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José L. Arias

Received: 16 December 2010 / Accepted: 15 April 2011 / Published online: 1 May 2011

� Springer Science+Business Media B.V. 2011

Abstract The development of anticancer drug

delivery systems based on biodegradable nanoparti-

cles has been intended to maximize the localization

of chemotherapy agents within tumor interstitium,

along with negligible drug distribution into healthy

tissues. Interestingly, passive and active drug target-

ing strategies to cancer have led to improved

nanomedicines with great tumor specificity and

efficient chemotherapy effect. One of the most

promising areas in the formulation of such nanoplat-

forms is the engineering of magnetically responsive

nanoparticles. In this way, we have followed a

chemical modification method for the synthesis of

magnetite/chitosan-L-glutamic acid (core/shell) nano-

structures. These magnetic nanocomposites (average

size &340 nm) exhibited multifunctional properties

based on its capability to load the antitumor drug

doxorubicin (along with an adequate sustained

release) and its potential for hyperthermia applica-

tions. Compared to drug surface adsorption, doxoru-

bicin entrapment into the nanocomposites matrix

yielded a higher drug loading and a slower drug

release profile. Heating characteristics of the mag-

netic nanocomposites were investigated in a high-

frequency alternating magnetic gradient: a stable

maximum temperature of 46 �C was successfully

achieved within 40 min. To our knowledge, this is the

first time that such kind of stimuli-sensitive nanofor-

mulation with very important properties (i.e., mag-

netic targeting capabilities, hyperthermia, high drug

loading, and little burst drug release) has been

formulated for combined antitumor therapy against

cancer.
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Introduction

Drug delivery systems are intended for enhancing the

accumulation of chemotherapy agents into the tar-

geted site of action, with a minimized biodistribution.

The objective is always to protect the loaded drug

from biological metabolization and elimination and

to achieve the highest therapeutic effect with minimal

toxicity (Arias 2008, 2011). In this way, active

targeting of drugs to cancer can be made possible by

the use of stimuli-sensitive drug nanocarriers and/or
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through a specific recognition mechanism (ligand- or

receptor-mediated targeting) (Arias 2011; Ruiz et al.

2003). The former are drug nanoformulations that can

alter their physical properties under exposure to an

external stimulus (e.g., magnetic gradients, light, pH,

ultrasounds, enzymatic systems, etc.). This very

interesting property can be exploited to trigger drug

release into the targeted non-healthy tissue, but can

also be utilized for a specific drug accumulation into

the desired site (e.g., magnetically responsive carri-

ers) (Arias et al. 2006; Meers 2001; Needham and

Dewhirst 2001; Rapoport 2004; Torchilin 2006).

Magnetic nanoparticles are under extensive inves-

tigation to develop multifunctional nanoplatforms for

the specific transport of chemotherapy agents

(or genes) to malignant cells, while simultaneously

inducing the death of malignant tissues by magnetic

fluid hyperthermia (MFH, a property by which mag-

netic nanoparticles under exposure to high frequency

alternating magnetic gradients, AMF, generate heat

due to magnetic hysteresis loss) (Campbell 2007; Ito

et al. 2005; Laurent et al. 2008; Needham et al. 2000;

Tanaka et al. 2005). Such multifunctional nanoparti-

cles (enhanced antitumor effect ? hyperthermia) are

expected to lead to a more selective, effective, and

safety cancer treatment. Fascinatingly, MFH has been

suggested to facilitate a specific triggered drug release

into the tumor interstitium (Ang et al. 2007; Kalele

et al. 2009; Purushotham and Ramanujan 2010), but

can also enhance the accumulation of the drug delivery

system into the targeted site (Jordan et al. 2001;

Needham et al. 2000; Tashjian et al. 2008).

The present investigation is focussed on the prep-

aration of magnetite/chitosan-L-glutamic acid (Fe3O4/

CGA) (core/shell) nanocomposites loaded with the

anthracycline chemotherapy agent doxorubicin [(8S,

10S)-10-(4-amino-5-hydroxy-6-methyl-tetrahydro-

2H-pyran-2-yloxy)-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-

1-methoxy-7,8,9,10-tetrahydrotetracene-5, 12-dione].

The drug has been demonstrated to be effective in the

treatment of neoplasms, hematopoietic malignancies,

and solid tumors. Despite its very efficient anticancer

activity, this chemotherapy agent generally leads to

serious dose-limiting side effects especially cardio-

myopathy en route to congestive heart failure and the

development of drug resistance by cancer cells

(Minotti et al. 2004; Sun et al. 2007). Magnetite

(Fe3O4, mean diameter &11 nm) was chosen as a

magnetic nucleus due to its very low toxicity and

biocompatibility, even when coated by polymers

(Iannone et al. 1991; Müller et al. 1996; Okon et al.

1994). Chitosan was used as the biocompatible and

non-toxic polymeric shell onto the magnetic nanopar-

ticles, responsible for doxorubicin vehiculization. In

fact, this linear biopolyaminosaccharide has been

formulated into nanoparticles both for parenteral and

oral drug delivery to improve the bioavailability of

degradable substances such as proteins or to enhance

the uptake of hydrophilic substances across epithelial

layers. The in vivo susceptibility of chitosan to

lysozyme makes it biodegradable and an ideal material

to provide controlled release of many drugs, such as

antihypertensive agents, diuretics, anti-inflammato-

ries, anticancer molecules, antidiabetics, antibiotics,

antithrombotics, steroids, peptides, proteins, amino

acids, and vaccines (Arias et al. 2010a, b; Illum 1998;

Nordtveit et al. 1994; Pitt 1990; Sinha et al. 2004;

Thanoo et al. 1992). Interestingly, smart strategies

have been developed to tailor the in vivo solubility (and

drug release) of chitosan nanoparticles, e.g., by incor-

porating hydrophilic molecules through chemical

cross-linking (Bodnar et al. 2005; Sinha et al. 2004).

This approach has been recently revisited by the use of

L-glutamic acid, an amino acid with null toxicity

compared to glutaraldehyde which can be easily

incorporated into the chitosan chemical structure by

an amide linkage between its –COOH group and the

–NH2 group of chitosan (Singh et al. 2009).

We have developed a reproducible procedure for

the preparation of doxorubicin-loaded Fe3O4/CGA

(core/shell) nanoparticles. The anticancer activity of

this chemotherapy agent is expected to be signifi-

cantly enhanced by its incorporation to this magnetic

nanoformulation. The coating efficiency of the

copolymer CGA around the magnetic core has been

analyzed using electron microscopy, and electrical

and thermodynamic surface characterizations. The

amount of doxorubicin loaded to the magnetic

nanocomposites either by single surface adsorption

or by entrapment into the polymeric network has

been investigated. The in vitro drug release profiles

were also characterized according to the drug loading

procedure. Spectrophotometry was validated and

used successfully, as the analytical technique in the

quantitative determination of both drug loading and

release profiles. Drug adsorption onto the magnetic

nanoparticles was also qualitatively evaluated by

an electrophoretic analysis. Finally, the magnetic
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properties of this multifunctional nanoformulation

were characterized to analyze its magnetic respon-

siveness. The heating characteristics (hyperthermia

effect) of the Fe3O4/CGA (core/shell) nanocompos-

ites under the influence of an oscillating magnetic

gradient were also investigated.

Materials and methods

Materials

All chemicals used were of analytical quality from

Panreac (Spain), except for formamide, doxorubicin,

low molecular weight chitosan, L-glutamic acid, and

pluronic� F-68 (Sigma-Aldrich, Germany). Water

used in the experiments was deionized and filtered

with a Milli-Q Academic System (Millipore, France).

Methods

Preparation of magnetite/chitosan-L-glutamic acid

(Fe3O4/CGA, core/shell) nanoparticles

A chemical co-precipitation method was followed to

prepare Fe3O4 nuclei (Arias et al. 2008; Massart

1981). CGA nanoparticles were prepared by a

chemical modification method (Singh et al. 2009).

The synthesis procedure of Fe3O4/CGA (core/shell)

nanoparticles was equal to the one followed for the

preparation of the pure copolymer, except that

chitosan was dissolved into an aqueous solution of

acetic acid containing Fe3O4.

Briefly, chitosan (1%, w/v) was dissolved in

50 mL of an aqueous suspension of Fe3O4 nuclei

(0.75%, w/v) containing 2% (v/v) acetic acid, and 1%

(w/v) pluronic� F-68. 50 mL of a solution of

L-glutamic acid (0.33%, w/v) was then incorporated

(5 mL/min) under mechanical stirring (2000 rpm).

After 6 h of continuous stirring, 25 mL of a solution

of sodium sulfate (20%, w/v) was added (5 mL/min)

to the polymeric solution. Mechanical stirring was

continued for 1 h to obtain the aqueous suspension of

magnetic CGA nanoparticles. Finally, the aqueous

suspension of Fe3O4/CGA nanocomposites was sub-

jected to a cleaning procedure by magnetic separa-

tion: the solids were repeatedly separated from the

liquid medium using a permanent magnet (400 mT)

and redispersed in pure water, until the conductivity

of the supernatant was B10 lS/cm.

Doxorubicin loading to Fe3O4/CGA (core/shell)

nanoparticles was investigated by two procedures.

The entrapment method followed for drug absorption

into the magnetic nanocomposites was similar to that

above described for the preparation of the nanocom-

posites, except that the aqueous phase also included

the chemotherapy agent. In this method, the influence

on drug entrapment of the concentration of the

antitumor molecule, the copolymer, and the stabiliz-

ing agent was investigated. To that aim, doxorubicin

concentration was varied between 10-5 and 10-2 M;

the chitosan (and L-glutamic acid) added to the

organic phase ranged from 0.2 g (and 0.07 g) to 1 g

(and 0.33 g); also, the aqueous phase (a 10-2 M

doxorubicin solution) could contain between 0 and

2% (w/v) stabilizing agent concentration. The pro-

duction performance (%) under all the formulation

conditions was also determined [(amount of doxoru-

bicin-loaded Fe3O4/CGA obtained (mg)/summation

of materials used in the preparation of Fe3O4/CGA

(mg)) 9 100]. The second procedure (adsorption

method) involved single drug surface adsorption onto

preformed Fe3O4/CGA nanoparticles. Briefly, an

aqueous suspension of magnetic nanocomposites

(2%, w/v) was incubated for 24 h (at 25.0 ± 0.5 �C,

and under mechanical stirring: 50 rpm) with increasing

amounts of doxorubicin (up to 0.01 M).

Characterization methods

Mean particle size was determined in triplicate at

25.0 ± 0.5 �C by photon correlation spectroscopy

(PCS) (Malvern Autosizer� 4700, Malvern Instru-

ments Ltd., UK). The scattering angle was set at 60�,

and the measurement was made after suitable dilution

of the aqueous nanoparticle suspensions (&0.1%,

w/v). The stability of the formulations was evaluated

by measuring particle size after 2 weeks of storage at

4.0 ± 0.5 �C in water. To confirm these size mea-

surements, the nanoparticles were checked through

analysis by scanning electron microscopy (Zeiss

DSM 950 scanning electron microscope, Germany)

and by high-resolution transmission electron micros-

copy (HRTEM, STEM PHILIPS CM20 high resolu-

tion transmission microscope, The Netherlands). Prior

to observation, dilute suspensions (&0.1%, w/v) were

sonicated for 5 min, and drops were placed on copper
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grids with formvar film. The grids were then dried at

25.0 ± 0.5 �C in a convection oven.

Fourier transform infrared spectrometry (Nicolet

20 SXB infrared spectrometer, USA) data with a

resolution of 2 cm-1 were used for the chemical

characterization of the three types of nanoparticles

(Fe3O4, CGA, and core/shell nanoparticles).

The characterization of the internal structure of

Fe3O4 and Fe3O4/CGA nanoparticles was per-

formed by X-ray diffractometry, in a Philips PW1710

diffractometer (The Netherlands), using the Debye–

Scherrer method with Cu Ka radiation.

The surface electrical properties of the three types of

nanoparticles were analyzed by electrophoretic mea-

surements as a function of both pH and NaCl (Malvern

Zetasizer 2000 electrophoresis device, Malvern Instru-

ments Ltd., UK). Measurements were performed at

25.0 ± 0.5 �C, after 24 h of contact at this tempera-

ture. The experimental uncertainty of the measure-

ments was\5%. The theory of O’Brien and White was

used to convert electrophoretic mobility (ue) into zeta

potential (f) values (O’Brien and White 1978).

A surface thermodynamic analysis of Fe3O4, CGA,

and Fe3O4/CGA was also done, using the model

developed by van Oss (2006), which has been shown

to be very suitable in the characterization of nano-

particle surfaces (Arias et al. 2001, 2006, 2008,

2010a). The advancing contact angles of water,

formamide, and diiodomethane were determined on

dry nanoparticle layers (at least five layers were

prepared for each liquid) (Ramé-Hart 100-00 tele-

goniometer, USA). Smooth surfaces were prepared by

uniformly spreading a particle suspension (10%

volume fraction) in carbon tetrachloride (CCl4) on a

dry and clean microscope glass slide. It was verified

that spreading a volume of 2 mL of these suspensions

on the slides was enough to ensure a sufficiently thick

particle layer. After placing the suspensions on the

slide, it was dried at 35.0 ± 0.5 �C in an oven and

finally placed in a desiccator for 24 h. A macroscop-

ically uniform layer surface was obtained, making it

possible to measure contact angles on stable drops.

The image of drops placed on the layers were

captured with a video camera adapted to the telegon-

iometer, after their deposition with a Gilmont

micrometer syringe (USA) which allowed a gen-

tle deposit of droplets (&10 lL). Contact angle

measurements were done at 25.0 ± 0.1 �C inside a

thermostatic chamber. At least 10 droplets were

placed on the nanoparticle layers, and the average

contact angle and standard deviation were calculated.

The magnetic properties of Fe3O4/CGA (core/shell)

nanoparticles were determined at 25.0 ± 0.5 �C using

a Manics DSM-8 vibrating magnetometer (France).

The magnetic gradient-responsive behavior of the

nanocomposites was further analyzed by optical

microscope visualization of a 0.5% (w/v) aqueous

suspension under exposure to a 400-mT permanent

magnet (Nikon SMZ800 stereoscopic zoom micro-

scope, Japan).

The in vitro heating behavior of the Fe3O4/CGA

(core/shell) nanoparticles in a high-frequency alter-

nating electromagnetic gradient was investigated in

triplicate at 25.0 ± 0.5 �C. We prepare 5 mL of an

aqueous suspension of the magnetic copolymer

(10 mg/mL) by ultrasonication. Magnetic gradient

frequency and intensity were 250 kHz and 4 kA/m,

respectively. This characterization was done in

triplicate at 25.0 ± 0.5 �C.

UV–Vis absorption measurements were carried

out to establish doxorubicin concentration in the

systems investigated at the maximum absorbance

wavelength (481 nm) (8500 UV–Vis spectrophotom-

eter, Dinko, Spain), using quartz cells (path length:

1 cm). Good linearity was observed at this wave-

length, and the method was validated and verified for

accuracy, precision, and linearity in all conditions

tested.

Determination of doxorubicin loading to magnetite/

chitosan-L-glutamic acid (Fe3O4/CGA, core/shell)

nanoparticles

The determination of the amount of drug loaded to

Fe3O4/CGA particles was performed in triplicate by

spectrophotometric measurements of the doxorubicin

remaining in the supernatant (after nanoparticle

centrifugation: 40 min at 10700 rpm) which was

deduced from the total amount of drug in the

nanoparticle suspension (Purushotham and Ramanu-

jan 2010). For the method to be accurate, we

considered the contribution to the absorbance of

sources other than variations in drug concentration

(mainly, the surfactant agent), by subtracting the
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absorbance of the supernatant produced in the same

conditions but without the antitumor agent. Drug

incorporation to nanoparticles was expressed in terms

of doxorubicin loading (%) [(encapsulated drug (mg)/

carrier (mg)) 9 100] and doxorubicin entrapment

efficiency (%) [(encapsulated drug (mg)/total drug in

the nanoparticle suspension (mg)) 9 100].

A qualitative follow-up of the adsorption process

was done by electrophoretic mobility (ue) determi-

nations of Fe3O4/CGA (core/shell) particles in dilute

suspensions (&0.1%, w/v) with different doxorubicin

concentrations. Measurements were performed at

25.0 ± 0.5 �C, after 24 h of contact at this temper-

ature under mechanical stirring (50 rpm). The exper-

imental uncertainty of the measurements was \5%.

In vitro release study of doxorubicin from magnetite/

chitosan-L-glutamic acid (Fe3O4/CGA, core/shell)

nanoparticles

Doxorubicin release from the magnetic nanocompos-

ites (prepared after a single drug adsorption process,

or after doxorubicin incorporation into the copoly-

meric shell) was investigated in triplicate at 37.0 ±

0.5 �C following the best drug loading conditions (a

10-2 M doxorubicin concentration in the adsorption/

absorption process).

Doxorubicin release was determined in vitro

following the dialysis bag method and using phos-

phate buffered saline (PBS, pH = 7.4 ± 0.1) as the

release medium. The bags were soaked in water at

25.0 ± 0.5 �C for 12 h before use. The dialysis bag

(cut-off of 2000 Da, Spectrum� Spectra/Por� 6 dial-

ysis membrane tubing, USA) retained the magnetic

nanocomposites, but allowed the free drug to diffuse

into the dissolution medium. 3 mL of magnetic

nanocomposite suspension (containing 3 mg/mL of

doxorubicin) was placed into the dialysis bag with the

two ends fixed by clamps. The bags were placed in a

glass beaker containing 100 mL of PBS and stirred at

200 rpm. At prefixed time intervals (0.25, 0.5, 0.75, 1,

1.5, 2, 3, 6, 9, 24, 48, and 72 h), 5 mL of the medium

was withdrawn and analyzed for the drug content using

UV–Vis spectrophotometry (at 481 nm). An equal

volume of PBS, maintained also at 37.0 ± 0.5 �C, was

added after sample withdrawal to ensure the sink

conditions. The same analytical procedure used for the

quantification of doxorubicin loading was followed in

this study.

Results and discussion

Particle geometry and physical chemistry

Figure 1a shows a HRTEM image of cubic Fe3O4

particles obtained by chemical co-precipitation (Arias

et al. 2008; Massart 1981). The mean particle size

(±standard deviation) and the polydispersity index

were 11 ± 3 nm and 0.108, respectively. As can be

observed in Fig. 1d (and 1b), magnetic Fe3O4/CGA

(core/shell) composites are well-stabilized spherical

nanoparticles with an average diameter of 340 ±

80 nm (polydispersity index: 0.191). Finally, Fig. 1c

shows the spherical CGA nanoparticles (average

diameter: 260 ± 35 nm and polydispersity index:

0.164). It is clear from these figures that Fe3O4 nuclei

were very efficiently coated by a CGA copolymeric

matrix: the morphology and surface of Fe3O4/CGA

(core/shell) nanoparticles are identical to that of the

pure copolymer.

The size and shape of magnetic core/shell nano-

particles, and the quality of the suspensions did not

vary significantly when loaded with different

amounts of doxorubicin (Table 1). Additionally, no

drug precipitation or nanoparticle aggregation was

observed, and no appreciable change in the size of the

magnetic nanocomposites was detected by PCS after

2 weeks of storage at 4.0 ± 0.5 �C in water.

Figure 2 shows the infrared spectra of the three

types of nanoparticles. The main feature of the figure

is the presence of all the bands of the copolymer in

the spectrum of the nanocomposites, this clearly

demonstrating that the shell observed in Fig. 1b is

indeed CGA coating. Interestingly, the 521 cm-1

band (not displayed by the pure copolymeric nano-

particles) is characteristic of Fe3O4 (Arias et al. 2001;

Lyon 1967). Finally, Fig. 3 shows the X-ray diffrac-

tion patterns of Fe3O4 and Fe3O4/CGA nanoparticles.

The comparison of both diffractograms with the

ASTM pattern for Fe3O4 confirms the mineralogical

purity of the synthesized Fe3O4 and its high crystal-

linity, even upon extensive coating by the copolymer.

Electrokinetic characterization

The electrokinetic study was first focussed on the pH

effect on the zeta potential, f, for the three kinds of

nanoparticles in the presence of 10-3 M NaCl

(Fig. 4a). Note that Fe3O4 particles show a well-
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defined isoelectric point (pHiep or pH of zero

potential) in the vicinity of pH 7. This result is in

agreement with previous electrophoretic determina-

tions on this material (Arias et al. 2008; Regazzoni

et al. 1983). The surface charge of these iron-based

nanoparticles is defined by an amphoteric thin oxide

layer, whom formation cannot be avoided in oxidiz-

ing environments (Kallay et al. 1991; Plaza et al.

2002). On the opposite, CGA nanoparticles displayed

a positive surface charge for the whole pH range

studied. Only at pH [ 9, the zeta potential could

approach a zero value. CGA particles were positively

charged despite sulfate ions were used as precipitant,

the amide linkage between the –COOH group of

L-glutamic acid and the –NH2 group of chitosan

(Singh et al. 2009), and even if negative groups of the

dissociated pluronic� F-68 end molecules persist

onto the copolymeric surface after the cleaning

procedure. This indicates that only a part of the

Fig. 1 High-resolution

transmission electron

microscopy images of

magnetite (a) and

magnetite/chitosan-

L-glutamic acid (core/shell)

nanoparticles (b). Scanning

electron microscope

pictures of chitosan-

L-glutamic acid (c) and

magnetite/chitosan-

L-glutamic acid (core/shell)

nanoparticles (d). Bar
lengths 10 nm (a and b),

300 nm (c), and 400 nm (d)

Table 1 Influence of doxorubicin entrapment efficiency (%)

on size of magnetite/chitosan-L-glutamic acid (core/shell)

nanocomposites

Doxorubicin entrapment efficiency (%) Size (nm)

0 340 ± 80

4.1 ± 0.9 320 ± 45

13.9 ± 1.2 345 ± 55

19.2 ± 1.3 330 ± 60

23.8 ± 3.3 360 ± 70

24.6 ± 1.9 335 ± 65

Fig. 2 Infrared spectra of magnetite (Fe3O4), chitosan-

L-glutamic acid (CGA), and magnetite/chitosan-L-glutamic

acid (Fe3O4/CGA) (core/shell) nanocomposites

4316 J Nanopart Res (2011) 13:4311–4323

123



–NH2 groups were neutralized during the formation

of the copolymer and, hence, the residual groups

would be responsible for the positive f (Arias et al.

2010a).

This electrokinetic technique is a very useful tool

for qualitatively checking the coating efficiency, due

to the large differences between f of Fe3O4 nuclei and

the CGA copolymer. In fact, Fig. 4a shows that the

f-pH trends of Fe3O4/CGA (core/shell) nanoparticles

are clearly dominated by the copolymeric shell. This

must be the consequence of an efficient copolymeric

coating of Fe3O4, leading to nanocomposites which

are qualitatively similar to CGA from an electroki-

netic point of view.

This conclusion was confirmed by measuring f as

a function of NaCl concentration at a constant pH 5

(Fig. 4b). Note that the effect of NaCl concentration

on each of the nanoparticles is different. As it is

observed, the Fe3O4/CGA nanocomposites yield f
values almost indistinguishable to those of the

copolymer. Of a greater interest is the fact that the

absolute value of f changes differently with the ionic

strength: a decrease in |f| of pure CGA and Fe3O4/

CGA nanoparticles was observed when NaCl con-

centration was increased. This is the consequence of

the classical double-layer compression mechanism, in

virtue of which the electric potential decreases

faster with distance, the larger the ionic strength is

(Arias et al. 2008). On the opposite, pure Fe3O4

nanoparticles displayed a different trend: |f| slightly

went through a maximum (&10-3 M NaCl), so that

only at high enough NaCl concentration was the

double-layer compression slightly observed. This is

supposed to be a manifestation of stagnant-layer

conductivity (Arias et al. 2008; Lyklema 2002).

Surface thermodynamics and mechanism

of formation of the copolymeric layer

The analysis of the surface-free energy components

(cS) of the three types of nanoparticles was used to

check the nature of the copolymeric coating. The

contact angle data of the three probe liquids on dry

nanoparticle layers already suggest significant differ-

ences among the three materials (Fig. 5a). However, it

is the evaluation of the cS components which provides a

better characterization of the nanoparticle surface

thermodynamics (Fig. 5b). As can be seen, whatever

the component considered, its values for the nano-

composites are similar to those for the bare copolymer.

For instance, cS
- shows large values in Fe3O4 (a mono-

polar, electron-donor material) than that found for

either the copolymer or the core/shell composites.

Thus, the thermodynamic analysis agrees with the

electrokinetic one in suggesting that sufficient cover-

age of Fe3O4 nuclei has been achieved, since the cS

components of nanocomposites coincide almost

exactly with those corresponding to CGA.

Fig. 3 X-ray

diffractograms of

a magnetite (inset ASTM

pattern for magnetite) and

b magnetite/chitosan-

L-glutamic acid (core/shell)

nanocomposites. The

intensity is expressed in

arbitrary units
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These surface-free energy changes manifest them-

selves in the hydrophobicity/hydrophilicity properties

of the materials. The evaluation of the free energy of

interaction, not considering the electrostatic compo-

nent, between the solid phases immersed in the liquid

(DGTOT
SLS ) can be used to check whether a material is

hydrophobic or hydrophilic (Arias et al. 2009; van

Oss 2006). This quantity is negative for hydrophobic

materials, where interfacial interactions will favor

attraction of the nanoparticles to each other. Oppo-

sitely, hydrophilicity will correspondingly be associ-

ated to positive values of DGTOT
SLS . As observed in

Fig. 5c, the hydrophilic nature of Fe3O4 is modified

and the core becomes hydrophobic (just like the

copolymer) when covered by CGA.

Finally, the surface thermodynamic data may also

help to investigate the mechanism by which the CGA

layer deposited onto the Fe3O4 surface. From cS data,

the free energy of interaction between Fe3O4 (M) and

CGA (C) in the aqueous medium (A), DGMAC, can be

calculated using the Dupré equation (Arias et al.

2008; van Oss 2006). The result of the calculation

was -4.7 ± 0.4 mJ/m2. This means that the van der

Waals and acid–base interactions between Fe3O4 and

CGA were neatly attractive. In other words, it was

thermodynamically favorable for the copolymer to

Fig. 4 Zeta potential of magnetite (Fe3O4, filled square),

chitosan-L-glutamic acid (CGA, filled circle), and magnetite/

chitosan-L-glutamic acid (Fe3O4/CGA, open circle) (core/shell)

nanoparticles as a function of pH in the presence of 10-3 M

NaCl (a) and as a function of the NaCl concentration at

pH = 5 (b). The lines are guides to the eye

Fig. 5 a Contact angle h (�) of the liquids indicated on

magnetite (Fe3O4), chitosan-L-glutamic acid (CGA), and

magnetite/chitosan-L-glutamic acid (Fe3O4/CGA) (core/shell)

nanocomposites. b Surface-free energy components (mJ/m2) of

Fe3O4, CGA, and Fe3O4/CGA nanoparticles. cS
LW is the

Lifshitz–van der Waals component; cS
? (cS

-) is the electron-

acceptor (electron-donor) component. c DGSLS (solid–liquid

interfacial energy of interaction) values (mJ/m2) and hydro-

phobicity/hydrophilicity of the three types of nanoparticles
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remain adsorbed onto Fe3O4 nanoparticles rather than

as isolated entities in water.

Magnetic properties

The magnetic responsiveness of the Fe3O4/CGA

(core/shell) nanocomposites was determined by the

hysteresis cycle (Fig. 6a). The soft magnetic charac-

ter of the nanocomposite is apparent in this figure, as

the increasing and decreasing field branches of the

hysteresis cycle are hardly distinguishable with the

sensitivity of the instrument used. From the linear

portions (low field) of the curve, we could estimate

the initial susceptibility, vi = 0.69 ± 0.07 and the

saturation magnetization: 70.3 ± 1.8 kA/m for the

Fe3O4/CGA nanoparticles.

The response of Fe3O4/CGA nanocomposites to an

external magnetic gradient of 400 mT was evaluated

by optical microscopy inspection of the corresponding

aqueous suspension. Interestingly, the initially homo-

geneous distribution of particles in the magnetofluid

(Fig. 6b) was strongly modified, and formation of

chainlike aggregates parallel to the gradient lines

occurred (Fig. 6c). This is due to the fact that the

magnetic interaction represents a significant contri-

bution over the DLVO colloidal interactions between

Fe3O4/CGA nanoparticles (electrostatic van der

Waals and hydration or acid–base), in spite of the

presence of the copolymeric shell.

In vitro heating behavior in an alternating

magnetic gradient

Figure 7 shows the in vitro heating behavior of a

Fe3O4/CGA magnetofluid (10 mg/mL) in a high-

frequency oscillating magnetic gradient. Under expo-

sure to the alternating electromagnetic gradient, the

oscillation of the magnetic moment of the Fe3O4/

CGA nanocomposites transforms them into heaters

that can produce heat up to &46 �C. It has been

shown that tumor cells are irreversibly damaged at

this temperature, and locally heating a tumor tissue

for &30 min is enough to destroy it (Huber 2005).

As can be observed in the figure, the temperature

rises from room temperature and reaches the mini-

mum hyperthermia temperature (&41 �C) in 20 min.

Under the experimental conditions, the maximum

temperature reaches 46 �C after 40 min and then

stabilized until the end of the experiment. This proves

a good control of the temperature and heat flux, a

basic requirement for hyperthermia application. Par-

ticularly, if we keep in mind that when the temper-

ature rises out of control ([48 �C), it is hypothesized

Fig. 6 a Hysteresis cycle of the magnetite/chitosan-L-glutamic

acid (core/shell) nanocomposites. Optical microscope photo-

graphs (magnification 963) of a core/shell nanoparticle

aqueous suspension without (b) and under the influence

(c) of an external magnetic gradient, B = 400 mT, in the

direction of the arrow

Fig. 7 Heating curve of a magnetite/chitosan-L-glutamic acid

(core/shell) magnetofluid (10 mg/mL) exposed to a high-

frequency alternating electromagnetic gradient. Magnetic

gradient frequency and intensity: 250 kHz and 4 kA/m,

respectively
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that healthy tissues surrounding the tumor site will be

burn and damaged (Lao and Ramanujan 2004).

Doxorubicin surface adsorption

Following the adsorption procedure, almost negligi-

ble drug incorporation onto the surface of the Fe3O4/

CGA nanoparticles was obtained. Although doxoru-

bicin adsorption efficiency was positively influenced

by the drug concentration in the incubation medium,

the maximum entrapment efficiency (%) and drug

loading (%) of doxorubicin were &4.2% and &0.4%

for the range of concentrations investigated (up to

0.01 M), respectively. These results could be

explained if we consider that the interaction between

the drug [under a non-ionized form: pKa (8.6) [ pH

of the adsorption medium (&5.0)] (Gaihre et al.

2009) and the positively charged CGA surface (see

Fig. 4a) will not be electrostatically favoured. Elec-

trophoretic mobility (ue) measurements qualitatively

confirmed the conclusions based on adsorption

determinations. ue displayed a non-significant trend

to rise toward progressively more positive values as

the doxorubicin concentration was increased.

Doxorubicin absorption

The formulation conditions tried to minimize the

escape of the drug from the CGA shell of the

nanocomposites: the Fe3O4/CGA nanoparticles pre-

cipitated immediately after the beginning of the

chemical modification method (Singh et al. 2009).

Thus, it is expected to lead to an enhanced mechan-

ical trapping of doxorubicin within the copolymeric

matrix. Compared to drug adsorption, a high drug

loading is supposed to take place because the stabiliz-

ing agent (pluronic� F-68) is supposed to induce the

opening of the polymeric chains, thus creating a space

within the CGA matrix where doxorubicin can be

incorporated (Arias et al. 2010a, b; Llovet et al. 1995;

Soppimath et al. 2001).

Figure 8 shows the amount of antitumor molecule

absorbed into the Fe3O4/CGA nanocomposites as a

function of the drug concentration. Compared to the

surface adsorption procedure, both the entrapment

efficiency (%) and the drug loading (%) were

significantly increased whatever the initial doxorubi-

cin concentration fixed. For instance, when the

initial drug concentration in the adsorption/absorption

medium was 10-2 M, these parameters rise from

&4.2% and &0.4% (after doxorubicin adsorption

onto the nanocomposite surface) to &24.6%

and &12.1% (when the chemotherapy agent was

absorbed into the CGA matrix), respectively. In

addition, a positive effect of doxorubicin concentra-

tion on the absorption efficiency into the Fe3O4/CGA

nanoparticles was observed.

Regarding the effect of the surfactant concentra-

tion on the doxorubicin loading, the addition of

pluronic� F-68 to the aqueous phase yielded homo-

geneous distributions of magnetic (core/shell) nano-

particles with reduced size and great uniformity, and

better drug entrapment efficiencies (Table 2) (Arias

et al. 2007, 2010a, b). Interestingly, the production

performance of doxorubicin-loaded Fe3O4/CGA nano-

particles was always [93% in all the formulations

tested, and only falls to \11% when no stabilizing

Fig. 8 Doxorubicin entrapment efficiency (%) (a) and doxo-

rubicin loading (%) (b) values into magnetite/chitosan-

L-glutamic acid (core/shell) nanocomposites, as a function of

the drug concentration. The lines are guides to the eye
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agent was added to the aqueous phase. Finally, neither

the concentration of pluronic� F-68 nor the amount of

copolymer solubilized into the precipitation medium

influenced significantly the doxorubicin entrapment

efficiency (Table 2) (Arias et al. 2010a, b; Llovet et al.

1995; Soppimath et al. 2001).

In vitro release of doxorubicin

The release of doxorubicin adsorbed onto Fe3O4/CGA

nanoparticles was almost complete after &2 h, due to

a single and very rapid desorption process from the

copolymeric surface (Fig. 9). Regarding the release of

the chemotherapy molecule absorbed into the Fe3O4/

CGA nanocomposites, it is apparent from the figure

that the release profile was a biphasic process, with an

initial fast (burst) drug release (up to &30% in &1 h),

the remaining doxorubicin being released in a

sustained manner during &71 h (&3 days). The

burst drug release is presumably due to the leakage

of the surface-associated and/or poorly entrapped

drug, which easily diffuses in the initial incubation

time. Then, the rate of doxorubicin release fell as the

dominant release mechanism is probably changed to

drug diffusion through the copolymeric matrix

(Papadimitriou et al. 2008). Such a biphasic profile

suggests that the major fraction of doxorubicin was

entrapped into the copolymeric network rather than

adsorbed onto the nanocomposite surface.

Conclusions

In this study, we have developed a magnetically respon-

sive nanocomposite in which magnetite nanocores

are very efficiently coated by a chitosan-L-glutamic

acid copolymer. These core/shell nanoparticles may

constitute a potential candidate for combined cancer

treatment: they are tailored to deliver appropriate

amounts of the antitumor drug doxorubicin specifically

into the cancer site, in combination with a selective

hyperthermia effect into the tumor region.
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