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Ab stract
CM-dex tran-co ve red mag he mi te par tic les for ap pli ca tions in mag ne tic hypert her mia treat ments we re synthe si zed and
their physi cal, mag ne tic and morp ho lo gi cal pro per ties we re exa mi ned. Mag ne tic fluids we re pre pa red and their hea ting
pro per ties in an al ter na ting mag ne tic field we re stu died. The re sults re veal that the par tic le si ze and the thick ness of the
car boxy-methyl-dex tran (CM-dex tran) coa tings ha ve a de ci si ve inf luen ce on the hea ting pro per ties: spe ci fic ab sorption
ra te (SAR). The ma jo rity of the mag ne tic dis si pa tion co mes from the Neel re la xa tion, whi le the Brown con tri bu tion is
small. A ther mal steady sta te at the se lec ted tem pe ra tu re (42 °C) can be ac hie ved using synthe si zed mag he mi te par tic -
les with pro per par tic le morp ho logy and by con trol ling the mag ne tic field in ten sity or the fre quency.

Key words: Mag ne ti te na no par tic les, hypert her mia, mag ne tic pro per ties.

1. In tro duc tion
Mag ne tic na no par tic les and their de ri va ti ves, mag -

ne tic fluids, are being in ve sti ga ted for va ri ous ap pli ca -
tions, inc lu ding re so nan ce ima ging,1 drug de li very,2 mag -
ne tic se pa ra tion3 and mag ne tic hypert her mia.4,5

The mag ne tic na no par tic les and/or their de ri va ti ves
nor mally con sist of poly mer-co ve red fer ri mag ne tic iron
oxi des, which are synthe si zed in si tu by pre ci pi ta tion in
the pre sen ce of poly mers that act as a sta bi li zer. It has
been no ted that ma te rials ba sed on pre ci pi ta ted fer ri mag -
ne tic iron oxi des ge ne rally gi ve su pe rior re sults, com pa -
red with ot her types of mag ne tic ma te rials. In ad di tion,
pre ci pi ta ted iron oxi des we re shown to pro du ce litt le, if
any, to xi city to hu mans. This means that iron oxi des are,

be cau se of their high mag ne ti za tion, bio com pa ti bi lity,
sim ple synthe sis and a re la ti vely high mag ne tic dis si pa -
tion, among the most at trac ti ve ma te rials, with the only
weak ness being that they pos sess a re la ti vely high Cu rie
point that may cau se the tis sue to over heat. Ho we ver, the
ge ne ra ted heat can be ef fec ti vely con trol led by se lec tion
of the par tic le morp ho logy6 and the al ter na ting mag ne tic
field (AMF) in ten sity and/or fre quency.7 When we are ab -
le to con trol all the se pa ra me ters and reach ther mal equi li -
brium in such a way that the ge ne ra ted heat at the se lec ted
tem pe ra tu re and lo ca tion will be equal to that lost to the
en vi ron ment due to the ther mal con vec tion or heat exc -
han ge to the veins, no over hea ting of the sur roun ding tis -
sue will ta ke pla ce. In this ca se iron oxi de can still be
used, in spi te of its high tran si tion tem pe ra tu re. For this
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rea son it is of cru cial im por tan ce to be ab le to pre ci sely
de ter mi ne the spe ci fic ab sorp tion ra te (SAR) of the mag -
ne tic energy ab sor bed by the mag ne tic par tic les dis per sed
in the mag ne tic fluid (MF). This mag ne tic energy is then
trans for med in to the heat that warms up the MF un der
con si de ra tion.

A va riety of na no com po si tes (poly mer-coa ted
mag ne tic par tic les) dis per sed in wa ter ha ve been pre pa -
red in the past, for exam ple, wa ter-so lub le dex tran,8

poly vinyl al co hol,9 poly(ethy le ne) glycol),10 amylose
starch11 and chi to san bio poly mer.12 Among them, CM-
dex tran is a poly sacc ha ri de with out stan ding pro per ties,
as well as being bio de gra dab le, bio com pa tib le and bi -
oac ti ve, and as such is com monly used for the sta bi li za -
tion of MF s.13

In this work we synthe si zed MF s using mag he mi te
par tic les with a pro per morp ho logy sta bi li zed by CM-dex -
tran. We ac hie ved a steady sta te at the se lec ted tem pe ra tu -
re using synthe si zed mag he mi te par tic les with a pro per
par tic le morp ho logy and by appl ying a con trol led mag ne -
tic po wer.

2. Ex pe ri men tal

2. 1. Rea gents and Ma te rials
For the synthe sis of the mag he mi te par tic les coa ted

with CM-dex tran the fol lo wing che mi cals we re used: Fe -
Cl2 · 4H2O and Fe Cl3 · 6H2O (Acros Or ga nics), so dium
carboxy methyl – dex tran salt (CM-dextran; Flu ka Bioc he -
mi ka with M = 14400 g/mol), Tryp tic Soy Agar (Flu ka)
and 25% NH4OH (Al ka loid Skop je). Du ring the synthe sis
of the mag ne tic fluid, ul tra sound ra dia tion was ap plied
with an ul tra so nic ge ne ra tor (So nics Vi bra Cell 750 W in -
ten sity).

2. 2. Synthe sis

The de tai led pro ce du re for sam ple A was as fol lows:
A to tal of 125 m L of a so lu tion con tai ning Fe2+

(0.135 mol/L) and Fe3+ (0.113 mol/L) ions was pou red in -
to a 250-m L bea ker equip ped with a mag ne tic stir rer and
then hea ted to 80 °C. When a tem pe ra tu re of 80 °C was
ac hie ved, 50 m L of 25% NH4OH was ad ded (p H > 9). The
so lu tion tur ned from a red-brown co lor to black, in di ca -
ting the for ma tion of mag ne ti te, which then oxi di zed to
mag he mi te. The sus pen sion was then aged at 80 °C for 1
hour and coo led to room tem pe ra tu re. The sus pen sion was
mag ne ti cally de can ted and the mag ne tic par tic les we re
was hed se ve ral ti mes with di stil led wa ter.

The de tai led pro ce dure for sam ple B was as fol lows:
The sa me as sam ple A, but im me dia tely af ter the ad -

di tion of NH4OH, 10 ml of the CM-dex tran so lu tion (10 g
CM-dex tran / 20 g H2O) was ad ded in se ve ral suc ces si ve
small ad di tions over a pe riod of 30 mi nu tes. The sus pen -

sion was then aged at 80 °C for 30 mi nu tes and coo led to
room tem pe ra tu re. The sus pen sion was mag ne ti cally de -
can ted and the mag ne tic par tic les we re was hed se ve ral ti -
mes with di stil led wa ter. To the mag ne ti cally de can ted
par tic les, 10 m L of CM-dex tran so lu tion was ad ded and
so ni ca ted for 1 hour to ob tain the mag ne tic fluid (MF). In
or der to se di ment the ag glo me ra tes, the MF was cen tri fu -
ged at 5000 rpm for 5 min and the su per na tant was ul tra -
fil tra ted with a UF mem bra ne Mwcut-off = 100 k Da to pro -
du ce a MF with a lar ge con tent of iron oxi de par tic les. For
the SAR mea su re ment we pre pa red a MF with 9.75% (wt)
of iron oxide.

For the SAR mea su re ments in agar:
Agar was ad ded to the MF with a high con tent of

iron oxi de par tic les and du ring stir ring hea ted to 70 °C to
ob tain a very vis cous fluid. Af ter that the con tent was pou -
red in to the mea su ring cu vet te and coo led to room tem pe -
ra tu re, af ter which a hard gel was ob tai ned. The con tent of
iron oxi de in the gel was 9.75% (wt).

2. 3. Analy sis and Mea su re ments

The na no par tic les we re cha rac te ri zed using X-ray
dif frac tion analy ses (Bru ker Axs, D 5005) and a tran -
smis sion elec tron mi cros co pe (TEM) (JEOL 2010F).
The par tic le si ze was es tab lis hed using the Scher rer
met hod, ba sed on the broa de ning of the X-ray dif frac -
tion peaks. The par tic le si ze and the si ze di stri bu tion
we re de ter mi ned from the TEM ima ges. Dyna mic light
scat te ring (Ho ri ba LB-550) was used to es ti ma te the
CM-dex tran-mag he mi te hydrody na mi cal si ze di stri bu -
tion (dH).

The pre sen ce of the CM-dex tran was con fir med by
FTIR spec tros copy (PERKIN ELMER 1600), whi le the
amount/con cen tra tion of CM-dex tran ad sor bed on to the
mag ne tic par tic les was de ter mi ned by a ther mo gra vi me -
tric analy sis (TGA) (TGA/SDTA 851, Mett ler To le do).
The mag ne ti za tion was mea su red with a he lium-coo led
su per con duc ting quan tum in ter fe ren ce de vi ce (Quan tum
De sign MPMS-XL-5 SQUID mag ne to me ter).

In our in ve sti ga tion a con ven tio nally built system
was used to ge ne ra te an al ter na ting mag ne tic field with a
no mi nal field strength of 2 k A/m and a ma xi mum fre -
quency of 104 kHz. For the ca lo ri me tric mea su re ments of
the mag ne tic fluid los ses a sam ple of mag ne tic fluid was
pla ced in a glass vial in the cen ter of the sur roun ding sup-
ply coil. The length of the coil was twi ce the length of the
glass vial in or der to gua ran tee a ho mo ge ne ous field in the
cen ter of the vial. The glass vial was pla ced in so me heat-
in su la ting polyst yre ne to re du ce the heat dis si pa tion from
the mag ne tic fluid to the sur roun dings and vi ce ver sa. The
ther mal mea su re ments we re per for med using a fi ber-op tic
ther mo me ter in the pre sen ce of the mag ne tic field. The ca -
lo ri me tric mea su re ments we re car ried out using a ca lo ri -
me ter, whe re the heat ef fects can be de ter mi ned by an im -
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me dia te mea su re ment of the tem pe ra tu re. In that ca se the
ca lo ri me ter is a mea su re ment system and the heat ef fects
are due to the ab sorp tion of mag ne tic energy when sub jec -
ted to an al ter na ting mag ne tic field. The mea su re ments
we re con ti nued un til a steady sta te is ac hie ved, i.e., un til
the heat in du ced equals the heat dis si pa ted. For mo re see
ref..14

3. Re sults and Dis cus sion

3. 1. X-ray Dif frac tion Analy sis
Fig. 1 shows the X-ray dif frac tion pat terns of the as-

pre pa red mag he mi te par tic les (A) and the par tic les co ve -
red with CM-dex tran (B). All the dif frac tion peaks dis pla -
yed by the dif frac to gram cor res pond to the mag he mi te cu -
bic pha se (JCPDS No.39-1346). From the X-ray li ne
broa de ning and the Sherrer for mu la it is pos sib le to es ti -
ma te an ave ra ge par tic le si ze of 16.0 nm for sam ple (A)
and 11.8 nm for sam ple (B).

Typi cal TEM ima ges of the as-synthe si zed sam ple
(A) and the CM-dex tran-coa ted mag he mi te na no par tic les
(B) are shown in Figs. 2a and 2b, and the cor res pon ding
grain-si ze di stri bu tions ob tai ned from the TEM ima ges

are shown in Figs. 2c and 2d. The ave ra ge par tic le dia me -
ters es ti ma ted from the TEM ima ges are 14.5 nm for sam -
ple (A) and 12.0 nm in sample (B), in good agree ment
with X-ray dif frac tion analy sis. The main rea son that the
coa ted par tic les sho wed a smal ler ave ra ge par tic le si ze is
be cau se they we re cen tri fu ged, which eli mi na tes the lar -
ger par tic les from the MF.

Fig. 2. TEM ima ges of a) as-synthe si zed mag he mi te par tic les (A), b) CM-dex tran-sta bi li zed mag he mi te par tic les (B)-in sert; smal ler ag glo me ra tes,
c) the grain si ze di stri bu tion of the un coa ted par tic les (A) and d) the CM-dex tran-coa ted par tic les (B).

a) b)

c) d)

Fig. 1. XRD spec tra of as-pre pa red sam ples (A) and of mag he mi te
par tic les co ve red with CM-dex tran (B).
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3. 2. TGA and SDTA Analy sis

The di stinc ti ve weight los ses es tab lis hed for the
mag ne tic par tic les co ve red with CM-dex tran can be di vi -
ded in to two tem pe ra tu re re gions: 150–500 °C and
500–750 °C, Fig. 3. A to tal weight loss of 21.2% (sam ple
B) oc cur red du ring the ther mal hea ting from room tem pe -
ra tu re to 750 °C. In the first tem pe ra tu re ran ge, from 150
°C to 500 °C, the oxi da tion of the CM-dex tran oc curs, as
in di ca ted by an exot her mic si mul ta ne ous dif fe ren tial ther -
mal analy sis (SDTA) peak and a weight loss of 16.4%.
The exot her mic peak as so cia ted with this mass loss is the
re sult of the oxi da tion of the CM-dex tran mo le cu les due
to the tem pe ra tu re, which is con si stent with the li te ra tu re
da ta on free poly sacc ha ri des at 230–400 °C.15 The last
step is as so cia ted with a weight loss of 3.1%, which is as -
so cia ted with the re mo val of the CM-dex tran co va lently
bound to the par tic le sur fa ce, i.e., the very first co va lent
bound la yer of CM-dex tran to the par tic le sur fa ce.

Fig. 3. Ther mal analy sis (TGA) of the mag he mi te na no par tic les
coa ted with CM-dex tran and the cor res pon ding SDTA.

It is well known that CM-dex tran dis sol ved in wa ter
is in equi li brium with that at tac hed physi cally to the mag -
ne tic par tic les. Na mely, af ter the very first la yer of CM-
dex tran, which is co va lently bound to the par tic le sur fa ce,
the sub se quent la yers are at tac hed by physi cal bonds,
whe re hydro gen bon ding pre vails. In the wa ter sus pen sion
this dex tran is in equi li brium with the dex tran in the sus -
pen sion.16

3. 3. Fou rier Trans form In fra red 
Spec tros copy (FTIR) and Dyna mic
Light Scat te ring Analy sis (DLS)
The CM-dex tran coa tings we re in ve sti ga ted using

FTIR spec tros copy. In Fig. 4 the FTIR spec tra of the mag -

he mi te na no par tic les a), mag he mi te na no par tic les coa ted
with CM-dex tran b) and pu re CM-dex tran c) are shown.

The ab sorp tion bands at 450 cm–1, 587 cm–1 and 626
cm–1 in the FTIR spec tra of iron oxi de na no par tic les with
and wit hout a CM-dex tran coa ting are at tri bu ted to the
mul ti ple lat ti ce ab sorp tion bands of par tially or de red mag -
he mi te.17 The broad band in the re gion bet ween
3200–3600 cm–1 is as sig ned to O-H stretc hing. The ab -
sorp tion band at 1596 cm–1 is at tri bu ted to asym me tric
COO stretc hing in al ka li car boxy lic acid salts,18 which in -
di ca ted the exi sten ce of free al ka li car boxy la te groups on
the na no par tic les sur fa ce. The ob ser ved symme tri cal C=O
stretc hing at 1404 cm–1 sug ge sted that the car boxy la te
was bound symme tri cally to the sur fa ce of na no par tic les,
as one of the pos sib le car boxy la te bin ding mo des.19 Mo -
reo ver, ad sorp tion bands at 2921 cm–1 (C-H stretc hing),
1107 cm–1 (C-O-C stretc hing) and cha rac te ri stic peak of
CM-dex tran at 1011 cm–1 ad di tio nally sup ports the at tach -
ment of CM-dex tran on to the mag he mi te na no par tic les
sur fa ce.

Hydrody na mic dia me ter and par tic le si ze di stri bu -
tion of the CM-dex tran-coa ted mag he mi te na no par tic les
was ins pec ted with mea su ring the DLS. From the Fig 5
hydrody na mic dia me ter dH was found to be ap pro xi ma tely
77.9 nm with the broad si ze di stri bu tion.

3. 4. Mag ne tic Pro per ties

The ze ro field coo ling (ZFC) and field coo ling (FC)
cur ves in Fig. 6a in di ca te that the par tic les in sam ple (B)
are su per pa ra mag ne tic and show a broad ma xi mum at
around 200 K, shif ted with res pect to the point whe re the
ZFC and FC cur ves coin ci de. This is an in di ca tion of the
par tic le ag glo me ra tion and the spread of the par tic le si ze.
In this ca se a uni que K using the re la tion TB = VK/25kB
for the as sembly of the par tic les in sam ple (B) can not be

Fig. 4. FTIR spec trum of a) mag he mi te par tic les b) mag he mi te par -
tic les coa ted with CM-dex tran and c) CM-dex tran.
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gi ven. As such, V and K cor res pond to the in di vi dual par -
tic le pro per ties, whe re K re pre sents the ani so tropy con -
stant, kB is the Boltz man con stant and V is the par tic le vo -
lu me.

The mag ne ti za tion vs. the mag ne tic field of the as-
synthe si zed and CM-dex tran-co ve red mag he mi te par tic -
les are shown in Fig. 6b. The un coa ted par tic les show no
hyste re sis, ex hi bi ting a sa tu ra tion mag ne ti za tion of 65.2
emu/g. This va lue is smal ler than that for the bulk ma te -
rials Mbulk = 88 emu/g. The re duc tion of the mag ne ti za tion
of the mag ne tic par tic les with the de crea sing par tic le si ze
is usually cau sed by the in com ple te coor di na tion of the
atoms on the par tic le sur fa ce, lea ding to a non-col li near
spin con fi gu ra tion that cau ses the for ma tion of a sur fa ce
spin can ting for ming a non mag ne tic la yer, i.e., a “dead la -
yer”, which might re du ce the par tic le’s mag ne ti za tion.20,21

We can es ti ma te the thick ness of this la yer in sam ple
(B) by appl ying the equa tion of Zheng et al.22

Msat = MBulk(1 – 6t / d) (1)

whe re t is the thick ness of the sur fa ce la yer, d is the dia -
me ter of the par tic les, and Msat and MBulk are the to tal sa -

tu ra tion of the who le par tic le and of its bulk, res pec ti -
vely. When Msat is de du ced from the ex pe ri men tally de -
ter mi ned sa tu ra tion mag ne ti za tion of 65.2 emu/g, MBulk
is ta ken as the bulk va lue (88 emu/g ) and dTEM = 14.5
nm, as ob tai ned from the TEM ima ges of the as-pre pa red
par tic les, we ob tain a thick ness for the “dead la yer” of t
= 0.62 nm.

The M(H) de pen den ce at 293 K of the sam ples (A)
and (B) was analy zed by con si de ring a log-nor mal par -
tic le si ze di stri bu tion, as des cri bed in,23 and using a vo -
lu me tric par tic le pac king frac tion ε = 1 for so lid na no -
par tic les (non-mag ne tic fluid) in our ca se. We cal cu la -
ted the me dian dia me ter of the di stri bu tion dA = 8.20 nm
and the stan dard de via tion σA = 0.37 for sam ple (A) and
dB = 8.17 nm and the stan dard de via tion σB = 0.36 for
sam ple (B).

Con si de ring the es ti ma ted “dead la yer” 2t = 1.24 nm
and the stan dard de via tion we can com pa re this va lue with
tho se ob tai ned from the TEM ima ges of the sam ples (A)
and (B). Na mely, the mag ne tic mea su re ment “sees” only
the mag ne tic pha se, whi le that ob tai ned from the TEM
ima ges al so inc lu des the so-cal led “dead la yer”, which is
not ot her wi se re gi ste red by the mag ne tic mea su re ments.

Fig. 5: The par tic le si ze di stri bu tion of the CM-dex tran-coa ted mag he mi te na no par tic les in sam ple (B) mea su red using dyna mic light scat te ring.

Fig. 6. a) ZFC and FC mag ne ti za tion of coa ted mag he mi te par tic les (B) in the MF, TB = 203 K, b) hyste re sis of as-synthe si zed mag he mi te par tic les
(A) and CM-dex tran-coa ted par tic les (B) at 300K.

a) b)
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The si ze di stri bu tion of the mag ne tic par tic les
resemb les that de ter mi ned from the TEM ima ges, al beit
with a smal ler ave ra ge par tic le si ze. Ave ra ge par tic les dia -
me ters for our par tic les de ter mi ned using va ri ous ex pe ri -
men tal met hods are col lec ted in Tab le I.

Tab le 1. Ave ra ge par tic le dia me ter of sam ples (A) and (B) ob tai ned
using dif fe rent met hods.

dXRD (nm) dTEM(nm) dM(nm) dH(nm)
Sam ple A 16.0 14.5 8.20 /
Sam ple B 11.8 12.0 8.17 77.9

3. 4. 1. Dis si pa tion Mec ha nism

An AMF mag ne tic field will nor mally in du ce hea -
ting in a MF due to the dis si pa tion of heat from the mag -
ne tic par tic les that is cau sed by the de lay in the re la xa tion
of the mag ne tic mo ment due to the Neel re la xa tion (which
re fers to the ro ta tion of the mag ne tic mo ment wit hin the
par tic le) and the Brown re la xa tion (which re fers to the ro -
ta tion of the par tic le it self). The cha rac te ri stic ti me for the
Neel re la xa tion is:

τN = τ0 exp (KV/kbT) (2)

whe re kb is the Boltz mann con stant, T is the ab so lu te tem -
pe ra tu re, τ0 is the ti me con stant ≈ 10–9 s, K is the ani so -
tropy con stant and V is the vo lu me of the par tic le, whi le
the Brown re la xa tion ti me is gi ven by the re la tion:

τB = 3ηVH / k T (3)

whe re η is the vis co sity of the car rier li quid, VH is the

hydrody na mic vo lu me of the par tic le, kb is the Boltz mann
con stant, and T is the ab so lu te tem pe ra tu re.

Ac cor ding to,24 the vo lu me tric po wer dis si pa tion
can be ex pres sed as:

P = πμ0χ”H0
2f (4)

whe re χ” is the ima gi nary part of the com plex AC sus cep -
ti bi lity and is re la ted to the ma te rial pa ra me ters of the
mag ne tic fluid χ” = χ0[ωτ /(1 + (ωτ)2)], μ0 = 4π 10–7 (Tm -
A–1) is the per mea bi lity of free spa ce, τ is the ef fec ti ve re -
la xa tion ti me, and the ove rall re la xa tion ti me is gi ven as
1/τ = 1/τN + 1/τB, whe re the shor test term go verns the do -
mi nant mec ha nism and f = ω/2π is the fre quency of the
ap plied mag ne tic field. The abo ve re la xa tions go vern the
dis si pa tion of the mag ne tic energy, which then heats the
mag ne tic fluid.

The morp ho logy of the mag ne tic par tic les, their ani -
so tropy con stant and the car rier li quid’s vis co sity play a
cru cial ro le du ring the ab sorp tion of the mag ne tic energy
when the mag ne tic fluid is sub jec ted to an AMF mag ne tic
field. All the pa ra me ters are im pli citly in vol ved in the ef -
fec ti ve re la xa tion ti me τ. The theo re ti cal es ti ma tion of the
SAR as a func tion of the par tic le dia me ters and the mag -
ne tic field at 104 kHz cal cu la ted using the equa tions abo -
ve is in Fig. 8.

The theo re ti cal es ti ma tion of the SAR at room
tem pe ra tu re as a func tion of the mo no dis per sed par tic le
si ze shows a ma xi mum that in crea ses with fre quency
and is cen te red on a par tic le si ze around 15.3 nm. In
Tab le I the ave ra ge par tic le dia me ter for our par tic les in
sam ple (B) de ter mi ned using va ri ous ex pe ri men tal met -
hods is bet ween 8 and 12 nm. The pro noun ced de pen -
den ce of SAR on the par tic le dia me ter is mostly re la ted
to the Neel re la xa tion. He re, the Neel re la xa tion ti me
de pends ex po nen tially on the mag ne tic ani so tropy and
the par tic le vo lu me, whi le the Brow nian ti me de pends
li nearly on the par tic le vo lu me/si ze and the sol vent vis -
co sity.

3. 4. 2. SAR Mea su re ments

The spe ci fic ab sorp tion ra te (SAR) of the sam ple
was mea su red ca lo ri me tri cally in an AMF with a fre -
quency of 104 kHz and a mag ne tic field am pli tu de ran -
ging from 1.5 to 3.0 k A/m, which is in the ran ge of bio me -
di cal ap pli ca tions for mag ne tic hypert her mia.26

From the cour se of the tem pe ra tu re in crea se, Fig. 9,
the SAR was es ti ma ted as:

SAR = (Csol vent / xiron oxi de) (ΔT/Δt) (5)

whe re Csol vent is the heat ca pa city of the sol vent (C = 4.18
J K–1g–1 for wa ter), xiron oxi de is the weight frac tion of iron
oxi de and (ΔT/Δt) is the ini tial slo pe of the ti me de pen -
den ce of the self-hea ting tem pe ra tu re.

Fig. 7. Si ze di stri bu tions of sam ple (A) and sam ple (B), de du ced
from the fit of the mag ne ti za tion cur ves.
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Af ter a cer tain pe riod of self-hea ting the steady sta te
was ac hie ved when the ge ne ra ted heat at con stant tem pe -
ra tu re was equal to that lost to the en vi ron ment due to
ther mal con vec tion. The ma xi mum tem pe ra tu re of this
steady sta te is im por tant when using iron-oxi de-ba sed
MF s with a high Cu rie tem pe ra tu re for “in vi vo” ap pli ca -
tions, be cau se this is the only way to use such a MF wit -
hout da ma ging the sur roun ding tis sue du ring the mag ne tic
hypert her mia. In Fig. 10, the tem pe ra tu re of the mag ne tic
fluid at the steady sta te is plot ted vs. the ap plied mag ne tic
field.

In the system con si de red the steady sta te at, e.g., 
42. °C, is ac hie ved at 2.0 k A/m (104 kHz). The se con di -

tions can be ac hie ved re pro du cibly and might ser ve as a
gua ran tee that in a si tua tion when in stead of the system
being con si de red a hu man tis sue is con si de red and/or an
“in vi vo” ap pli ca tion, the over hea ting of the tis sue can be
com ple tely avoi ded. The SAR nee ded to heat the system
to the de si red tem pe ra tu re, for the se sam ples at 42 °C was
SAR104 kHz, 2.0 k A/m = 0.854 W/giron oxi de. So me typi cal SAR
da ta for a MF ba sed on wa ter as a carr ying li quid and iron
oxi de (mag he mi te) as the mag ne tic pha se are shown in
Tab le II.

The theo re ti cal es ti ma tion of the SAR shows that the
main re la xa tion mec ha nism is due to the Neel re la xa tion,
whi le the Brown re la xa tion is small and its con tri bu tion to

Fig. 9. Ti me de pen den ce of the self-hea ting tem pe ra tu re on the
mag ne tic field at 104 kHz for sam ple (B).

Fig. 10. Tem pe ra tu re of the system of the mag ne tic fluid in the ca -
lo ri me ter at steady sta te vs. the ap plied mag ne tic field at a con stant
fre quency (f = 104 kHz).

Fig. 8. a) Theo re ti cal es ti ma tion of the SAR at room tem pe ra tu re as a func tion of the par tic le dia me ter (d) and the AMF mag ne tic field (H). He re
we ha ve K (ani so tropy con stant) = 16 k J/m3,6 T = 293 K, η = 1E-03 Pas (vis co sity of the me dia – of wa ter), f = 104 kHz and CM-dex tran la yer thick -
ness δ = 18 nm (cal cu la te as Lmin

25) and b) to tal heat dis si pa tion through Neel and Brow nian re la xa tion at f = 104 kHz and H = 2 k A/m (dif fe ren ce
bet ween to tal heat dis si pa tion and Neel re la xa tion los ses is the Brow nian re la xa tion los ses).

a) b)
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the dis si pa tion mec ha nism must be very li mi ted, Fig. 8. a,
b. This can be sub stan tia ted by the DLS spec tra. The smal -
lest par tic le dia me ter dH that would en su re a re la xa tion ti -
me which would fol low the fast chan ges of the mag ne tic
fields at 104 kHz and con tri bu te to the Brown re la xa tion
must show a re la xa tion ti me of τB ≤ 10–5 s, thus ex hi bi ting
a par tic le si ze of dH ≤ 29.5 nm, es ti ma ted using equa tion
(2). All the ot her par tic les with a lar ger hydrody na mic dia -
me ter, i.e., ag glo me ra tes, will be not ac ti ve in the hea ting
of the MF in a high-fre quency mag ne tic field (HFMF).

Thus, ba sed on the con si de ra tion abo ve, only a very
small frac tion of the com po si te par tic les in sam ple (B) are
ab le to con tri bu te to the Brown re la xa tion. All the ot hers
are ag glo me ra ted in clu sters and can not ro ta te and the
hea ting con tri bu tion of the Brown re la xa tion can be exc lu -
ded from the to tal mag ne tic dis si pa tion.

To re veal the mec ha nism that go verns the ma jor los -
ses in sam ple (B), sam ples with im mo bi li zed par tic les we -
re al so pre pa red. The par tic les of the ori gi nal mag ne tic
fluid we re im mo bi li zed by a dra stic in crea se of the vis co -
sity. The mag ne tic par tic les we re dis per sed in an aqu e ous
so lu tion of ge la tin (sol).29 An abrupt in crea se in the vis co -

sity, by many or ders of mag ni tu de, can be ac hie ved, and
con se quently vis cous los ses can be eli mi na ted by simply
free zing the Brow nian mo tion of the mag ne tic par tic les.

In Fig. 11 the ti me de pen den ce of the self-hea ting
tem pe ra tu re on the mag ne tic field at 104 kHz for te sting
the mag ne tic fluid with agar and wit hout it is shown.

It can be seen that the in crea se of the self-hea ting
tem pe ra tu re of MF of sam ple (B) is a litt le hig her than
that of the MF(agar) sam ple whe re the Brown re la xa tion
is not pos sib le, Fig.11. We be lie ve that this small dif fe ren -
ce in the SAR is cau sed due to the Brown re la xa tion of
par tic les in the sam ple (B) whe re a very small frac tion of
sin gle par tic les with a hydrody na mic ra dii dH ≤ 29.5 nm,
Fig. 5, can freely ro ta te and con tri bu te to the Brown re la -
xa tion. One can cal cu la te ap pro xi ma tely its se pa ra te con -
tri bu tion from the SAR dif fe ren ce at the steady sta te for
both sam ples using the cor res pon ding (ΔT/Δt)steady sta te for
both cur ves and eq. (4). This es ti ma ted con tri bu tion is ali -
ke to that ob tai ned di rectly from the dia gram on the Fig.
11 at the steady sta te. The Brown con tri bu tion was con fir -
med to be about 5%.

4. Conc lu sions

Our re sults ha ve shown that the high Cu rie point of a
mag ne tic par tic le, which can da ma ge the tis sue du ring a
mag ne tic hyperther mia treat ment, can be cir cum ven ted by
appl ying a con trol led par tic le morp ho logy. The heat flow
is ad ju sted with the AMF mag ne tic field in ten sity and/or
fre quency so that the ge ne ra ted heat at the se lec ted tem pe -
ra tu re and lo ca tion will be equal to that lost to the en vi -
ron ment due to heat exc han ge. Furt her mo re, the in ve sti -
ga tion re vea led that the ma jor heat dis si pa tion in our sam -
ple (B) ca me from the Neel re la xa tion los ses. He re, the
par tic le si ze go verns the ex tent of the Neel re la xa tion pro -
cess, whi le the Brown-ba sed dis si pa tion is very small. He -
re, the num ber of the par tic les with a sui tab le rH which ab -
sorb in the Brow nian re la xa tion ran ge is very small and
con tri bu te only 5% to the to tal SAR.
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Povzetek
V pris pev ku je pred stav lje na sin te za in ka rak te ri za ci ja mag net nih mag he mit nih na no del cev pre vle~enih s kar bok si me til
dek stra nom (CM-dek stran), pri mer nih za upo ra bo v mag net ni hi per ter mi ji. Stop njo spe ci fi~ne ab sorp ci je (SAR) sta bil -
ne mag net ne te ko~ine pri prav lje ne iz mag he mit nih na no del cev pre vle~enih s CM-dek stra nom, smo pre ve ri li s po mo~jo
ka lo ri me tri~nih me ri tev mag net ne te ko~ine iz po stav lje ne zu na nje mu iz me ni~ne mu mag net nem po lju. Re zul ta ti ka`ejo,
da ve li kost mag net nih na no del cev in de be li na pre vle ke CM-dek stra na vpli va ta na stop njo spe ci fi~ne ab sorp ci je (SAR),
pri ~emer ve~ji del to plot nih iz gub iz ha ja iz Neel-ove re lak sa ci je, med tem ko je pris pe vek Brown-ove re lak sa ci je maj -
hen. Ter mi~no ravnote`je pri cilj ni tem pe ra tu ri (42 °C) lah ko do se`emo s pri mer ni mi mor fo lo{ki mi last nost mi sin te ti zi -
ra nih mag net nih na no del cev mag he mi ta in s kon tro li ra njem ja ko sti ali frek ven ce zu na nje ga iz me ni~ne ga mag net ne ga
po lja.


