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Abstract

Purpose Magnetic nanoparticles are an interesting approach in the biomedical and biotechnological field. They can be
used as a drug delivery system or in magnetic resonance imaging. However, these particles have the disadvantage of being
colloidally instable, easily oxidized, and suffer from partial toxicity. To overcome these problems, magnetic nanoparticles
were coated by different types of coats such as silica, polymer, etc. the purpose of this study is to develop a coated iron oxide
nanoparticle system.

Methods Seed magnetic emulsion particles (SME) were first prepared and characterized before inducing silica layer using
sol—gel process. The obtained SiO,@SME particles are then encapsulated using bovine serum albumin (BSA) layer. This
proteins layer was performed via nanoprecipitation of BSA molecules on the SME. Particles were characterized by electron
microscopy, FTIR, TGA, and zeta potential measurement.

Results Characterization studies confirm the successful coating of BSA on the surface of amino-functionalized silica shell
and magnetic core.

Conclusion The used process leads to the preparation of highly magnetic particles encapsulated with silica layer ad then
coated with proteins shell. The presence of silica shell will enhance the chemical stability of the magnetic core, whereas, the
presence of proteins shell will improve low cytotoxicity and good biocompatibility in the contact with biological samples.

Keywords Bovine serum albumin - Nanoparticle - Iron-oxide - Core—shell - Coating - Encapsulation - Nanoprecipitation

1 Introduction

Magnetic nanoparticles have gained much attention in the
biomedical field, targeted drug delivery, and bio-imaging
due to their ability to respond to magnetic field [1]. Magnetic
particles made from iron oxide are particularly important
because of their availability and manufacturing simplic-
ity. In addition, these particles feature a superparamagnetic
behavior. Briefly, they are only magnetized in the presence
of a magnetic field. While their magnetization is zero in the
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absence of the latter. This property gives the nanoparticles
an extra stability when dispersed in solution [2].

Magnetic nanoparticles were prepared via various tech-
niques such as co-precipitation, micelle synthesis, hydro-
thermal synthesis, thermal decomposition, etc. [3—7]. Nano-
particles were produced with a low size range (2-100 nm)
allowing the easy penetrability through biological barriers
[8, 9]. However, particles in this size range suffer from col-
loidal and chemical instability at a long term. These particles
tend to form agglomerates to reduce the energy of the sys-
tem caused by the high surface area/volume ratio. In addi-
tion, metallic nanoparticles in general are chemically highly
active, and can be easily oxidized in air which may lead to
the loss of magnetization and dispersibility [10]. Solutions
were suggested to solve this problem, such as coating the
particles with different materials, organic or inorganic, such
as surfactants, polymer, or silica [10]. This coating step, can
chemically stabilize magnetic particles against degradation
as a function of time. In addition, coating can be used for
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the functionalization of the nanoparticles surface, where dif-
ferent substances and ligands can be added to enhance the
colloidal stability and targeting specificity [11].

Protein based nanoparticles (PBN) have also gained some
attention as drug carriers for several reasons. Proteins are
natural biopolymers that are widely available in nature, they
are completely non-toxic, biodegradable, and do not leave
undesirable biodegradation products. Among protein, albu-
min has a paramount importance, since its natural role as
a transporter protein gave it the ability to bind to a large
spectrum of drugs and ligands for better specificity. Bovine
serum albumin (BSA)-based particles were heavily studied
and synthesized with different techniques such as nanopre-
cipitation, emulsification, self-assembly, etc. depending on
the method and the experimental parameters, the size of BSA
nanoparticles ranges between 50 and 250 nm. These types of
protein-based particles are of good colloidal stability, easy to
prepare and to control the colloidal properties [12].

For the above reasons, BSA-coated magnetic nanoparticles
were previously studied by Li et al. by coating iron oxide
nanoparticles (Fe,O,) by BSA shell. The shell is obtained
via adsorption process. The produced nanoparticles have a
diameter of 35 nm and a narrow size distribution. In addi-
tion, these nanoparticles have a spherical morphology and the
BSA was proved to be present on the surface of the magnetic
nanoparticles. These results showed the feasibility of the mag-
netic protein nanoparticle formulation [13]. In addition, it was
proved that BSA coating leads to good toxicological profile
and good biodistribution of the magnetic nanoparticles [14].
Moreover, this approach may give the particles the long-term
stability and the ligand binding ability, all with preserving the
magnetic properties of the iron oxide core. In another study,
produced nanoparticles have a diameter of 25 nm and a zeta
potential of —26 mV. In addition, microscopy images sug-
gest the presence of a monolayer coating the iron oxide core.
Results show that coating with BSA decreases the degradation
of the nanoparticles and reduces the toxicity in the animal
model [14]. Another study showed that BSA coating of an
iron oxide core can improve the in vivo and in vitro therapeu-
tic outcome for efficient cancer treatment [15, 16].

Firstly, it’s interesting to notice that, in this manuscript that
we are not performing adsorption of proteins on magnetic nano-
particles (10 to 100 nm), but we are performing nanoprecipita-
tion of proteins on the used magnetic seed emulsion (300 to
500 nm). In this study, magnetic seed emulsion was first coated
with silica layer bearing amine groups and then encapsulated
by BSA shell through a simple method based on protein pre-
cipitation where higher amount of BSA was used comparing
to previous studies. By using FTIR, TGA, zeta potential meas-
urement, transmission electron microscopy, and magnetization
measurement, the physico-chemical properties and the surface
modification in each step of preparation were evaluated and the
precipitation of BSA on the magnetic core was investigated.
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2 Experimental
2.1 Materials and Reagents

Iron (IIT) chloride hexahydrate (FeCl;-6H,0), iron (II) chloride
tetrahydrate (FeCl,-4H,0), oleic acid, bovine serum albumin
(BSA, 96%) and sodium dodecyl sulfate (SDS) were purchased
from Sigma-Aldrich and used without purification. Ammonia
solution (NH,OH, 25%) and ethanol (96%) were purchased
from VWR Prolabo and used as received. Polyvinylpyrrolidone
(PVP) and tetraethyl orthosilicate (TEOS) were obtained from
Fluka. Octane and (3-aminopropyl)triethoxysilane (APTS,
99%) were obtained from Acros Organics. Acetone was pur-
chased from Laurylab. Deionized water was used over all the
experiments. Polyoxyethylene (40) isooctylphenyl ether (Triton
X-405), NaOH and HCI solution are products of Sigma-Aldrich
and Sodium dodecyl sulphate (SDS) was from ProLabo.

2.2 Preparation of oil in water magnetic emulsion
(SME)

The synthesis of organic ferrofluid was carried according to
Montagne et al. [17]. In brief, nanoprecipitation process of ferric
and ferrous salts and by transferring the obtained nanoparticles
into organic phase using oleic acid was done. Then, the organic
ferrofluid were emulsified using Triton X-405 and SDS in order
to obtain stable, submicron, narrowly size distributed oil in water
magnetic emulsion. The obtained oil in water magnetic emulsion
was thermally treated in order to remove the organic solvent and
to obtain thermodynamically stable magnetic dispersion. Then,
the final magnetic particles (SME) are solvent free.

2.3 Preparation of Silica Coated Seed Magnetic
Emulsion (Si0,@SME)

Silica coated SME were prepared according to Bitar et al.
[18]. Briefly, the above-mentioned oil in water magnetic
emulsion particles were separated by magnet from 3 ml
emulsion (9.6% w/v) after organic solvent evaporation. The
particles were washed by deionized and redispersed in 0.9 ml
PVP aqueous solution (10% w/v). The prepared dispersion
(SME) was kept on rotation agitation for 3 h. Then, 1.5 ml
NH,OH (25%) were added to the emulsion and the agitation
continued for 15 min. Next, 0.75 ml TEOS were dissolved in
0.3 ml ethanol, this solution was added to the SME and kept
under stirrer for one night. The obtained SiO,@SME particles
were separated by magnet and washed by deionized water.
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2.4 Preparation of Amino-Functionalized Silica
Coated Seed Magnetic Emulsions (APTS@SiO,@
SME)

The surface modification of the nanoparticles was carried
out through silanization process using APTS, in order to
introduce amino groups at the nanoparticles surface. 0.25 g
of Si0,@SME nanoparticles were dispersed by sonication
in 80 ml of water—ethanol solution (1:1 v/v). The pH of the
suspension was adjusted to 9.0 with the addition of ammo-
nia solution. Under magnetic stirring, 145 pl of APTS was
added to the suspension and allowed to react for 1 h at 40 °C.
The particles were magnetically collected from the dispersed
suspension with an external magnetic field and washed with
ethanol. The collected magnetic particles were dispersed by
sonication in deionized water. Dried samples were obtained
by lyophilization.

2.5 Preparation of BSA Coated SME Nanoparticles
(BSA@SiO,@SME)

Two BSA aqueous solutions at 6% and 4% (w/v) were pre-
pared. These solutions were then added separately to an
APTS @SME suspension (4%) with an equal volume. This
leads to the formation of two mixtures of BSA and APTS @
SME nanoparticles with 2% APTS @ SME nanoparticles
(w/v) for both, and 3% BSA and 2% BSA (w/v) respectively.
Ethanol (non-solvent) was added in these two samples under
stirring at room temperature with a solvent/non-solvent ratio
of 1/2 to induce the precipitation of BSA. After that, ethanol
was eliminated by rotary evaporation in both samples. The
particles were magnetically separated from the supernatant
and washed with water three times. Dried samples were
obtained by lyophilization. The obtained nanoparticles were
named as BSA2@SME and BSA3@SME, the number indi-
cates the concentration of BSA in the preparation mixture.

2.6 Samples Characterization

FTIR analyses were performed by FTIR spectrophotometer
Nicolet iS50 FTIR (Thermo Scientific) in the ATR mode.
Nanoparticle suspension was dropped onto the ATR crystal
and left to dry prior to analysis. The spectra were scanned
over the range 4000-500 cm ™.

The surface charge of the nanoparticles was determined
by measurements of zeta potential using Zetasizer Nano ZS
equipment. Zeta Potential was measured as a function of
pH in a range 2.5-10.5 at room temperature. Particles were
dispersed in 5 mmol 17! NaCl aqueous solution. Zeta poten-
tial was measured taking an average of three measures. The
zeta potential of BSA nanoparticles prepared according to
Tarhini et al. [19] were analyzed too for comparing with the
synthesized particles.

Thermogravimetric analysis (TGA) of dried samples was
performed by TG 209 F1 ASC (Netzsch) equipment from
25 °C up to 800 °C at a heating rate of 10 °C min~! under a
nitrogen flow rate of 20 ml min~".

Transmission electron microscopy (TEM) images were
obtained with a Phillips CM120 electron microscope
(Claude Bernard University-Lyonl, CTy, Lyon, France).
One drop of highly diluted particles was placed onto a cop-
per grid (mesh 200 and covered with formvar-carbon) and
dried at room temperature before TEM analysis. The analy-
ses were performed with a field emission gun operating at
100 kV.

Magnetization measurements were carried out using the
Automatic Bench of Magnetic Measurements (ABMM) at
CNRS-IRC Lyon laboratory, France. Samples were dried
and magnetization was investigated at room temperature by
varying the magnetic field (H) from —20,000 to + 20,000
Oersted.

3 Results and Discussion

Silica coated seed magnetic emulsions functionalized
with amino groups and coated with BSA were prepared
(Fig. 1). These particles were characterized, and evidence
on the structure complexity was identified through different
techniques.

Figure 2 displays the FTIR spectra of BSA, SiO, @SME,
BSA2@SME and BSA3@SME. BSA presents two char-
acteristic bands at 1640 and 1520 cm™', which are attrib-
uted to amide I and amide II vibration modes, respectively.
Bands at 3280 and 3060 cm™! are assigned to ~OH and -NH
stretching vibration. Bands at 2960, 2930 and 2870 cm™! are
related to —CH stretching [13, 20-22].

Sample SiO, @SME exhibits intense bands at 1065 and
560 cm™! that are assigned to the Si—O-Si and the Fe—O
stretching vibration due to the presence of silica and iron
oxide. The bands at 3320 and 1630 cm™~! correspond to
stretching and bending vibrations of hydroxyl on the nano-
particles surface [18, 23]. Sample SiO, @ SME and APTS @
SME (not shown in the figure) present a similar spectrum,
which indicates the deposition of a thin layer of SiO, in
Si0,@SME to form APTS@SME. Also, the characteristics
bands of amino group are overlapped by the bands related
to hydroxyl group, so the presence of amino group is con-
firmed by other method. Samples BSA2@SME and BSA3 @
SME present a similar spectrum and exhibit the characteris-
tic bands of BSA, iron oxide and silica, which confirms the
presence of these materials on the samples.

Thermogravimetric analysis was performed to deter-
mine the amount of BSA in samples BSA2@SME and
BSA3@SME. TGA curves of SiO,@SME, APTS@SME,
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Fig. 1 The different steps for
the preparation of BSA coated-
amino functionalized-silica
coated-SME nanoparticles
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Fig.2 FTIR spectra of bovine
serum albumin (BSA), BSA@
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BSA, BSA2@SME and BSA3@SME are shown in Fig. 3.
The weight losses between 25 and 200 °C are attributed
to the loss of water absorbed on the particles [21]. The
water content in Si0, @SME, APTS@SME, BSA, BSA2@
SME and BSA3@SME is 3.6, 3.7, 6.0, 4.0 and 5.0%,
respectively. The additional weight losses between 200
and 800 °C are related to the decomposition of organic
material in each sample. The 7% of weight loss in SiO, @
SME corresponds to oleic acid molecules bonded on the
surface of the iron oxide nanoparticles entrapped on the
silica matrix [18].

@ Springer
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The surface modification of SiO, @SME with APTS intro-
duced organic moieties with the amino group on the particles
surface; this additional organic material was evidenced in the
11% of weight loss in sample APTS@SME [24, 25].

The decomposition of BSA starts at 200 °C, then the
major weight loss of BSA occurs at about 300 °C and
decompose completely at higher temperatures [26, 27].

Thermogravimetric analysis curve of BSA2@SME and
BSA3@SME present a decomposition profile between
200 and 400 °C similar to BSA curve, which indicates the
decomposition of the BSA attached on the nanoparticles sur-
face. The weight loss that corresponds to organic material in
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Fig.3 TGA curves of SiO,@SME, APTS@SME, BSA, BSA2@
SME and BSA3@SME
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Fig.4 Zeta potential as a function of pH of SiO,@SME, APTS@
SME, BSA2@SME, BSA3@SME and BSA-NP

samples BSA2@SME and BSA3@SME is 38.3 and 51.8%,
respectively. Then, considering the organic material that is
presented in the APTS @ SME nanoparticles, the estimated
content of BSA in samples BSA2@SME and BSA3@SME
is 30.7 and 45.8%, respectively. Previous works reported
lower incorporations of BSA even when glutaraldehyde was
used to chemically bond the BSA [13, 26, 28, 29].

Figure 4 represents the zeta potential curve of SiO,@
SME, APTS@SME, BSA2@SME, BSA3@SME and BSA-
NP as a function of pH. The zeta potential is strongly influ-
enced by the physico-chemical properties of the particles
surface. The zeta potential curve of SiO, @SME is similar
to the zeta potential curve of silica particles, the isoelec-
tric point (IEP, pH at which zeta potential is zero) seems
to be close to 2, which is IEP of silica particles reported
in previous works [18, 30]. This confirms the presence of

100 nm

Fig.5 TEM images: a SME, b SiO,@SME, ¢ APTS@SME, d
BSA2@SME and e BSA3@SME

silica on the surface of SiO,@SME particles. The IEP of
APTS@SME is 9.3, the increase in the IEP after the sur-
face modification by APTS is produced by the presence
of amino groups on the surface of APTS @SME particles
[24, 25, 31]. The zeta potential curves of BSA2@SME and
BSA3@SME are similar to the zeta potential curve of BSA
particles (BSA-NP), these results verify the successful cover
of magnetic particles by BSA. The IEP of BSA2@SME and
BSA3@SME is 5.4 and 5.2, respectively, which are slightly
higher than the IEP of BSA-NP (5.0). These differences in
IEP probably are produced by the influence of amino groups
presented on the magnetic particles. As the amount of BSA
is higher in BSA3@SME than BSA2@SME, the influence
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of amino groups related to the magnetic particles in the IEP
is lower in BSA3@SME than in BSA2@SME.

Transmission electron microscopy images of sam-
ples SME, SiO,@SME, APTS@SME, BSA2@SME and
BSA3@SME can be observed in Fig. 5. SME particles
were found to spherical in shape with wide size distribution
(Fig. 5a). This observation is in accordance with the DLS
measurement where a high polydispersity index was shown
(about 0.8). Si0,@SME exhibits spherical particles formed
by aggregated iron oxide particles 9 nm, the average size of
particles is 174 +20 nm. Although, zeta potential and FTIR
analysis demonstrated the presence of silica on the surface,
it cannot be observed a silica shell around the particles, this
could indicate the formation of a thin silica layer on the
surface. The introduction of amino groups on the particles
surface did not produce appreciable changes on the size and
shape of the particles. Samples BSA2@SME and BSA3 @
SME present structures formed by APTS @SME particles
covered by an irregular material. As this material is brighter
that the APTS@SME particles, it corresponds to a softer
material which it was identified as BSA.

The magnetic behavior of the particles was evaluated
by magnetization measurements. Figure 6 exhibit the mag-
netization curves of samples Si0,@SME, APTS @SME,
BSA2@SME and BSA3@SME. The samples exhibit the
typical profile of superparamagnetic materials, since no
hysteresis loops and no coercivity were observed in the
curves. The saturation magnetization (the maximum of
the magnetization value, Ms) of sample SiO,@SME is
31.5 emu g~! which is smaller than the corresponding to

bulk phase (92 emu g~!). Usually magnetic nanoparticles
present lower value of Ms in comparison to the bulk phase
[32, 33]. Ms is correlated to the proportion of magnetic
material on the samples, when the surface modification of
nanoparticles introduce non-magnetic material, the Ms of
sample decreases [18, 34]. APTS@SME presents a Ms of
30.2 emu g~!, which is just slightly lower than the Ms of
Si0,@SME, this result agrees with the previous thermo-
gravimetric analysis that showed a low incorporation of
non-magnetic material after the surface modification by
APTS. The Ms of BSA2@SME and BSA3@SME is 24.0
and 21.7 emu g~!, respectively. These results also agree
with the large incorporation of organic material confirmed
by thermogravimetric analysis. Although BSA2 @SME and
BSA3@SME present a lower value of Ms that bulk mag-
netite, it is enough for its applications in biomedical field.

4 Conclusion

Bovine serum albumin coated seed magnetic emulsion parti-
cles were prepared and the coating of the particles with BSA
was investigated. The results of FTIR, thermogravimetric
analysis, and zeta potential measurement, confirm the suc-
cessful coating of BSA on the surface of amino-functional-
ized iron oxide particles. In addition, this can be observed
by the transmission electron microscopy images. This study
reports a successful coating of magnetic particles with a
BSA shell using higher amounts than what can be found in
literature. Using this process based on the preparation of
well characterized oil in water magnetic emulsion, solvent
evaporation, first encapsulation by silica layer and second

Fig. 6 Magnetization curve of
Si0,@SME, APTS@SME, 30 -
BSA2@SME and BSA3@SME
at 25 °C —SiO,@SME
204 ——APTS@SME
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encapsulation using BSA precipitation process leads to the
preparation of well structured particles, submicron in size,
highly magnetic and good colloidal stability for both in vitro
and in vivo use. It’s interesting to notice, that the particles
size distribution is totally related to size distribution of the
used seed magnetic emulsion.
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