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ABSTRACT KEYWORDS
Magnetite and maghemite nanoparticles were prepared by co-precipitation Magnetite;
and oxidation methods, respectively. The magnetic nanoparticles obtained Maghemite;
were coated with a layer of the surfactant Tween 80 dispersed in chitosan Chitosan;
(CTS9) solution. Theinfrared spectroscopy (IR) analysisconfirmed the pres- Ferrofluids;
ence of all functional groupsof iron oxidesand the thermogravimetric analy- Hyperthermia.

sisrevealed a structural difference between the magnetic nanoparticles. X-
ray diffraction (XRD) results of the naked oxides and ferrofluids revealed
that the resultant nanoparticles were naked oxides with a spinel structure.
Magnetic measurement revealed that the saturated magnetization of the
uncoated nanoparticles was higher than that of the coated nanoparticles.
All samples were placed within an alternating magnetic field and it was
observed that the maximum temperatures obtained for the magnetite,
maghemite, magnetite/CTS and maghemite/CTS were 48.3, 49.9, 42.5 and
43.3°C, respectively. Therefore, magnetic nanoparticles do, indeed, appear
to be promising as a potential magnetic support for hyperthermic applica-
tions. © 2010 Trade Sciencelnc. - INDIA

INTRODUCTION diagnostic radiol ogy procedures has gained wide ac-
ceptancein radiologica practice, but therapeutic appli-
Theapplication of different formsof ironoxidesin  cationsarestill under investigation and devel opment.
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Such applications exploit two major advantages of
magneticironoxides: their low toxicity to human beings
andthepossihility to exploit their outstanding magnetic
properties, potentialy alowing theuse of the high mag-
netization of superparamagneticiron oxideto obtain
drugswhichtarget thetumor areathrough externd static
magneticfieldgy.

Hyperthermiaisoneof the promising approaches
to cancer therapy. Thisideaisbased ontheprinciple
that amagnetic particle can generate heat by hysteresis
lossunder an dternating magnetic field (AMF). Mag-
neti c particlesembedded around atumor steand placed
withinan oscillatingmagneticfiddwill heat upto atem-
perature dependent on the magnetic propertiesof the
materid , thestrength of themagneticfidd, thefrequency
of oscillation and the cooling capacity of the blood flow
at the tumor site. Cancer cells are destroyed at tem-
peratures higher than 43°C, whereasthenormal cells
cansurviveat higher temperatures. Regardingtheir ap-
plicationin hyperthermia, theimportant propertiesof
magneti c particles are non-toxicity, biocompatibility,
injectability, high-level accumulationinthetarget tumor,
and effectiveabsorption of theenergy of AMF. Choosing
high-power magnetic particles combined with an ap-
propriateexternd magneticfield, very smal amountsof
finemagnetic particles(intheorder of tenthsof amilli-
gram) can easily be used to rai se the temperature of
biological tissuelocaly upto cell necrosig?3.

Inthe last decade, increased investigations with
several types of iron oxides have been carried out in
thefield of nanosized magnetic particles(mostly mag-
netite, Fe,O,, or maghemite, y-Fe,O,, withsingle do-
mains of about 5-20 nm in diameter), among which
magnetite is a very promising candidate since its
biocompatibility has already been proven. Magnetite
hasacubicinverse spind structurewith oxygen form-
ing an fcc closed packing and Fe cations occupying
interstitial tetrahedral sites and octahedral siteg?4.
Maghemitebelongstotheinversespine dass(A) [B]O,
and exhibitsavacancy-ordered spinel structure, where
thevacanciesareexclusively located at the octahedra
[B] sites. Thestructure of maghemite can bewritten as
(Fe)[Fe*, 110,28, Magnetiteand maghemiteare
attracting consderableinterestinrelationtoseverd bio-
medical applications; anongst these are therapeutic
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applications, such as: hyperthermia, magnetic resonance
imaging, cell separation techniques, tissue repair,
magnetofection and drug rel ease>"13,

Ferrofluidsareanew class of magnetic materials
comprisingacolloida suspension of magnetic particles
coated with alayer of surfactant dispersedinacarrier
liquid™®. A stabilizer such asasurfactant or apolymer
isusually added at the time of preparation to prevent
aggregation of the nanoscale particles?. Magnetic car-
riers can be manufactured using inorganic materialsor
polymers. Infact, high mechanical res stance, thermal
stability, res stanceto solvent and microbid attack, ease
of manufactureand excellent shelf lifemakeinorganic
materia sided supports, but they havelimited functiona
groupsfor selective binding. To overcomethis prob-
lem, magnetic carriersare most commonly manufac-
tured from polymers, sincethey haveavariety of sur-
facefunctiona groupswhich can betailored to specific
applications. Intheliterature, different typesof natural
and synthetic polymers(e.g. chitosan, cacium aginate,
polystyrene, polyacrylamide, polyvinyl acohal, nitro-
cellulose, and polyvinyl butyral) have been usedinthe
preparation of magnetic carrierd4,

Tweensareprobably themost commonly used non-
ionic surfactantsin the pharmaceutical industry. They
compriseapartia fatty acid ester of sorbitol-derived
cydlicether, condensed with afixed, but satisticaly dis-
tributed, number of ethyleneoxide units, which gives
the product ahigh degree of heterogeneity. Tween 80
isgpecificdly anindustrid “oleic acid” ester (with ~30%
non-oleic chains) conjugated with approximately 20
ethylene oxide units per molecule. Tween 80 isvery
solubleinwater and solublein ethanal. It isemployed
to stabilize or solubilize agentsin medicina, pharma-
ceutical and cosmetic product preparations, andisa
well-established food additive, owing to its attractive
cost and relatively low toxicity!519,

Chitosan can be used as abase material for mag-
netic carriers. Itisapolyaminosaccharide, 3-(1-4)-2-
amino-2-deoxy-D-glucopyranose, which containshigh
contents of amino and hydroxyl groups*’-29., Chitosan
offersimportant properties, such as abundance, non-
toxicity, hydrophilicity, biocomptibility, biodegradability,
antibacterial propertiesand aremarkable affinity for
many bi omacromol ecules?*24, Chitosan can be pro-
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duced by akaline deacetylation of chitin, one of the
most abundant biopolymersin nature®27, It has sev-
era potentia applicationsinthe areas of biotechnol-
ogy, biomedicine, food processing, cosmetics, waste-
water treatment, metal chelating agentsand other in-
dustrial applicationg?21:2632,

In thisstudy, iron oxide magnetic particleswere
coated with the surfactant Tween 80, to prevent aggre-
gation of the magnetic nanoparticles, and chitosan to
exert two important functions in the preparation of
ferrofluids: to coat theiron oxidesin order to avoid
damageto normal cellsand asadispersant. Here, we
report the use of new ferrofluidsto begppliedin cancer
treatment. The material swere characterized through
infrared spectroscopy (IR), X-ray diffraction (XRD),
flame atomic absorption spectrometry (FAAS),
thermogravimetricandyss(TGA), differentid scanning
caorimetry (DSC) and vibrating sample magnetometer
(VSM) for hyperthermiaapplication.

EXPERIMENTAL

Reagents

Chitosan (CTS, MW 122.74 kDa, degree of
deacetylation 90%) was purchased from Purifarma
Company (Sao Paulo, Brazil). Ferric nitrate
nonahydrate, ferric chloride hexahydrate and ferrous
chloridetetrahydratewere purchased from Fluka, Synth
and Sigma-Aldrich, respectively. Ammonia, nitricacid
and Tween 80 were purchased from Dinamica, Sigma-
Aldrich and Synth, respectively. Working standard so-
lutionsof iron(I11) ionswere prepared using the appro-
priate dilution of a1000mg L* stock solution of the
respective analyte (Merck, Darmstadt, Germany).
Other chemica swere of anaytic gradeand used with-
out further purification. All solutionswereprepared with
deionized water.

Apparatus

Infrared spectrawere obtained with KBr discsin
the range of 4000 to 400cm?, using a spectrometer
withaFourier Transform System (Perkin Elmer 16 PC).
XRD analysiswas carried out using a X -ray powder
diffractometer (Philips X’Pert) with CuK , radiation
(A=1.54056 A°), the X -ray generator operating at 40
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kV and 30mA.. A continuous scan mode was used to
collect 20 datafrom 10to 80°. Nanoparticlesizewas
ca culated using the half width of the XRD diffraction
line. TGA and DSC werecarried out using aShimadzu
TGA 50 and a Shimadzu DSC 50, respectively. Both
anaytical techniqueswerecarried out with aheating
rateof 10°C min', under nitrogen atmosphereflowing
at arate of 50mL mint. DSC curves were obtained
from thefirst heating runs. The concentration of iron
was determined by FAAS using aVarian Spectra50
spectrometer equi pped with an air-acetyleneflame at-
omizer and Hitachi hollow cathode lamp specific for
iron. Thelamp current was5mA, thedlit width was0.2
nm, thewavelength was 248.3 nm and the aspiration
rate was 6mL mint. The magnetic properties of the
particleswereassessedwithaVSM LD 9600interms
of saturation magnetization. Thetemperaturestowhich
sampleswere heated on application of an aternating
magnetic field wererecorded. The experimentswere
carried out at 25°C within aninduced heating system
composed of a solenoid with diameter of 25.5mm,
length of 150mm and 102 spirals, fed to afrequency
inverter with afeeding frequency of 24.7 kHz and mag-
netic field amplitude of 3.2kA m? (Figure 1). The
sampleswere placed in atest tubethat was coupled to
aheating system, and the temperature was measured
by an acohol thermometer in order to avoid any inter-
ferencewiththemagneticfield.

Preparation of magnetite nanoparticles by co-
precipitation method

Magnetite was precipitated by mixing 2.08g
FeCl..4H,0 and 5.22g FeCl...6H,0in 380mL of deion-

ized water and adding 20mL 25% NH,OH dropwise,
under vigorous stirring and nitrogen atmosphere. The

Figurel: Heating system composed of afrequency inverter
(1) and solenoid (2)
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black precipitate wasformed immediately and sepa-
rated from theremaining solution, washed severd times
with delonized water until neutra pH and dried a room
temperature, to avoid the oxidation of magnetite.

Prepar ation of maghemite nanoparticlesby oxi-
dation of magnetite

Maghemitewaspreparated by oxidetion of themag-
netiteusing 40mL of 2.0 mol L™ HNO, with vigorous
stirring for 5min. To compl ete the oxidation, 60mL of
0.35 mol L* Fe(NO,), was added and the solution
was heated until boiling, whichwasmaintainedfor 1 h.
Thebrown precipitate was separated fromtheremain-
ing solution, washed severd timeswith deionized water
and dried at room temperature.

Preparation of ferrofluids with magnetite and
maghemitenanoparticles

Theferrofluidswere prepared by mixing 300 mg of
magneti c nanoparticles (magnetite or maghemite) and
goproximately 0.2mL of Tween 80. Tothismixture30mL
1.5% (w/v) of chitosan dissolvedin 1.0% (v/v) acetic
acid solution was added to dispersethe magnetic par-
ticlesand the mixture waskept under agitation. Subse-
quently, the pH wasincreased to 5.5with addition of 5
mol Lt NaOH solution, sSincetheacidic mediumistoxic
for sudiesinvivo. Thesolid wasfiltered, washed with
deionized water and dried at room temperature.

Deter mination of iron in magnetic nanoparticles
by FAAS

To determinethe amount of iron in the magnetic
nanoparticles approximately 10.0mg of each sample
wasdissolved in 50mL of 2.0 mol L1 HCI. Aliquots
(250uL) were removed and diluted to an adequate
volumeto determinethe concentration of ironby FAAS.
Thetestswereperformedintriplicate.

RESULTS& DISCUSSION

I nfrar ed spectroscopy

ThelR spectraof themagnetite, maghemite, Tween
80, CTS, magnetite/CTS and maghemite/CTS are
showninfigure2.

Figure 2ashowsthe spectrum for magnetite. The
characteristic absorption bands at 628 and 588cn?
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Figure2: Infrared spectraof: (a) magnetite, (b) maghemite,
(c) Tween 80, (d) CTS, (e) magnetite/CT Sand (f) maghemite/
CTS
were assigned to Fe-O deformation in the octahedral

and tetrahedra sites, whiletheband at 451cm refers
only to Fe-O deformation at octahedral sites. Some
notable absorption bands appearing at 3431 and
1620cm™* were assigned to the O-H stretching vibra-
tion and H-O-H bending vibration, respectively.

Theinfrared spectrum of maghemite (Figure 2b)
wasrather smilar to that of magnetite, sincethesame
functional groups were present in the two types
nanoparticles. Therefore, thesamevibrationswere ob-
sarved with different reletiveintensties.

Figure 2c showsthe spectrum of Tween 80 which
shows aband at 3482cmt corresponding to the O-H
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stretching vibration and bands at 2924 and 2862cm'?
wereassigned to the C-H stretching vibration. The pesk
at 1735cm was attributed to the C=0 axial deforma-
tion. The peak at 1642cm* was attributed to the C=C
axial deformation. The bandsat 1457 and 1348cm?
wereattributed to the C-H asymmetric and symmetric
bending deformation of the CH, groups. The peak at
1324cm* was attributed to the C-O stretching vibra-
tion. Theband at 1291cm* wasassociated withthe C-
O-C asymmetric stretching vibration, whereas bands
at 1100 and 993cm* were attributed to the C-O-C
symmietric stretching vibration. The peak at 845cm?
was atributed to the O-H out-of -plane bending defor-
mation.

Chitosan (Figure 2d) depicted an intense absorp-
tion band at 3439cm™* corresponding to the O-H
stretching vibration, whereas bands at 2930 and
2880cm! wereassigned to the C-H stretching vibra-
tion. In addition, bands at 1655 and 1602cnr* were
associated with the C=0 stretching vibration of sec-
ondary amidegroupsand the N-H deformation vibra-
tion of primary amine, respectively. The band at
1381cmt wasattributed to the C-H deformation of the
CH, group, associated with the few remaining aceta-
mide groups present in the polymeric chain, asaresult
of theincompletedeacetylaion of chitosan. Findly, there
was a band at 1081cm™* corresponding to the C-O
stretching vibration of the primary a cohol ™7,

Figure 2e (magnetite/CTS) shows a band at
3431cm corresponding to the O-H stretching vibra-
tion. In addition, bands at 3284 and 3166cm* were
associated with O-H deformation vibrationsand aC-
H asymmetric stretching vibration, respectively. Bands
at 2930 and 2863cm* were assigned to the C-H
stretching vibration. In addition, aband at 1705cm?
was attributed to the C=0 axid deformation of Tween
80. Thepeak at 1638cm* was attributed to the C=0
stretching vibration of secondary amide groups. At
1557cmt a new band was observed, which can be
attributed totheionicinteraction betweenthe positively
charged amine groups of CTS and the negatively
charged carbonyl groups of Tween 80, The peak at
1413cn? corresponded to the C-H bending deforma
tion. The peak at 1093cm* wasattributed to the C-O-
C symmetric stretching vibration of Tween 80 or C-O
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stretching vibration of the primary a cohol. A band at
805cm™* was attributed to the ethyl chain axial vibra-
tion. Findly, thebandsat 639 and 558cm* are assigned
to Fe-O deformationinthe octahedral and tetrahedral
sites. Theiron atomsof themagnetic particlesare prob-
ably coordinated to the nitrogen atoms of deprotonated
amino groupsin chitosan sinceat pH 5.5 the polymeric
chain of chitosan shows approximately 10% of
deprotonated amino groups®.

No significant differenceswere noted on compar-
ing the spectrum of maghemite/CTS (Figure 2f) with
that of magnetite/CTS, thusthe samevibrationswere
observed with different relativeintengties.

Theresultsindicated that the surfactant and poly-
mer had coated the magneti c nanoparticles, dueto the
presence of characteristic bandsof materialsfromthe
spectraof coated magnetic nanoparticles, besidesthe
presence of anew band.

X-ray diffraction

Figure 3 showsthe XRD patternsfor the magne-
tite, maghemite, magnetite/ CTS and maghemite/CTS.
The XRD results of the naked oxidesand ferrofluids
were mostly coincident. Six characteristic peaksfor
magnetite (260=30.4, 35.8, 43.2,53.9, 57.4, and 62.7°),
marked by their indices ((220), (311), (400), (422),
(511), and (440)), were observedfor al samples. These
peaks are congi stent with the databasein the JCPDS
filefor magnetite and maghemite (PDF No. D021035
and D040755, respectively) and reved that theresult-
ant nanoparticleswere naked oxideswithaspine struc-
ture. The presence of these peaks also indicatesthat
the coating processdid not result in the phase change
of naked oxides. Theseresultsverified thet theferrofiuids
were naked oxideg?#-35,

Determination of particle size of the magnetic
nanoparticles

The size of the magnetic material s can be calcu-
lated from theline broadening on the XRD pattern us-
ing the Debye-Scherrer equation:

kA
~ BcosO

Inthisequationdisthethicknessof thecrystd, kis
the Debye-Scherrer constant (0.89), A isthe X-ray
wavelength,  istheline broadening (in radians) ob-
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tained fromthefull width at half maximumand 6 isthe
Bragg angle®.

TABLE 1 showsthevauesfor the particlesize of
the magnetic materials calculated according to the
Debye-Scherrer equation.

Deter mination of iron in magnetic nanoparticles
by FAAS

TABLE 2 presentstheexperimentd valuesobtained
for the magnetite and maghemite as well asfor the
ferrofluids. It can be observed that the percentages of
ironinsamplesof magnetite/CTSand maghemite/CTS
were significantly lower when compared with the
samplesof maghemite and magnetite, confirming the
coating by the surfactant and polymer.

Thermal analysis

Thethermd behavior of magnetite, maghemite, CTS,
magnetite/CTS and maghemite/CTSwasanayzed by
TGA and DSC. The thermogravimetric profilesare
showninFigure4 and they reveal ed two stages of mass
loss. Thefirst degradation stagesfromaround 47-69°C,
with amasslossof 1-18%, arerelated mainly to the
lossof water physically adsorbed on the surface of the
materias. Inthe second stage, other mass|osseswere
observed. The magnetite undergoes a mass | oss of
2.96%, at 241.5°C, whilethe maghemite undergoes
mass|ossin two stages, at 156.6 and 360.7°C, with
losses of 0.43 and 0.60%, respectively. The second
degradation stageof chitosan wasobserved at 332.2°C
withamasslossof 49.68%. Themagnetite/ CTS shows
masslossin two stages, at 286.8 and 420.7 °C, with
losses of 11.32 and 18.14%, respectively. The
maghemite/CTS undergoes mass|osses of 9.53 and
15.91%, at 284.9 and 408.7°C, respectively. The deg-
radation temperatures of themateriad swere established
fromthefirst derivativeof thethermogravimetric plots.

In figure 5 the DSC thermograms of magnetite,
maghemite, CTS, magnetite/CTSand maghemite/CTS
can be observed. The DSC thermograms of the mag-

TABLE 1: Particlesizeof magnetic materials

netiteand maghemite showed asmal| endothermic pesk
at around 80°C relating to water physically adsorbed
onthesurface of thematerials. The DSC thermogram
of chitosan showed an endothermic peak at 103.0°C
and an exothermic peak at 308.6°C. Inthe DSC ther-
mogram of magnetite/CT Sthreeendothermic peakscan
be observed, at 62.3, 126.2 (attributed to the water
contained on the surface of thematerials) and 327.7C
(relatingtothetherma decomposition of thematerias).
The maghemite/CTS showed athermal behavior very
similar to magnetite/CTS, also displaying three endot-
hermic peaks, at 61.4, 111.0and 327.7°C.

Theresultsof the TGA and DSC andysisreveded
a structural difference between the magnetic
nanoparticles, and confirmed the coating of the naked
oxidesby thesurfactant and polymer.

Magnetic properties

The magnetic propertiesof the nanoparticleswere
investigated by VSM analysis.

The magnetic momentsof thennanoparticlesrapidly
saturated in the presence of an externaly applied mag-
neticfield, which wasvaried from 15000 Oeto -15000
Oe. Theinitid dopeof themagnetization curveisrela
tively steep, indicating superparamagnetic behavior. This
sgnifiesthat thenanoparticleshaveessentidly sngledo-
mains, and that they may beideal component vehicles
for magnetic field-directed delivery of therapeutic
agentg=,

Figure 6 showsthe magnetization curvesof mag-
netite, maghemite, magnetite/CTSand maghemite/CTS.

The magnetic measurements showed that the satu-
rated magnetization values for the magnetite and
maghemitewere 65.8 and 66.7emu g, respectively,
whilefor magnetite/ CT Sand maghemite/CT Sthey were
27.7 and 32.1emu g1, respectively. The decreasein
the saturation magnetization for the coated nanoparticles
wasduetotheincorporation of thepolymer inthemag-
netic nanoparticle suspension, sincethe volume used

TABLE 2: Flameatomic absor ption spectrometry resultsfor
uncoated and coated magneticiron oxideparticles

Samples Particle size (nm) Samples  Obtained massof iron (mg) + SD % iron + SD
magnetite 12.9 magnetite 6.32+0.06 60.19+ 0.56
maghemite 154 maghemite 6.53+0.10 66.00+ 0.99
magnetite/CTS 13.6 magnetite/CTS 1.55+0.02 15.06+ 0.20
maghemite/CTS 17.2 maghemite/CTS 2.64+0.01 26.90+ 0.08

Macromolecules « —

Au Tudian Yourual



MMAIJ, 6(1) June 2010

Mauro Cesar Marghetti Laranjeira et al. 13

for the measurement of magnetic propertieswasthe
samefor al samples.

The decreasein the saturation magnetization can
most likely beattributed to the presence of Tween 80
on the surface of the magnetic nanoparticles, which
may create amagnetically dead layer. With asignifi-
cant fraction of surface atoms, any crystalline disor-
der within the surface layer may alsolead to asignifi-
cant decrease in the saturation magnetization of
nanoparticles®!,

Magnetite particles obtained under different syn-
thetic conditions may display largedifferencesregard-
ingtheir magnetic properties. Thesedifferencesareat-
tributed to changesin the structural disorder, thecre-
ation of antiphaseboundaries, or theexistenceof amag-
netically dead layer at the particle surface?.

Effect of heatingtemperatureasafunction of time
for iron oxidemagnetic particlesand ferrofluids

Thetemperaturevariation over timefor iron oxide
magnetic particlesand ferrofuids, with the gpplication
of andternatingmagneticfidd, isshowninFigure7. It
can beobservedthat initidly the hegtingwasfast, which
makesthesemateridsvery interestingfromabiologica
point of view, becausetheir usefor cancer treatment
will not affect the hedlthy cells, sincethetime of expo-
sureto themagneticfieldisshorter.

Theresultsal so showed that the maximum tem-
peratures obtained for magnetiteand maghemitewere
48.3and 49.9°C, respectivey, whilefor magnetite/CTS
and maghemite/CTSthey were42.5 and 43.3°C, re-
spectively. Thevauesobtained for theferrofluidscan
be considered asvery good, sincethe cancerous cells
perish at around 43°C whilenormd cellsarenot dam-
aged at even higher temperaturesand, thus, ferrofluids
could beappliedin hyperthermiatreatments.

CONCLUSIONS

Ferrofluidswere prepared by applying acoating of
Tween 80 dispersed in chitosan solution onto the sur-
face of magnetiteand maghemite nanoparticleswhich
were prepared by co-precipitation and oxidation meth-
ods, respectively.

Thecoating of surfactant and polymer onto themag-
netic nanoparticles was confirmed through infrared
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spectroscopy, X-ray diffraction, flame atomic absorp-
tion spectrometry, thermogravimetric analysisand dif-
ferentid scanning calorimetry.

Themagnetic measurementsreved ed that the satu-
rated magneti zation val uesof themagnetite, maghemite,
magnetite/CTS and maghemite/CTSwere65.7, 66.7,
27.7 and 32.1emu g, respectively.

After exposureto an aternating magneticfield for
30 min, thetemperaturesof suspensonscontaning mag-
netite, maghemite, magnetite/ CTSand maghemite/CTS
were48.3, 49.9, 42.5 and 43.3°C, respectively.

It isexpected that magnetic particleswill beincreas-
ingly appliedin biomedicineand will be used to solve
many complex problemsencountered in cancer diag-
nosisand therapy in the near future.
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