these nanostructures
showed 2% of degradation in a physiological fluid at 18 hours
[19]. However, still it is necessary to study the maximum
lifetime in a living system.

Figure 6 showed the 5-nucleotidase immobilization
rates using different functionalized magnetite nanoparticles.
Clearly, it can be observed that the double shell silica-
aminosilane magnetite (MSA) has greater enzymatic adher-
ence than magnetite (𝑀) and silica shell magnetite (MS).
This characteristic depends on the type of functional group
attached and the length of the polymer chain of the coating
material. For this reason, two types of antibodies against
5-nucleotidase were attached to MSA nanoparticles: anti-
CD73 monoclonal antibody (MSA-CD73 sample) and single
chain fragment Fvmonoclonal antibody (MSA-ScFv sample).
When an antibody-coatedmagnetite is used, the immobiliza-
tion rates were 0.365 and 0.465 (𝜇g5eNT/mgNPs) with anti-
CD73 and ScFv antibody, respectively. These values were
found to be lower than the polymeric-coated nanoparticles
values (MSA; 0.5382 𝜇g5eNT/mgNPs). This can be explained
due to the underlying differences in the way in which
the enzymes are bound to the material. In the antibody-
coated magnetite (MSA-CD73; MSA-ScFv), the immobiliza-
tion is given by the antibody-antigen binding. The surface
of the antibody molecule formed by the juxtaposition of
the complementarity-determining regions or CDRs of the
heavy and light chains creates the site to which the antibody
binds to the amino group of the antigen [20]. Fragments
are the minimal portions of an antibody that maintains
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Figure 2: TEM image of (a) magnetite nanoparticles (𝑀) and their particle size distribution, (b) magnetite with silica shell (MS) and (c)
double shell silica-aminosilane (MSA).

the antigen-combining site. Increased immobilization using
fragmentsmay be due to the small size. Takashi demonstrated
that antibody fragments had a better distribution in the
tumor, penetrating in less time than complete antibodies [21].

The nanoparticles containing attached antibodies (MSA-
ScFv or MSA-CD73) bind to the enzyme through antibody-
antigen coupling. Since the antibodies are covalently coupled
to antigen, the resulting bond is stronger and more selective
[22], and hence, the antibody-attached magnetite nanoparti-
cles showed higher bioselectivity.

In the case of polymeric coated magnetite, enzyme binds
to the external layer by adsorption mechanism. Intermolecu-
lar forces, surface, hydrophobicity, and ion electrostatic inter-
action alter the protein adsorption [23]. In these nanopar-
ticles, the enzyme is accumulated to the surface forming a
layer onto functionalized nanoparticles, so differences in the
surface of the nanoparticles make the difference in protein

adsorption. Magnetite nanoparticles coated with silica have
silanol functional group on the surface and magnetite with
aminosilane and double shell (silica-aminosilane) has the
amine group functional on the nanoparticle surface. The
difference in electrostatic interaction makes MSA, with an
amine group,more affinity to the protein. Another aspect that
increases the immobilization is the difference in the length of
the polymeric chain; MSA has the largest chain according to
the suggested mechanism of coated magnetite nanoparticles
(Figure 5).

Figure 7 shows the ScFv antibody interaction with dif-
ferent enzymes, bovine serum albumin (BSA), ovalbumin
(OVA), and a negative control (CN; without enzyme). The
results showed that there was no interaction in the negative
control because of the absence of enzymes. The immo-
bilization of 5-nucleotidase (5eNT) was better than the
immobilization of other enzymes due to the antibody-antigen
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Figure 3: Hysteresis loops of magnetite, magnetite with silica shell, magnetite with aminosilane shell, and double shell silica-aminosilane
magnetite.
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interaction. Therefore, the use of antibodies onto functional-
ized nanoparticles resulted in the greater selectivity during
the immobilization of enzymes.

4. Conclusions

Antibody-coatedmagnetite nanoparticles for immobilization
of 5-nucleotidase were developed. The enzyme immobiliza-
tion grade depends on the type of functional group used and
the length of the polymer chain of the coatingmaterial. In this
study, amine functional group showed higher affinity than
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Figure 7: Affinity of the ScFv antibody with the 5-nucleotida.

silanol functional group. The adherence of 5-nucleotidase
enzyme improved on increasing the polymeric chain length
of the coating material. This shows that the magnetite
nanoparticles with a double shell (silica-aminosilane) are
more sensitive thanmagnetite with a single shell in the detec-
tion of biomarkers, but when antibody-coated nanoparticles
are used, the enzyme immobilization becomesmore selective.
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