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a b s t r a c t

l-Carnosine coated iron oxide nanoparticles (CCIO NPs) have been prepared via co-precipitation of iron
oxide in the presence of l-carnosine. Crystalline phase was identified as magnetite with an average
crystallite size of 8 nm as estimated from X-ray line profile fitting. Particle size estimated from TEM
by log-normal fitting was ∼11 nm. FTIR analysis showed that the binding of carnosine onto the surface
of iron oxide is through unidentate linkage of carboxyl group. CCIO NPs showed superparamagnetic
charactersitic at room temperature. The magnetic core size of superparamagnetic CCIO NPs was found
slightly smaller than the size obtained from TEM, due to the presence of magnetically dead layer. Magne-
anocomposites
urface modification
mino acid
agnetic property

tization measurements revealed that l-carnosine iron oxide composite has immeasurable coercivity and
remanence with absence of hysteritic behavior, which implies superparamagnetic behavior at room tem-
perature. The low value of saturation magnetization compared to the bulk magnetite has been explained
by spin canting. LDH activity tests showed slight cytotoxicity of high dose of CCIO NPs. The ac conductiv-
ity of CCIO NPs was found to be greater than that of carnosine and the effective conduction mechanism
was found as correlated barrier hopping (CBH). dc activation energy of the product at around room

ed as
temperature was measur

. Introduction

Magnetic nanoparticles are of great interest in recent years due
o their technological and clinical applications. Among these, super-
aramagnetic iron oxide nanoparticles (SPION) receive increasing
ttention in different fields of physics, medicine, biology, and
aterials science due to their multifunctional magnetic, catalytic,

iological and conducting properties which make them feasible
o find applications in various fields [1]. In clinical area, these
articles are used as delivery systems for drugs [2], in medical
iagnosis [3–5], hyperthermia [6–8], cell separation [9,10], etc.
ost of these applications require well-dispersed chemically sta-

le nanoparticles having uniform size and shape. For this reason
ew technologies in synthesis and methods of analysis have been
eveloped. One of the effective approaches for preventing par-
icle agglomeration is to coat nanoparticles with biocompatible

norganic materials, polymers or other targeting agents. Among
he chemicals which may be used for this purpose amino acids
re suitable because they play a very important role in the body
11,12]. Proteins, which can provide biocompatibility, high solu-
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0.312 eV which was in good agreement with the earlier reports.
© 2010 Elsevier B.V. All rights reserved.

bility, and hydrophilic properties, are one of the most promising
materials among several potential biocompatible and biodegrad-
able substances serving as protective layers on SPION [1].

An important potential application of nano-sized magnetite
(NSM) particles is in thermo-genesis, to kill tumor cells under
an ac magnetic field [3]. To explore their bio-applications the
developments of biocompatible, highly water dispersible and func-
tionalized ferromagnetic nano-materials are crucial, asbiomedical
applications require chemically stable, well-dispersed and uniform
size particles (5–20 nm diameters) [13,14]. Amino acids are highly
suitable as ligands for surface modification of NSM particles [11].
Therapy with amino acid imbalance or with amino acids as a dose
of nutrients has been widely used to treat cancer sufferers because
some amino acids reduced tumor cells. Excess of amino acid, would
lead to the tumor cell shrinking or even dying out [1,15,16].

Carnosine, the dipeptide �-alanyl-l-histidine, is found in rel-
atively high concentrations in several body tissues, notably in
skeletal muscle, heart muscle and brain, and is the major source of
�-alanine in the human body. Although the exact biological role of

carnosine is not completely understood, numerous animal studies
have demonstrated that it possesses strong and specific antioxidant
properties that prevents cell damage, protects against radiation
damage, improves heart’s function and promotes wound healing.
It has also immune boosting properties [17,18]. It has been shown

dx.doi.org/10.1016/j.jallcom.2010.11.088
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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o be an efficient chelator of copper and other transition metals.
arn is a substrate for the metal-activated enzyme carnosinase and
as potential to act as a natural antioxidant in vivo. Some potential
edical uses of this peptide have been suggested such as in the

reatment of gastric ulcers and inflammations [19].
Magnetic nanoparticles have been surface-modified for the

ssembly of molecules whose function, when attached, often
efines their application. For example, magnetic nanoparticles have
een reported in magnetofection and drug delivery as well as in
io-sensing by attaching molecules including chemicals, oligonu-
leotides, and proteins [20,21].

To our knowledge, only few studies about the capping of the
mino acids on the surface of the magnetic nanoparticles were real-
zed [15,22]. In a recent worked we reported on the a spontaneous,
ingle-step synthesis of magnetic nanoparticulate spheres using
combination poly-l-lysine, l-histidine and iron oxide nanopar-

icles [23–25]. In this study, we focus on a new synthesis route
o prepare amino acid modified iron oxide in one step and report
hysicochemical properties of these composite nanomaterial.

. Experimental

.1. Synthesis

All chemicals (FeCl3·2H2O, FeCl2·4H2O, l-carnosine) were obtained from Merck
nd used without further purification. To an aqueous solution of a mixture of Fe(III)
nd Fe(II) salts, l-carnosine solution in the molar ratio 2Fe(III):1Fe(II):4 l-carnosine
as added and kept at a constant temperature of 40 ◦C for 15 min under vigorous

tirring. Then a solution of ammonium hydroxide was added till the pH was raised
o ∼11 at which a black suspension was formed. This suspension was then refluxed
t 80 ◦C for 6 h, under vigorous stirring and Ar gas. l-Carnosine coated iron oxide
anoparticles (CCIO NPs) were separated from the aqueous solution by magnetic
ecantation, washed with distilled water several times and then dried in an oven
vernight.

.2. Instrumentations and analytical techniques

X-ray powder diffraction (XRD) analysis was conducted on a Rigaku Smart Lab
iffractometer operated at 40 kV and 35 mA using Cu K� radiation.

Transmission electron microscopy (TEM) analysis was performed using a FEI
ecnai G2 Sphera microscope. A drop of diluted sample in alcohol was dripped on a
EM grid.

Fourier transform infrared (FT-IR) spectra were recorded in transmission
ode with a Perkin Elmer BX FT-IR infrared spectrometer. The powder samples
ere ground with KBr and compressed into a pellet. FTIR spectra in the range

000–400 cm−1 were recorded in order to investigate the nature of the chemical
onds formed.

The real (ε′) and imaginary (ε′′) parts of complex dielectric permittivity
*[ = ε′(ω) + iε′′(ω)] were measured with a Novocontrol dielectric-impedance ana-
yzer. The dielectric data (ε′ , ε′′) were collected as a function of temperature and
requency. The films were sandwiched between gold blocking electrodes and the
onductivities were measured in the frequency range 0.1 Hz to 3 MHz at 10 ◦C inter-
als. The temperature was controlled with a Novocontrol cryosystem, which is
pplicable between 20 and 120 ◦C.

VSM measurements were performed by using a Vibrating sample magnetometer
LDJ Electronics Inc., Model 9600). The magnetization measurements were carried
ut in an extenal field up to 15 kOe at room temperature.

The thermal stability was determined by thermogravimetric analysis (TGA,
erkin Elmer Instruments model, STA 6000). The TGA thermograms were recorded
or 5 mg of powder sample at a heating rate of 10 ◦C/min in the temperature range
f 30–800 ◦C under nitrogen atmosphere.

Lactate dehydrogenase (LDH) kit was purchased from Roche
Basel, Switzerland). Fetal bovine serum (sigma), RPMI-1640, penicillin/
treptomycin, and l-glutamine were purchased from Invitrogen (Paisley, UK).

The human lymphocyte cells were isolated from heparinized blood samples
y density-gradient centrifugation over Histopaque washed twice with RPMI-1640
nd resuspended in RPMI-1640 supplemented with 5% human AB serum, 100 U/ml
enicillin/streptomycin and 2 mM l-glutamine.

Cellular injury was determined by measuring the LDH released into the cell
ulture medium. LDH was assayed by measuring the increase of NADH absorbance

t 490 nm at 25 ◦C, using an Biotek Power Wave XS mode Elisa Reader (Unico, NJ,
SA). Human lymphocyte cells at 2 × 105/ml were treated with 1, 5, 10 and 20 mM

-carnosine and l-carnosine coated iron oxide NPs for 24 h, 48 h and 72 h at 37 ◦C in
% CO2. Then, LDH activity released from human lymphocyte cells into the culture
edium, which represents cell death, was determined with an LDH kit as described

reviously [26,27]. Triton X 100 was used as a positive control.
20 30 40 50 60
2θ (Degree)

Fig. 1. XRD pattern and line profile fitting of CCIO NPs.

3. Results and discussion

3.1. XRD analysis

Phase investigation of the crystalline product was performed by
XRD and the diffraction pattern is presented in Fig. 1. The XRD pat-
tern indicates that the product consists of magnetite, Fe3O4, and
the diffraction peaks are broadened owing to very small crystal-
lite size. All of the observed diffraction peaks are indexed by the
cubic structure of Fe3O4 (JCPDS no. 19-629) revealing a high phase
purity of magnetite. The following reaction was suggested for the
formation of magnetite [25]:

Fe2+
(aq) + 2Fe3+

(aq) + 8OH−
(aq) → Fe3O4(s) + 4H2O

The mean size of the crystallites was estimated from the diffraction
pattern by line profile fitting method using Eq. (1) given in Refs.
[28,29]. The line profile, shown in Fig. 1 was fitted for observed
six peaks with the following miller indices: (1 1 1), (2 2 0), (3 1 1),
(4 0 0), (4 2 2), (5 1 1), and (4 4 0). The average crystallite size, D and
�, was obtained as 8 ± 2 nm as a result of this line profile fitting.

3.2. FTIR analysis

FTIR spectra of iron oxide, carnosine, CCIO NPs and suggested
linkage of carnosine to iron oxide surface are given in Fig. 2a–c. The
presence of the iron oxide nanoparticles evidenced by the strong
absorbtion bands at around 570–590 cm−1 that confirm the metal-
oxygen streching are presented in Fig. 2a and b [25,30–32].

In the spectrum of pure carnosine (Fig. 2c) the characteristic
�NH2 stretching frequency of carnosine is observed at ∼3240 cm−1

(which overlaps with the broad OH peak coming from H2O), and
asymmetric and symmetric stretching frequencies of carboxy-
late (COO−) are observed at 1568 cm−1 �as(COO−) and 1404 cm−1

�s(COO−), respectively. The peaks at 2850 and 2785 cm−1 for sym-
metric and asymmetric stretching vibrations of C–H groups. The
absorption band at1636 cm−1 is due to absorbed water for pure
carnosine (Fig. 2c) and for nanocomposite (Fig. 2b) [18]. In the spec-
trum for CCIO NPs (Fig. 2b), the band due to �as COO− cannot be
unequivocally identified because it overlaps with the C C stretch-
ing vibration of the imidazole ring (1590–1570 cm−1). �s(COO−) of
pure carnosine shifted from 1404 to 1390 cm−1 in CCIO NPs. More-

over, a strong IR band due to the ı(COO−) mode was observed at
628 cm−1 [15,18,23,33–37]. The spectral behavior of the so-called
amide I band, which is essentially the C O stretching vibration of
the amide group, appears somewhat unexpected as it shows an
important displacement to lower energies in the complex, although
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ig. 2. FTIR spectra of (a) iron oxide, (b) CCIO NPs, (c) carnosine, and (d) suggested
inkage of carnosine to iron oxide surface.

his carbonyl group is not directly involved in coordination. Nev-
rtheless, as explained by Freeman and Szymanski [38] peptide
roups whose N-atoms are involved in metal binding have much
ore longer C O and shorter C–N bonds than free peptides [18,38].

n the FT-IR spectra of CCIO NPs, metal-N stretching (∼470 cm−1)
as not observed.

According to these results, FTIR analyses suggest that l-
arnosine remains chemisorbed on the surface of iron oxide
Fig. 2d) via carboxyl groups (C O).

.3. TGA analysis

TGA thermograms of iron oxide (Fe3O4), l-carnosine and CCIO
Ps are presented in Fig. 3, which can be used for a quanti-

ative comparison of degradation behavior of different samples.
ron oxide shows no weight loss in the temperature range of
G analysis. On the other hand, degradation is seen in the TGA
urves of both carnosine and CCIO NPs samples. Combustion of
-carnosine is not completed within the temperature interval of
nalysis. CCIO NPs shows a slight weight loss, while carnosine
xhibits a considerable thermal stability up to 240 ◦C. Degradation
f l-carnosine over the iron oxide begins at a much lower tem-
erature. This behavior could be originated from the fact that iron
xide particles behave as catalysts thus reducing the degradation
emperature of carnosine. Based on the thermogram, carnosine is
0% of the CCIO NPs, which means an inorganic content is about
0%.
.4. TEM analysis

Morphology and size distribution of CCIO NPs were analyzed
sing TEM. Few micrographs at different magnifications, a his-
ogram calculated thereof and an SAED pattern are presented in
Temperature o C

Fig. 3. TGA thermograms of (a) iron oxide, (b) CCIO NPs, and (c) l-carnosine.

Fig. 4. Fe3O4 particles exhibit near spherical morphology. SAED pat-
tern of CCIO NPs is given in the inset of Fig. 4c which is typical of
polycrystalline nanoparticles. Average particle size was calculated
by log-normal fitting to the size distribution histogram and was
obtained as 11.5 ± 0.5 nm. As compared with the crystallite size
obtained from X-ray line profile fitting, this reflects nearly single
crystalline nature of the CCIO NPs.

3.5. Room temperature VSM analysis

Magnetization measurements of CCIO NPs were performed
using VSM technique and results at 300 K are shown in Fig. 5. The
magnetization increases with increasing external magnetic field
strength, however, it did not reach the saturation state yet at a high
magnetic field of 15 kOe. The saturation magnetization (Ms calcu-
lated from a plot of M vs. 1/H (M at 1/H ≥ 0)) value of experimental
curve as 67 emu/g (347 emu/cm3) at room temperature and also it
is verified by the log normal weighted Langevien fit of this curve.
These values are comparatively lower than that of bulk magnetite
with an Ms of 92 emu/g (480–500 emu/cm3) [39–41].

There are several interpretations to explain reduced Ms in the
literature. For instance, formation of dead surface on magnetite core
is one of them. Maghemite shell having lower magnetization com-
pared to magnetite can be formed on a magnetite core via oxidation
reactions [42]. Then, total saturation magnetization decreases and
can be determined by core-surface model. Another interpretation
is canting of the surface spins due to the antiferromagnetic inter-
actions. Later works showed that spin canting is not a surface but
a finite size effect which is uniform through the whole volume of
the particle [43,44]. Very recently, it was shown that coating mag-
netite with oleic acid did not decrease the saturation magnetization
which means that spin canting was not observed [45]. This works
reveals that it is possible to coat magnetite NPs without spin canting
and high saturation magnetization values, close to the theoreti-
cal value, can be obtained. To explain reduced Ms in l-carnosine
coated samples, we think that FTIR measurements give us very
useful hint. We have observed that l-carnosine is bound to mag-
netite via carboxyl groups (C O). In this process, some of the free
electrons of oxygen atoms which play very important role in the
strength of super exchange interaction between Fe–O–Fe atoms

are used by carbon atoms. As a result, super exchange interac-
tion weakens and total magnetization of the composite decreases.
Chemisorption of the oxygen atoms distorts the surface spin struc-
ture and, thus, we think that spin canting effect is more reasonable
interpretation.



2558 Z. Durmus et al. / Journal of Alloys and Compounds 509 (2011) 2555–2561

F D patt

w

M

w
r

F
L

ig. 4. (a–c) TEM micrographs of CCIO NPs at different magnifications, inset the SAE

The RT hysteresis curve is well fitted with the log normal
eighted Langevien function [46]:
(H, D) =
∑

MiVif (di)L(xi) (1)

here Mi and Vi are magnetization and volume of ith particle,
espectively. And f(di) is log-normal size distribution function and
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ig. 5. M vs. H curves at room temperature and their log-normal size weighted
angevien fit of carnosine coated iron oxide NPs.
ern; and (d) calculated histogram from several TEM images with log-normal fitting.

L(xi) is the Langevien function. The details and calculation of the
mean diameter of NP can be found in our previous study [46]. The
fitting parameters dm = 7.9 nm, � = 0.75 and the calculated average
diameter Dm = 8.94 nm are obtained by fitting curve. Magnetic core
size obtained for iron oxide from the fitting is slightly smaller than
the size obtained from TEM and X-ray line profile fitting due to the
presence of magnetically dead layer on the nanoparticle surface.
This also confirms nearly single crystalline character of iron oxide
NPs.

3.6. Temperature and frequency dependent conductivity and
dielectric permittivity measurements

The ferrites have semiconducting characteristic in the frequency
range of 1–3 MHz. So the total measured conductivity �T con-
sists of two terms: �T = �dc(T) + �(ω) [47]. The first one is the
�dc, dc electrical conductivity L(xi) which is related to the drift
of electric charge carriers via band conduction mechanism and
is temperature-dependent by following an Arrhenius relation:
�dc = �0 + exp( − Ea/kT). The second term, �(ω), is frequency-
dependent. �(ω) is related to the dielectric relaxation caused by the
localized electric charge carriers and obeys the empirical formula
of frequency dependence given by ac power law [48]
� = B(T)wn(T) (2)

where B(T) and n(T) ≤ 1 are constants at a certain temperature.
Temperature dependency of n helps the type of conduction mech-
anism. In brief, conduction due to small polarons (SP) are usually
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ssociated with increase in n with increasing temperature, while
onduction due to correlated barrier hopping (CBH) shows a
ecrease in n with increasing temperature. Overlap large polarons
OLP) show a linearly decreasing of n with temperature reaching a
inimum then start to increase again [48].
The angular frequency dependent ac conductivity curves at dif-

erent temperatures are shown in Figs. 6 and 7 for l-carnosine and
CIO NPs, respectively. The conductivity of l-carnosine increases

280 300 320 340 360 380 400
0,0

0,2

0,4

0,6

0,8

1,0

n

T  (K)

 Carnosine
  C & Magnetite

Fig. 9. The fit parameters of n and B
2.4 2.6 2.8 3.0 3.2 3.4

1000/T (1000/K)

Fig. 8. log(�dc) vs. 1000/T for CCIO NPs.

with increasing temperature linearly independent of temperature
at higher frequencies while it is slightly temperature dependent at
low frequencies. The CCIO NPs first show frequency independent
conductivity at low frequencies which increase linearly above 4 Hz
by increasing frequency. It is also found to be temperature depen-
dent. The conductivity of CCIO is in the order of 10−4–10−8 while
that of l-carnosine is in the order of 10−7–10−12, so it can be inferred
that l-carnosine behaves as insulating interparticle interface.

The �dc values are found by extrapolation of frequency indepen-
dent part of (lower frequency regimes) curves to the zero frequency.
Fig. 8 shows the variation of �dc conductivity with respect to tem-
perature. The �dc conductivity curve has two different slopes and
so it is fitted for two different regimes according to the Arrhenius
law. The �E are found as 0.312 eV for low temperature (LT) region
and 1.26 eV for high temperature (HT) region. The results are con-
sistent with the results for l-lysine coated iron oxide NP reported as
0.22–0.43 eV [23]. Details of the effect of various parameters such
as porosity, chemical composition, particle size [49,50] and cation
distribution [51] on the conductivity of ferrites have been explained
in detail in earlier reports.

The linearly temperature dependent ac conductivity regimes
(higher frequency regime) are fitted by Eq. (1) and are shown by
solid lines to determine the conduction mechanism. The obtained
n and B values at various temperatures are shown in Fig. 9. While
slightly decrease from 0.5 till 360 K, then decrease sharply reaching
0.1 at HT. So the effective conduction mechanism is found as corre-
lated barrier hopping (CBH) which has a characteristic of decreasing
n with increasing temperature.
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for carnosine and CCIO NPs.
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Fig. 10 shows the ε′ as a function of frequency in the tempera-
ure range of 20–120 ◦C for both carnosine and CCIO NPs samples.

hile the ε′ does not change for l-carnosine with temperature and
requency, it is strongly frequency and temperature dependent for
CIO NPs. At higher frequencies the ε′ of CCIO NPs decreases by

ncreasing frequency.
Fig. 11 shows the ε′′ as a function of frequency for l-carnosine

nd CCIO NPs samples in the temperature range of 20–120 K.
hile the ε′′ slightly decrease by frequency for l-carnosine, it

ecreases sharply for CCIO NPs. ε′′ in CCIO NPs has slight tem-
erature dependence at lower frequencies but this dependency
ecomes weak at higher frequencies which can be explained by
oop’s theory, based on the Maxwell–Wagner model for the homo-
eneous double structure [52] in which the highly conducting
rains are separated by relatively poor conducting grain bound-
ries and are found to be more effective at higher frequencies,
hile the conducting grains are more effective at lower frequen-

ies [53]. The conductivity difference between grains and grain
oundaries means different resistances causing the accumulation
f charge carriers in separated boundaries and increase in dielec-
ric constants. The polarization in ferrites is through a mechanism
imilar to the conduction process by electron exchange between
e2+ and Fe3+, the local displacement of electrons in the direction
f the applied field occurs and these electrons determine the polar-
zation. At higher frequencies and LT, the polarization decreases
nd becomes slightly temperature and frequency dependent due

2+ 3+
o the electron exchange between Fe and Fe cannot follow the
lternating field. Previously, the sharp changes in dielectric con-
tant at lower frequency was attributed to the predominance of
pecies like Fe2+ ions, oxygen vacancies, grain boundary defects, etc.
54]. The decrease in dielectric constant with frequency is natural
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ig. 11. Plots of ε′′ vs. frequency of l-carnosine and CCIO NPs at various tempera-
ures.
Fig. 12. LDH activity test results for various doses of carnosine, CCIO NPs, positive
and negative controls after 24 h, 48 h and 72 h incubation time period.

because of the fact that any species contributing to polarization is
found to show lagging behind the applied field at higher and higher
frequencies [55]. The dielectric constants increase with increasing
temperature as seen in semiconductors. Thermal energy converts
the bound charges to the charge carriers, and increasing charge
carrier concentration always gives easy alignment of dipoles in
the applied ac electrical field and therefore resulting in increase
of dielectric constants.

3.7. Toxicity

l-Carnosine protects the cell against several negative effects
because of these features. LDH activity released from human
lymphocyte cells into the culture medium, which is a direct repre-
sentation of cell death, was determined and results are presented in
Fig. 12. Various concentrations of carnosine tested at three differ-
ent durations as 24 h, 48 h and 72 h did not show any cytotoxicity.
Although samples of CCIO NPs did not show any cytotoxicity after
24 and 48 h incubations, sonar analysis performed after exposure to
10 mM and 20 mM CCIO NPs for 72 h showed some cytotoxic effects.
This cytotoxic effect is very low according to the test kit used (4%).
Induction in the level of LDH were found insignificant in 10 mM and
20 mM CCIO NPs for 72 h group when compared with the control
by using ANOVA statistics test (SPSS 15 software) (p < 0.7).

4. Conclusions

We have successfully synthesized l-carnosine coated iron
oxide nanoparticles and characterized it in detail for composition,
microstructure, ac–dc conductivity performance, and dielectric
permittivity. l-carnosine is assessed to be covalently bonded to the
iron oxide nanoparticle surface. The magnetic core size of super-
paramagnetic CCIO NPs was found slightly smaller than the size
obtained from TEM, which reveals a core–shell type of structure
due to the magnetically dead layer. The reduced saturation mag-
netization of the nanocomposite was explained by spin canting.
The ac conductivity of CCIO NPs is found to be greater than that
of l-carnosine. The power law analysis of ac conductivity shows
the effective conductivity mechanism in composite is correlated
barrier hopping (CBH) based conduction. The dc activation energy

at around room temperature is found as 0.312 eV consistent with
earlier reports.

The synthesized amino acid-coated magnetic nanoparticles
might be applied to cell separation, diagnosis and targeted drug
delivery for cancer therapy. In addition, the synthetic process pre-
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