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Abstract

Oleic acid-coated magnetite has been encapsulated in biocompatible magnetic nanoparticles (MNP) by a simple emulsion evaporation method.
The different parameters influencing the particles size were studied. Between these parameters, the stirring speed and the polymer concentration
were found to influence positively or negatively, respectively, the MNP size which varied between 320 and 1500 nm. The magnetite encapsulation
efficacy was about than 90% yielding a high magnetite loading of up to 30% (w/w). X-ray diffraction showed that magnetite crystalline pattern was
not modified after emulsification and solvent evaporation. The X-ray photoelectron spectroscopy (XPS) results indicated the presence of less than
0.1% of iron atoms at the nanoparticles surface. Vibration simple magnetometer (VSM) showed a superparamagnetic behaviour of the MNP and
a saturation magnetization increasing with the increased magnetite amount used in formulation. Moreover, T} and 75 relaxivities of MNP (4.7 T,
20°C) were 1.7 £0.1 and 228.3413.1 s~ mM~!, respectively, rendering them in the same category of known negative contrast agents which
shorten the T, relaxation time. Therefore, by using an appropriate anticancer drug in their formulation, these magnetic nanoparticles can present a

promising mean for simultaneous tumor imaging, drug delivery and real time monitoring of therapeutic effect.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, polymer based magnetic nanoparticles
(MNP) have gained an increasing interest in the field of medicine
and biotechnology due to their various potential applications
in hyperthermia (Kim et al., 2006), magnetic resonance imag-
ing (Shieh et al., 2005), DNA separation (Chiang and Sung,
2006), drug targeting (Timko et al., 2006) and enzyme purifica-
tion (Safaiikova et al., 2003). Numerous preparation strategies
for magnetic carriers have been described including emulsion
polymerization (Pich et al., 2005), suspension polymerization
(Xie et al., 2004), dispersion polymerization (Ushakova et

* Corresponding author. Tel.: +33 4 72 43 18 93; fax: +33 4 72 43 16 82.
E-mail address: fessi@lagep.univ-lyonl.fr (H. Fessi).

0378-5173/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2007.01.023

al., 2003), microemulsion polymerization (Deng et al., 2003),
solvent diffusion (Lee et al., 2005) and solvent evaporation
(Gomez-Lopera et al., 2001). Many polymers have been used to
prepare these magnetic carriers as poly(vinyl alcohol) (Sindhu et
al., 2006), polystyrene (Zheng et al., 2005), poly(vinyl pyrroli-
done) (Maensiri et al., 2006), poly(aniline) (Kryszewski and
Jeszka, 1998) and polyesters like poly(lactide) (PLLA) (Hu et
al., 2006), poly(p,L-lactide-co-glycolide) (PLGA) (Lee et al.,
2005) and poly epsilon caprolactone (PCL) (Hamoudeh and
Fessi, 2006). The later polyesters are distinguished by their
biocompatible and biodegradable properties accompanied by a
relatively low toxicity rendering them approved by the FDA (Lin
et al., 1986; Herrmann and Bodmeier, 1998). Their degradation
and the consequent release of loaded drugs can be controlled
by their molecular weight and crystallinity (Kwon et al., 2001;
Lemoine et al., 1996).
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Between the different applications of MNP, magnetic res-
onance imaging (MRI) has interestingly widened over the
last decade to become the preferred cross-sectional imaging
modality in various pathologies. In MRI, superparamagnetic
nanoparticles are used for their significant capacity to pro-
duce predominantly 75 relaxation effect resulting in a signal
reduction on T,-weighted images (a negative contrast). This
effect is induced by the resulting magnetic field heterogeneity
around the particles and through which water molecules dif-
fuse inducing dephasing of the proton magnetic moments and
by consequence, a T, effective transverse relaxation shortening.
Generally speaking, iron oxides crystals sized between 3 and
10nm can be encapsulated within these MNP for standard or
functionalized contrast agents applications (e.g. Endorem® and
Sinerem®, Guerbet, France).

Clinically used contrast agents for MRI are gadolinium
chelates and superparamagnetic iron oxide based nanoparticles
(SPION) (Wang et al., 2001; Weissleder et al., 1990). SPIONs
have important advantages over gadolinium chelates: they have
low toxicity; in some instances toxicities were reported at con-
centrations more than 100 fold above the clinically effective
dosage (Wang et al., 2001) and furthermore, their detection limit
in MRI is in the subnanomolar range exceeding Gd imaging by
a factor of 100 (Weissleder et al., 1990). The last point is to be
seriously taken into account from a dose related toxicity point
of view (Go et al., 1993; Bonnemain, 1998).

One of the promising MNP applications in MRI can be the
image-guided delivery of drug-loaded nanoparticles in clini-
cal oncology. Different papers have reported an improvement
in the treatment efficacy due to a MRI coupled monitoring
(Pauseretal., 1997; Zielhuis et al., 2005a,b; Seppenwoolde et al.,
2005). Indeed, the possibility to use MRI to visualize anticancer
drug-loaded nanoparticles distribution in the tumor and its sur-
rounding healthy tissues is very important because it leads to the
next advantages (i) pre-imaging of the drug-free nanoparticles
distribution (a tracer dose) to enable a further good predic-
tion of tumor targeting (Roullin et al., 2002), (ii) monitoring
during and after administration of the drug-loaded nanoparti-
cles leading to more efficious treatment (Seppenwoolde et al.,
2005).

Indeed, an ideal magnetic carrier should be biocompatible
with a low toxicity. Therefore, due to their acceptable biocom-
patibility as mentioned above, polyester polymers have been
frequently chosen to prepare magnetic carriers. Recently, dif-
ferent papers have described the synthesis of PLLA, PLGA,
PCL, PACA, based magnetic nanoparticles and microparticles
and designed to be charged with an anticancer drug for an image-
guided drug delivery or magnetic targeting (Hafeli et al., 1994;
Miiller et al., 1996; Gomez-Lopera et al., 2001; Lee et al., 2005;
Okassa et al., 2005; Hamoudeh and Fessi, 2006; Hu et al., 2006;
Wassel et al., 2007). Although many research groups have stud-
ied the superparamagnetic behaviour of these iron oxide-loaded
polyester-based carriers, however, up to our knowledge, the in
vitro longitudinal (r;) and the transverse (1) relaxivities of
these polyester-based carriers have not yet been evaluated in
a manner to validate their potential utilisation in further MRI
applications.

In this context, the goal of our investigation is to prepare
PLLA based magnetic nanoparticles with a narrow polydisper-
sity and a high reproducible magnetite loading, to study their
magnetic behaviour and finally to evaluate their in vitro r| and
ry relaxivity.

Briefly, magnetite has been encapsulated within nanopar-
ticles of poly L-lactide acid. The magnetic Fe3O4/polymer
composite nanoparticles were prepared by a solvent evap-
oration method. Different experiments were conducted to
study the principal preparation parameters influencing the
nanoparticles size and the size distribution. Furthermore, var-
ious characterisation assays were performed involving surface
charge determination, both transmission and scanning electron
microscopy, X-ray diffraction, Fourier transformed infrared, X-
ray photoelectron spectroscopy, magnetic properties and in vitro
relaxivity.

2. Materials and methods
2.1. Materials

The PLLA polymer (Resomer Condensate L Mn 1900 (Mw =
6 kDa) was kindly supplied by Boehringer Ingelheim, Germany.
Ferrous chloride (FeCl;-4H;0), Ferric chloride (FeClsz-6H,0),
oleic acid, poly(vinyl alcohol) (PVA, Mw =31 kDa, hydrolyza-
tion degree = 88%), boric acid, potassium iodide and iodine were
all products of Aldrich, France. Dichloromethane (DCM) and
ammoniac solution (25%) were from Laurylab, France. Nitric
acid (65%), hydrochloric acid (12 M) sodium hydroxide (1 M),
and sulphuric acid (95%) were purchased from Carlo-erba,
France.

2.2. Synthesis of oleic acid-coated magnetite

Briefly, 24.3 g of FeCl3-6H>O and 12.0g of FeCl,-4H,O
were dissolved in 50 ml of distilled water in a round-bottomed
flask under nitrogen. Then, 40 ml of NH4OH (25%) were added
at 70-80 °C. This minimizes the oxidation of superparamagnetic
magnetite FezO4 to ferromagnetic Fe;O3. After the precipitation
of magnetite crystals, oleic acid (40%, w/w of formed mag-
netite) was added dropwise during 10 min, and the flask was
heated for 30 min. Then, the temperature was increased up to
110°C in order to evaporate water and ammonium excess. The
black lump-like gel was separated by magnetic decantation and
cooled to room temperature then washed several times with dis-
tilled water to remove the excess of oleic acid. After drying, a
black powder was obtained.

2.3. Nanoparticles preparation

Magnetic nanoparticles MNP have been prepared using a
simple emulsion evaporation method as described by Hamoudeh
and Fessi (2006) with some modification. Oil-in-water emulsion
consisted of:

e Organic phase: Different amounts of oleic acid-coated mag-
netite (see Table 1) were mixed with the polymer used
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Table 1

Different formulas and magnetite encapsulation efficacy determination (formulas and magnetite determination were performed in triplicate)

Formula Oleic acid-coated PLLA Theoretical magnetite Experimental magnetite Encapsulation Saturation magnetism
magnetite (mg) (mg) loading %* loading %* (ICP-AES) efficacy (%)° (Ms) (emu/g)

A 25 400 5.08 4.83 95 1.5

B 50 400 11.1 9.87 88.9 5.03

C 100 400 20 17.66 88.3 7.5

D 200 400 33.33 31.05 93.15 14

2 The experimental and theoretical loading % concern the oleic acid-coated magnetite.
b Encapsulation efficacy % = 100 x (experimental magnetite loading %/theoretical magnetite loading %).

at different concentrations (1-5%, w/v) in dichloromethane
(DCM). The mixture was then introduced into an ultrasonic
device (Branson 2200, USA) to obtain a good dispersion of
magnetite in the organic phase.

e Aqueous phase: Poly(vinyl alcohol) (PVA) was dissolved in
a continuously stirred water at 40 °C and left to cooling. PVA
was used at different percentages ranging from 0.5 to 4%
(w/v). The organic phase was then added into the aqueous one
under mechanical stirring (Ultraturax T25, IKA, Germany) at
a defined stirring speed for 2 min. The stirring speed ranged
between 6500 and 24,000 rpm corresponding to the lowest and
highest given stirring speeds by the apparatus, respectively.

After emulsion obtaining, the DCM was evaporated by a
rotative evaporator (R-144, Buchi, Switzerland) at 100 rpm for
15min. The formed nanoparticles were separated by ultra-
centrifugation (Beckman, USA) at 50,000 rpm for 10 min and
then washed with water for several times to eliminate the PVA
excess.

Finally, 1 ml of nanoparticles suspension was filled into 5 ml
freeze-drying vials to be lyophilized. The freeze-drying of MNP
was performed using a pilot freeze-dryer; Usifroid SMH45
(Usifroid, France). It consists mainly of 3 stainless steel shelf
plates (3m x 0.15m), a coiled tube used as a condenser at
—65 £ 5 °C and a vacuum pump. The conditions applied during
the present study were: freezing for 2 h at —50 °C with a temper-
ature ramp of 1 °C/min, sublimation at —40 °C and 60 pbar for
15h and finally the secondary drying was carried out at 25 °C
and 50 pbar for 4 h.

2.4. Magnetite loading and encapsulation efficacy
determination

Magnetite content was determined by two separated methods.

2.4.1. Thermogravimetric analysis (TGA)

The analysis was carried out on a TA 2950 (TA instruments,
USA). Samples were analyzed in closed Platinum cups at a
temperature range of 30—1000 °C (heating rate 10 °C/min) in
a nitrogen atmosphere (flux of 5 ml/min). At the end of heat-
ing cycle, the detected amount of mineral residuum reflects
the magnetite content (experimental loading). To calculate the
encapsulation efficacy, we used the theoretical magnetite load-
ing being the used amount of magnetite per 100 mg of prepared

sample (theoretical loading, Table 1).

Magnetite encapsulation efficacy %

— 100 x experimental loading

theoretical loading

2.4.2. Inductively coupled plasma atomic emission
spectrometer (ICP-AES)

The titration of iron was performed on a spectrometer of ARL
3580 (Thermo, USA). A sample of 20 mg of prepared nanopar-
ticles was digested in a medium containing 1 volumes of HySO4
(95%) and 2 volume of fuming HNOj3 (65%) to solubilize the
iron oxide. The assay was linear between 0 and 20 pwg/ml with a
correlation coefficient of 0.999. The encapsulation efficacy was
calculated by the same equation as in TGA assay.

2.5. Size determination

The size and the shape of the synthesized magnetite crys-
tals were determined from TEM images. For MNP, the size
was determined by photon correlation spectroscopy (PCS) using
Zetasizer 3000 HSa (Malvern, England) at 25 °C. Each measure-
ment was performed in triplicate.

2.6. Scanning electronic microscopy (SEM)

MNP suspensions were deposited on a metallic probe then
metallized with gold/palladium with a cathodic pulverizer tech-
nics Hummer II (6 V, 10 mA). Imaging was realized on a FEG
Hitachi S800 SEM at an accelerating voltage of 15kV.

2.7. Transmission electronic microscopy (TEM)

Both synthesised magnetite (dried form) and MNP suspen-
sions were visualised using a Philips CM120 TEM. For MNP,
a drop of a dilute dispersion was deposited on a copper grid
covered with a formal-carbon membrane.

2.8. X-ray diffraction (XRD)

Sample crystallization was studied by an X-ray diffractom-
etry system (Siemens D500) operated with Cu Ka X radiation
at 40kV and 30 mA. The scans were conducted in the 26 range
from 25 to 65°. The identification of the magnetite was car-
ried out by comparing the diffraction pattern of the sample with
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library data in the powder diffraction files using Diffrac-plus
software.

2.9. Fourier transformed infrared

The infrared spectra were recorded with a Unicam Mattson
5000 FT-IR Spectrometer at room temperature. The spectra were
taken in KBr discs in the range of 3500-400 cm™!.

2.10. Zeta potential determination

The electrical characteristics of magnetite, MNP and
magnetite-free nanoparticles were analyzed by electrophore-
sis measurements as a function of pH using Malvern Zetasizer
3000HSA (England). In this assay, different solutions of NaCl
(0.001 M) in NaOH or HCI at pH values ranging from 3 to
11 were prepared using a pH meter (Metller Toledo, France).
Diluted suspensions of MNP were made in these solutions to
determine the pH effect on the potential zeta of MNP.

2.11. X-ray photoelectron spectroscopy (XPS)

Surface analysis was carried out using a RIBER SIA 200
spectrometer. XPS analyses were performed for C 1s, O 1s, Fe
2p, Fe 2p3/2 and Fe 3p peaks using a non-monochromatized Al
Ka X-ray source.

2.12. Determination of poly(vinyl alcohol)

The residual amount of PVA in the nanoparticles was deter-
mined using an iodine-borate colorimetric method (Zielhuis
et al., 2005a,b) with some modification. The method involves
the extraction of poly(vinyl alcohol) from the sample matrix
into an aqueous phase, followed by the formation of a
PVA-iodine-borate complex that can be detected by visible
spectroscopy. The method consists of solubilizing PVA by
destructing the nanoparticles (50 mg) with 2 ml of 1 M NaOH
for 30 min at 90 °C. The resulting solution was neutralized with
1M HCI. Then, 3ml of a boric acid solution (3.7%, w/v) and
0.5ml of an iodine solution (1.66% KI+ 1.27% I, in distilled
water) were added and the volume was adjusted to 10 ml with
distilled water. Samples were analysed at 680 nm using a Cary
50 spectrophotometer (Varian, Australia) in triplicate. Known
amounts of PVA added to 50 mg of PLLA were treated in the
same way and used as standards. The correlation coefficient for
the given standards of PVA was 0.988.

2.13. Vibration sample magnetometer

A VSM-BS2-11 Tesla was used to study the magnetic prop-
erties of synthesized magnetite and MNP. The field dependence
of magnetization was recorded at 10 K and 300 K under differ-
ent applied magnetic fields; the applied magnetic field ranged
between 1.5 and —1.5T, then from —1.5 to 1.5 T. The temper-
ature dependence of the nanoparticles magnetization was also
investigated as following: the sample was cooled down to 10K
at a magnetic field of 1.5 T, then measurements of the magnetic

moment at a series of intermediate temperatures were carried
out up to 300 K.

2.14. In vitro MRI

In order to evaluate the longitudinal and the transverse relax-
ivities (r; and rp, respectively) of MNP, a MRI study was
performed on tubes containing a suspension of MNP at different
dilutions in distilled water giving increasing iron concentrations
(0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.35, 0.5, 0.75 mM). The assays
were conducted using a 4.7 T Bruker MR system at 25 °C and
with a volumic coil of a 6 cm interior diameter.

For the measurement of 77 relaxation times, 2D imaging with
an inversion-recovery fast imaging with steady state precession
(IR-FISP) sequence was obtained using the shortest possible
TE (echo time) and TR (repetition time) (TR/TE =4.6/2.3 with
abandwidth = 50 MHz) and an increasing inversion time starting
from the shortest 77 =90.2 ms with 60 echos. T} was calculated
automatically from the data analysis of the Bruker system using
the equation: Y=A + |C x 1-2 x e(—#/T1)| where A is the abso-
lute biais; C the signal intensity; 77 is the spin lattice relaxation
time.

For measurements of 75 relaxation times, Multi Spin Multi
Echo (MSME) sequences were obtained with a TR of 2000 ms
and increasing TEs of 11.7, 25, 40, 60 and 75 ms. Using Image
J software (NIH), 7> was calculated using a simplex algorithm
to fit the values from each slice in a T3 stack to the exponential
equation: AS,, = Soexp 1B/ T2,

Relaxivities (r; and rp) are generally defined as the slope
of the linear regression generated from a plot of the measured
relaxation rate (1/7;, where i=1, 2) versus the concentration
of the particles. (1/T;) = (1/ T;«)) + r;[MNP] where T; denotes
the longitudinal (77) or transverse (7) relaxation times of a
suspension containing the particles and Tj() is the relaxation
time of the solvent (water) without particles.

3. Results and discussion
3.1. Synthesis of oleic acid coated magnetite

The synthesized magnetite chemical structure was deter-
mined by X-ray diffraction. The results show clearly that it has
the six characteristic diffraction peaks of standard Fe3O4 crystal
(isometric-hexoctahedral crystal system) (Hamoudeh and Fessi,
2006). Furthermore, the size and the morphology of magnetic
powder were characterized by TEM (Fig. 1A). The estimated
size of magnetite crystals was around 12 nm being comparable to
areported value of 8 nm (Zheng et al., 2005). Magnetite crystals
with a size generally less than 30 nm exhibit superparamag-
netism (Gupta and Gupta, 2005). Thus, the prepared magnetite
were expected to have superparamagnetic properties and there-
fore, the superparamagnetic profile of the synthesized magnetite
was verified by recording the magnetization behaviour with
VSM. A typical plot of magnetization was conducted versus
applied magnetic field (M—H loop) at 300 K. The magnetization
curve exhibited neither remanence nor coercivity showing that
magnetite crystals have a superparamagnetic behaviour with a



252 M. Hamoudeh et al. / International Journal of Pharmaceutics 338 (2007) 248-257

Fig. 1. (A) TEM micrograph on magnetite (bar=100nm). (B) TEM micrograph of MNP (formula C, stirring speed =22,000 rpm; PVA concentration =0.5%,
w/v; PLLA concentration =4%, w/v) (bar =50 nm). (C) SEM micrograph of MNP (formula C, stirring speed = 17,500 rpm; PVA concentration=0.5%, w/v; PLLA

concentration =4%, w/v) (bar =2 pum).

saturation magnetization (Ms) of 70 emu/g which is relatively
near the value reported by Xu et al. (2002). However, the satura-
tion magnetization of oleic acid coated-magnetite was lesser
(43 emu/g) as shown in our previous paper (Hamoudeh and
Fessi, 2006) which was explained by the fact that the oleic acid
(about 30%, w/w as confirmed by TGA) can be considered as
a magnetically dead layer at the magnetite surface as shown by
Kim et al. (2001).

3.2. Preparation of composite magnetic nanoparticles MNP

Fig. 1B and C shows the TEM and SEM micrographs of MNP
(formula C). As it can be noticed, they are spherical with a rel-
atively narrow polydispersity. Magnetite different encapsulated
amounts (see different formulas, Table 1) did not show an influ-
ence on the MNP size or size distribution. Indeed, some papers
(Jun et al., 2005; Pich et al., 2005; Spiers et al., 2006) have
shown a polydispersity of magnetite-loaded carriers, increas-
ing with the increase of incorporated magnetite amount. Pich
et al. (2005) attributed this polydispersity increase to a simul-
taneous formation of large polystyrene composite microspheres
and smaller ones, with a magnetite core and a polymeric shell,
precipitating at the surface of larger spheres during polymeriza-
tion as agglomerates and changing, by consequence, the overall
morphology.

Here, concerning PLLA magnetic nanoparticles, prepared by
an emulsion evaporation method, we did not find such a correla-
tion between the magnetite loading and MNP size polydispersity
or morphology. Furthermore such surface magnetite agglom-
erates were not seen regardless of the incorporated magnetite
amount (Fig. 1C, formula C, magnetite loading up to ~20%).

The influence of different emulsification factors was there-
after investigated. The most influencing factor on the MNP size
was the stirring speed and to a smaller degree, the polymer con-
centration. It was found that the higher the stirring speed, the
smaller the MNP size and the narrower the size distribution. This
trend was also described by Hamoudeh and Fessi (2006) for poly
g-caprolactone (PCL)-based magnetic microparticles prepared

at relatively lower stirring speeds (2000 rpm maximum). For
instance, the MNP size ranged from 300 &£ 10 to 1300 = 168 nm
at stirring speeds of 24,000 and 6500 rpm, respectively (Fig. 2).
This stirring speed influence on nanoparticles size has been
largely established in literature. Lee et al. (2005) and Zhang et al.
(2006) showed that the higher the stirring speed the smaller the
dispersed organic droplets, thus the smaller obtained nanopar-
ticles. The increase in polymer concentration was also found
to relatively increase the MNP size, while fixing other param-
eters, and to induce a larger size polydispersity (Fig. 3). Such
effect was also reported in our previous paper (Hamoudeh and
Fessi, 2006) using PCL instead of PLLA. Chorny et al. (2002)
explained this polymer effect by the fact that at a relatively higher
polymer concentration, the organic phase would become more
viscous rendering it more resistant to shear forces (Eun Kyoung
et al., 2005).

Concerning the PVA concentration in the aqueous phase,
no clear influence on the MNP size could be found (data not
shown) in contrary with our first study (Hamoudeh and Fessi,
2006). We would explain this difference by two points; firstly, in
this new study we used so much higher stirring speeds between
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Fig. 2. The stirring speed influence on the MNP size. (Polymer concentra-
tion=4%, w/v and PVA concentration=0.5%, w/v) (assays were performed
in triplicate).
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Fig. 3. The PLLA concentration influence on the MNP size. (Stirring
speed = 17,500 rpm and PVA concentration = 0.5%, w/v) (assays were performed
in triplicate).

6500 and 24,000 rpm against 500 and 2000 rpm in the former
one. Secondly, in this study the polymer concentrations and its
molecular weight were relatively smaller, between 1 and 5%
(w/v) of PLLA (Mw =6kDa) instead of 4-12% (w/v) of PCL
(Mw =14 kDa) in the former one. As reported above, both the
increase of the stirring speed and the decrease of the polymer
concentration in DCM contribute to the reduction of the MNP
size. Therefore, getting these two accompanied points in this new
study into account, we would think that a potential influence of
increased PVA concentration on the MNP size has been effec-
tively masked. Indeed, the PVA-induced particles size reduction
has been frequently mentioned in literature (Kwon et al., 2001;
Sahoo et al., 2002). Nevertheless, some few papers have shown
an absence or a non-significance of such stabilizer effect (Ma
and Pa, 2004; Samati et al., 2006).

Howeyver, as the residual amount of PVA must be monitored
for quality and safety purposes, the colorimetric titration of
absorbed PVA into MNP has shown that a less than 2% (w/w) of
PVA, which is found also elsewhere (Carrio et al., 1991; Boury
et al., 1995; Sahoo et al., 2002; Zambaux et al., 1998). Further-
more, it was found to increase slightly with the PVA amount
used in formulation which is in agreement with Sahoo et al.
(2002). Indeed, the last cited papers have shown a residual PVA
remaining in the composition of the nanoparticles after their
preparation with a practical difficulty to eliminate it from the
particles surface (Boury et al., 1995).

3.3. Encapsulation efficacy

Both the ICP-AES and the TGA showed that the encapsula-
tion efficiency was around 90% whatever the magnetite/polymer
ratio was. We found that about the quasi total magnetite amount
used in formulation was well detected experimentally in a repro-
ducible way (Table 2, ICP-AES results). Fig. 4 shows the TGA
curve of the different formulas in which it can be noticed that
the found amount of iron oxide (at 1000 °C) scaled with the
theoretical amount of magnetite (at a polymer concentration of
4%, w/v). Furthermore, the highest magnetite loading that we
could obtain was about 30% (w/w) (formula D) correspond-

Table 2
XPS results of PLLA, PVA and composite magnetic nanoparticles MNP (for-
mula D which has the highest magnetite loading)

Substance Chemical structure C (at.%) O (at.%) %Fe (at.%) O/C
PLLA (-O-CH(CH3)CO-),, 64.4 35.6 0 0.55
PVA (C,H40), 67 33 0 0.50
Magnetite Fe3O4 8.9 69.5 21.6 nd

MNP - 64 36 <0.1 0.56

ing to an encapsulation efficacy of 90% also. Such a magnetic
loading in PLLA particles was also mentioned by Spiers et al.
(2006) yielding a comparable value of saturation magnetiza-
tion (Ms =15 emu/g) being suitable according to authors for a
hypothermic treatment of liver cancer. Indeed, the 30% (w/w)
magnetite loading in our study should be very sufficient to enable
a MRI application in order to use these MNP to detect their dis-
tribution within or around the tumor in a trial to optimize a local
anticancer treatment.

3.4. X-ray diffraction

As mentioned above, the chemical structure of prepared mag-
netite was studied by X-ray diffraction. It was shown that the
crystalline pattern coincide very well with the standard pattern
of magnetite showing an isometric-hexoctahedral crystal sys-
tem. Fig. 5 shows that the XRD typical spectra of magnetite
can be detected in the MNP (formula C) indicating that mag-
netite structure has not changed during both emulsification and
nanoparticles formation (also in the other 3 formulas, data not
shown) which is very crucial to keep its magnetic behaviour and
relaxivity properties.

3.5. Infrared spectra analysis

Fig. 6 shows the FTIR spectra of MNP (formula C). The char-
acteristic absorption peak for Fe3Oy is observed at 580 cm™! in

Weight (%)

o 200 400 800 800 1000
Temperature (°C)

Fig. 4. The TGA analysis of MNP (different formulas).
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Fig. 5. The XRD of magnetite and MNP (formula C).

agreement with other works (Lee et al., 1996; Yoon et al., 2003;
Liu et al., 2006; Wei et al., 2006), and those of the PLLA are evi-
dent at about 1750 cm™! (carbonyl groups), 1080 cm~! (C-O-C
stretching bands) and 1450cm™! (C—H stretching in methyl
groups) (Lee etal., 1996; Paragkumar et al., 2006). This confirms
the encapsulation of magnetite within the matrix of the PLLA.

3.6. Zeta potential determination

It has been mentioned that the surface properties of mag-
netite are extremely sensitive to pH fluctuations. However, such
properties should not be found when magnetite crystals are
well encapsulated in the interior of PLLA nanoparticles. Thus,
we investigated the influence of pH on the MNP zeta-potential.

In agreement with other papers (Sun et al., 1998; Hamoudeh
and Fessi, 2000), synthesized magnetite crystals show an obvi-
ous isoelectric point in the vicinity of pH 6.7 accompanied by
a negative potential in alkaline pH medium and a positive one
in acidic pH medium. Effectively, MNP (for the 4 formulas)
and magnetite-free nanoparticles surface charges were not influ-
enced by the pH values (Fig. 7, formula C). Thus, the zeta poten-
tial of MNP was found to be less positive (negative) than that of
magnetite at acid (basic) pH values. This leads to the confirma-
tion that magnetite is well encapsulated in the interior of MNP.

3.7. XPS

For this assay we have chosen the MNP (formula D) which
contains the highest magnetite content. XPS analyses clearly
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Fig. 6. The FTIR analyses of MNP (formula C). The flesh indicates the charac-
teristic absorption peak for Fe304 which is observed at 580 cm ™.
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Fig. 7. The pH influence on the MNP zeta potential (formula C), magnetite-free
nanoparticles and magnetite (assays were performed in triplicate).

showed the quasi absence of Fe atoms at the surface of MNP
(less than 0.1%) indicating the success of the encapsulation of
magnetite within the MNP. Furthermore, the high carbon content
of MNP is related to the organic structure of the polymer material
(Table 2) and in a small but not negligible contribution from
PVA. The O/C atomic ratio of PLLA and MNP was found to be
0.56 in accordance with other works (Kiss et al., 2002; Lin et
al., 2006). Also, a small amount of carbon atoms was detected
at the surface of the magnetite sample coming from a probable
contamination due to a short contact with air during XPS sample
preparation.

3.8. Magnetic behaviour

As mentioned above (Section 3.1), the saturation magnetiza-
tion of synthesized magnetite was 70 emu/g being comparable
to other works (Xu et al., 2002).

Concerning the MNP, Fig. 8 shows that the saturation magne-
tization (Ms) at room temperature (300 K) increasing logically
with the increase of the encapsulated amount of magnetite
within MNP (experimental loading) (see Table 1). The highest
obtained (Ms) value was 14 emu/gnanoparicles being equivalent
to 88 emu/gjron Which is comparable with the known (Ms) of the
commercialized contrast agent (Endorem®, Guerbet, France).
The presence of the non-magnetic PLLA matrix is evidenced by
the fact that (Ms) of composite nanoparticles is much smaller
than that of the pure magnetite, and the initial magnetization-
field dependence is steeper in the latter case. Nevertheless, the
MNP still show a higher saturation magnetization value (Ms)
than the ones reported by other research groups (<0.1 emu/g by
Lee et al. (2005), 4 emu/g by Wang et al. (2005), 7.3 emu/g by
Hu et al. (2006)). Therefore, the relatively high magnetization
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Fig. 8. The magnetic behaviour of MNP (different formulas) at different mag-
netite loading.
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Fig. 9. (A and B) The temperature influence on the MNP magnetisation (formula C).

of our MNP should render them useful from a magnetic vector
technology point of view.

Furthermore, we have studied the magnetic behaviour of
these MNP at different temperatures but at a fixed magnetic field.
Fig. 9A shows the field dependence of MNP magnetization at 10
and 300 K. It can be seen that the MNP exhibit the characteris-
tics of a soft magnetic material, where a characteristic hysteresis
is observed at 10 K and disappears with a very negligible both
remanence and coercivity (Hc) at 300 K with compliance with
other works (Yoon et al., 2003; Wei et al., 2006). Indeed, when
the temperature is decreased to 10K, the magnetization of the
sample increases with a symmetric hysteresis loop, showing a
transition from superparamagnetic to ferromagnetic behaviour.
Such effect indicates the absence of a long-range magnetic
dipole—dipole interaction among the material of these nanoparti-
cles at 300 K. Thus, the nanoparticles display superparamagnetic
characteristic, indicating that the MNP do obey a single-domain
theory above the blocking temperature, a phenomenon which
was expected due to the very small and homogenous diame-
ter of synthesized magnetite; 12 nm as found in TEM images.
Indeed, the critical particle size of ferromagnetism of magnetite
is known to be 25 nm, based on theoretical calculation from the
equation KV~ 25 kT, where k, T, K, and V are the Boltzmann
constant, the absolute temperature, anisotropy constants, and the
particle volume, respectively (Wei et al., 2006).

Furthermore, Fig. 9B shows the MNP magnetic satura-
tion moment (Ms) (formula C) decreasing as the temperature
increases from 35 to 300 K at the applied magnetic field of 1.5 T,
an effect which has been also reported in other works in the
literature (Yoon et al., 2003; Wei et al., 2006).

3.9. In vitro relaxivity

The iron concentration in different tubes was varied between
0 and 0.75 mM. The T relaxation time decreased from 1168 to
586 ms at concentrations ranging between 0.05 and 0.75 mM.
The calculated r; relaxivity by the IR-FISP cartography map
was 1.740.1s~' mM~!. This value is in accordance with the
reported data concerning commercialized contrast agent of the
family of superparamagnetic iron oxides (SPIO) as Endorem®
(Guerbet, France) (r; =2.3s~ ' mM~!) at the same magnetic
field (Rohrer et al., 2005).

MSME T,-weighted images of MNP with the same
iron concentrations are shown in Fig. 10. On T»-weighted
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Fig. 10. T>-weighted image of MNP at different iron concentrations (mM). The
tube in the centre has 0% mM iron.

images, the presence of MNP induced an increased signal
lose with the increase of iron concentration. The T, relaxation
time decreased from 52 to 7ms at concentrations ranging
between 0.05 and 0.75mM. The calculated rp relaxivity
was 228.3+13.1s7 ! mM~!. Indeed, the enhancement of 1)
relaxivity reflects the ability of these MNP to locally disturb
the magnetic field around the particles and through which water
molecules diffuse inducing dephasing of the proton magnetic
moments and as a consequence a 7T, effective relaxation
shortening. Compared to the transverse relaxivity of Endorem®
(r2=105s"" mM~!) at the same magnetic field, the relatively
higher r» value of these MNP renders them particularly suitable
to be used as negative MR contrast agent in T,-weighted
imaging. Thus, if an anti-cancerous drug is encapsulated within
these MNP before their preparation, these nanoparticles could
be very useful in controlling the drug distribution within a
tumor mass, after a local intra-tumoral injection, under the
supervision of a medical staff equipped with MRI facilities.
Due to such medical monitoring, their utilization is expected
to improve the anti-tumoral treatment efficacy and to reduce
treatment induced side effects.

4. Conclusion

This paper approaches the incorporation of magnetite in
polymer-based nanoparticles for a medical application based
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on magnetic properties. Magnetite has been prepared by a
coprecipitation method in alkaline pH medium. Synthesized
magnetite crystals were characterized by X-ray diffraction and
showed to have the standard crystalline structure of magnetite
and a nanometric size of 12nm. The magnetite encapsulation
within magnetic nanoparticles MNP, was applied by an emulsion
evaporation method. The encapsulation efficacy, measured by
thermogravemetric analysis and ICP-AES was more than 90%
yielding a high magnetite yield of up to 30% (w/w). The X-ray
photoelectron spectroscopy (XPS) assay for MNP showed less
than 0.1% of iron atoms at the nanoparticles surface which was
also supported by the zeta potential response of MNP towards
pH variation giving evidence of the success of the magnetite
encapsulation in the interior of MNP. The prepared MNP have
superparamagnetic behaviour with a saturation magnetization
increasing with the increased magnetite amount used in formu-
lation. Furthermore, the in vitro MRI study showed that these
MNP had a very good 75 relaxivity of 228 s~! mM~! rendering
them practically useful as a negative contrast agent for MRI.
Thus, these magnetic nanoparticles can be very interesting for
magnetic resonance imaging (MRI) to control the drug deliv-
ery localisation after a local administration in tumors yielding
a better treatment efficacy and lesser treatment induced side
effects.
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