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a  b  s  t  r  a  c  t

We  report  on  the  synthesis,  inductive  heating,  and  detection  of  a multifunctional  nanosystem,  which
is  composed  of magnetite  (Fe3O4) nanoparticles  and  two  natural  compounds,  Alginate  (Alg)  and  Cur-
cumin  (Cur).  Alg  was first absorbed  onto  the  surface  of Fe3O4 nanoparticles  followed  by  loading  of
Cur  in  the  nanoconjugate.  The  presence  of  Alg  and Cur  were  confirmed  by Fourier  transform  infrared
spectroscopy,  field-emission  scanning  electron  microscopy,  and  transmission  electron  microscopy.  The
inductive  heating  capacity  of the  functionalized  Fe3O4 nanoparticles  was  investigated  under  different
alternating  magnetic  fields  at 236  kHz, indicating  that  these  nanoparticles  are a  promising  agent  for  heat
rug delivery
yperthermia
io-detection

production  in  hyperthermia  applications.  Sensitive  detection  of  the  functionalized  nanoparticles  at  var-
ious  concentrations  was  carried  out  using  a novel  magnetoimpedance-based  biosensor.  High  detection
sensitivity  was  achieved  at low  particle  concentration  with  saturated  detection  at  an  upper  limit,  as  par-
ticle concentration  exceeds  a critical  value.  Our  study  indicates  that  the magnetic  nanoconjugate  of  Fe3O4

nanoparticles  encapsulated  by Alg  and Cur  is a  promising  nanosystem  for  applications  in  drug  delivery,
tectio
hyperthermia,  and  biode

. Introduction

Magnetic nanoparticles (MNPs) have attracted special attention
n various biomedical applications, such as molecular detection,
rug delivery, hyperthermia, magnetic resonance imaging (MRI),
nd bioengineering [1–3]. The major requirements for MNPs to be
uitable for biomedicine are non-toxicity biocompatibility, mono-
ispersity, stability in colloidal media, high magnetic moment, and
reedom from remanent field [3]. Surface modification and conju-
ation with a functional biopolymer can be used to tailor MNPs
f special interest for a particular medical application. Research
as demonstrated the potential benefits of therapies that integrate
everal distinct medical applications of MNPs. For example, hyper-
hermia could be made more effective if it were accompanied by
argeted drug delivery after diagnosis [1,3]. Additionally, hyper-
hermia was shown to enhance the effectiveness of several kinds

f anti-cancer drugs [4]. These observations suggest that design-
ng a multifunctional MNP  system would significantly advance the
uture of clinical medicine.
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E-mail addresses: trangmt@ims.vast.ac.vn (T.T.T. Mai), phanm@usf.edu
M.H. Phan).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.09.033
n.
© 2013 Elsevier B.V. All rights reserved.

Among MNPs, superparamagnetic iron-oxide nanoparticles
(Fe3O4 or �-Fe2O3) have emerged as the most promising biomed-
ical candidates as they are biocompatible, non-toxic, simple
to fabricate, and remanence-free particles with high magnetic
moment [5]. They can be made chemically stable by coating with a
protective layer. Fe3O4 nanoparticles functionalized with suitable
organic species were shown to be useful in MRI  [6], drug delivery
[2], hyperthermia [7], bioassay [8], magnetic purification [9], and
other pharmaceutical applications [1,3]. Interestingly, Tran et al.
[10] have recently shown that chitosan-based Fe3O4-Cur conjugate
can be developed as a multifunctional nanosystem for applica-
tions in antibacterial and antiproliferative activities, drug delivery,
and biodetection. This study raises a new possibility of developing
a single system for multi-purpose applications of the functional-
ized MNPs. The effectiveness of MNPs could be enhanced when
functionalized by a stable and well-established drug for a partic-
ular treatment in combination with quantitative detection by a
high-sensitivity biosensing technique. It has been reported that a
combination of magnetic sensors with functionalized MNPs offers
a promising approach for a highly sensitive, simple, and quick
detection of cancer cells and biomolecules [11–13]. This biodetec-

tion technique shows several advantages over conventional optical,
electrochemical, and other methods. In light of these findings, it
is essential to investigate the capacity of a magnetic biosensor
in quantitative analysis of a potential nanoconjugate of varying
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oncentration in a biologically-friendly environment for applica-
ions in targeted drug delivery, hyperthermia, and MRI.

In this work, we report on the engineering of functional
agnetic nanoconjugates composed of superparamagnetic Fe3O4

anoparticles coated by Alginate (Alg: a polysaccharide extracted
rom brown algae) and Curcumin (Cur: a yellow compound iso-
ated from rhizome of Curcuma longa L. plant) for anti-cancer
rug delivery and hyperthermia. In addition, we demonstrate the
ossibility of detecting these functionalized nanoparticles at low
oncentrations using a novel class of magnetic biosensor based
n the giant magnetoimpedance (GMI) effect. In the nanocon-
ugate, Fe3O4 nanoparticles were used as heat media, Cur as a
rototypical chemotherapy drug to achieve a combination effect

n a system, and Alg to stabilize the system. The Cur is an
nti-oxidant, anti-inflammatory, and one of the most promising
nti-cancer drugs based on natural products, while the Alg is a natu-
al polysaccharide with numerous biomedical applications [14,15].
he Fe3O4 MNPs were also used as magnetic biomarkers to detect
ur quantitatively by using the GMI  biosensor whose working
rinciple is based on the impedance change of its sensing ele-
ent due to the fringe field of a magnetic biomarker. The GMI

iosensor was chosen because it has been shown to be superior
o other magnetic sensors [16–20]. It possesses high detection
ensitivity and operates at ambient temperature [19], unlike a
uperconducting quantum interference device (SQUID)-based sen-
or which is highly sensitive, but requires cryogenic liquids to
perate [21]. GMI  sensors are also cost-effective, power-efficient,
eliable, quick-response, and portable [22]. Our studies show that
he Alg–Cur conjugated Fe3O4 nanoparticles are a very promis-
ng multifunctional nanosystem for applications in anti-cancer
rug delivery, hyperthermia, and biomolecular detection. Since
he MNPs explored in this study (Fe3O4) are widely used as MRI
ontrast agents, the GMI-based biosensing technique can also be
sed as a new, low-cost, fast and easy pre-detection method
efore MRI.

. Experimental details

.1. Synthesis and characterization of magnetic nanoconjugates

Magnetite nanoparticles were synthesized by co-precipitation
f ferric and ferrous hydroxide in alkaline conditions as described
n Mai  et al. [23]. All of the raw materials used in the synthesis pro-
ess were purchased commercially from Merck and used without
urther purification. Distilled water was used throughout all exper-
ments, hereafter denoted as water only. The reaction equation is
iven as

Fe3+ + Fe2+ + 8OH− → Fe3O4 + 4H2O. (1)

In a typical reaction, 4 mmol  (0.65 g) of FeCl3 and 2 mmol
0.3977 g) of FeCl2·4H2O were dissolved in 50 ml  of HCl 2 M and
dded to a 250 ml  three-necked flask containing a Teflon-coated
agnetic stir bar. The mixture was vigorously stirred under N2

urge. The temperature was kept at 70 ◦C throughout the process.
s 80 ml  of 2 M NH4OH was dropped into the reaction mixture, a
recipitate formed causing the entire solution to become black and
each a pH of 9. After 30 min  of stirring, the product was washed
everal times with water until a pH of 7 was reached. The final
roduct was washed with ethanol and dried at 60 ◦C for 24 h for
haracterization, or dispersed in water for further surface function-
lization of Fe3O4, hereafter referred as Mag.
To coat with Alg, the Mag  nanoparticles were dispersed in water
ith a concentration of 3 mg/ml. Separately, 0.1 g of Alg was  added

o 10 ml  of water and stirred for 2 h until completely dissolved.
fterward, 30 ml  of the Mag  suspension was dropped slowly into
tors B 190 (2014) 715– 722

the Alg solution under ultrasonic conditions at room temperature.
The mixture of Mag  and Alg was  then magnetically stirred for 48 h.
Finally, uncoated particles were separated by centrifugation and a
magnetic fluid of 5 mg/ml  Mag  nanoparticles coated with Alg was
obtained (Mag–Alg).

Cur was incorporated in the magnetic system of Mag–Alg
nanoparticles as described by Ha et al. [24]. Firstly, 20 ml of
0.1 g/ml Mag–Alg magnetic fluid was  added to a 200 ml flask con-
taining a magnetic stir bar. In a separate container, 0.1 g of Cur
was dissolved in 15 ml  of ethanol and poured into the Mag–Alg
magnetic fluid. The mixture was stirred in a closed vessel for
48 h followed by the removal of ethanol. The obtained product
was centrifuged at 5000 rpm for 5 min  to remove unencapsu-
lated Cur. The final product (Mag–Alg–Cur) was stored at room
temperature.

To characterize the synthesized samples (Mag and Mag–Alg–Cur
MNPs), they were first dried at 60 ◦C under inert conditions.
Their structural and morphological characterization was  done
using powder X-ray diffraction (XRD), field-emission scanning elec-
tron microscopy (FE-SEM), and transmission electron microscopy
(TEM). Dynamic light scattering (DLS) was also used to determine
the particle size distribution. The coating layer of Alg and pres-
ence of Cur were confirmed using Fourier transform infrared (FTIR)
spectra. The magnetic properties of the Mag  and Mag–Alg–Cur
nanoparticles were characterized using a vibrating sample mag-
netometer (VSM).

2.2. Hyperthermia and biodetection experiments

In order to perform the hyperthermia experiment, the ferrofluid
of Mag–Alg–Cur MNPs was diluted into three different concentra-
tions. The magneto-inductive heating experiment was  performed
in the presence of an ac magnetic field of 50–70 Oe and with a fre-
quency of 236 kHz produced by a commercial generator (RDO HFI
5 kW). The temperature of the ferrofluid was recorded using a com-
mercial GaAs optical sensor (Opsens) with an accuracy of 0.3 ◦C.
Details of the inductive heating of MNPs can be found elsewhere
[23].

The sensing element of the biodetector was  based on a
commercial amorphous ribbon of composition Co65Fe4Ni2Si15B14
(Metglas® 2714A) with dimensions 16 mm × 2 mm × 0.015 mm.
This ribbon was  prepared by a rapid quenching technique, and
possesses high permeability, a vanishing coercivity, and near-zero
magnetostriction. The ribbon was treated with an ∼8% solution
of HNO3 for 24 h in order to improve detection sensitivity [25].
The Mag–Alg–Cur sample, originally prepared in a concentration of
5 mg/ml, was  diluted in water and a certain volume of each concen-
tration was drop-casted over the measurement area of the sensing
element. The impedance of the plain sensing element (PSE) and
that of the sensing element in the presence of various concentra-
tions of Mag–Alg–Cur was measured over a length of 10 mm by a
four-point measurement technique using an HP4192A impedance
analyzer with a constant current of 5 mA  and in the presence of axial
dc magnetic field ranging up to ±120 Oe. The GMI  ratio is defined
as

�Z

Z
= Z(H) − Z(Hmax)

Z(Hmax)
× 100% (2)

The sensor’s sensitivity was  defined as the change in the maxi-
mum  GMI  ratio due to the presence of the MNPs with reference to
the corresponding response of the plain probe as,
��  = [MI]max,(PSE+MNPs) − [MI]max,PSE, (3)

where [MI]max = [�Z/Z]max is the maximum value of the GMI  ratio
given in Eq. (2) at a given frequency.
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of C O in C OCH3 of phenyl ring [29], was  observed at 843 cm
in the Mag–Alg–Cur sample. The band at 1721 cm−1, attributed
to the vibration of the carbonyl bond (C O)  in Cur compound,
was observed at 1757 cm−1 in the Mag–Alg–Cur spectrum. These
ig. 1. (a) XRD spectra of Fe3O4 and Mag–Alg–Cur nanoparticles, SEM images of Fe3O
anoparticles (d).

. Results and discussion

The structural and morphological characterizations of the syn-
hesized Mag  and Mag–Alg–Cur MNPs are shown in Fig. 1. The
rystalline structures of Mag  and Mag–Alg–Cur MNPs were ana-
yzed using XRD at a wavelength of 1.54056 Å on a Siemens D5000.
s shown in Fig. 1(a) for Mag  MNPs, multiple peaks were observed
t 2� = 31, 36, 43, 53, 57, 63, and 74◦, which are indexed as those
f Fe2+Fe2

3+O4 (JCPDS card No. 82-1533). These peaks were also
bserved in magnetic fluid samples containing the functionalized
ag–Alg–Cur MNPs, indicating that there was no chemical modifi-

ation due to the encapsulation of Alg and loading of Cur. Fig. 1(b)
hows a FE-SEM image of unmodified Mag  MNPs, which are spher-
cal, with a diameter of 10–15 nm.  From a histogram analysis of the
EM image, the average size of these particles was  estimated to
e 10 ± 2.5 nm.  The FE-SEM and TEM images shown in Fig. 1 (c–d)

ndicate that the addition of Alg and Cur increased the size of the
ag  nanoparticles significantly, giving a final diameter of ∼100 nm.

he DLS spectrum showed a wide distribution of the Mag–Alg–Cur
NPs, with an average diameter of 120 ± 15 nm.  This deviation in

article size could be due to clustering of the MNPs.
In order to confirm the coating of Alg and loading of Cur on Mag

anoparticles, the FTIR spectra of Mag, Alg, Cur, and Mag–Alg–Cur
ere performed using a Shimazdu FTIR with a wavenumber range

f 400–4000 cm−1; the results are shown in Fig. 2. The peak
bserved at 586 cm−1 is the characteristic peak of Fe–O–Fe in bulk
e3O4 [26]. This peak was shifted to 574 cm−1 in the observed IR
pectrum of the Mag–Alg–Cur nanoparticles. It could be explained
y the coordination of iron in Fe3O4 and oxygen of COO− groups

n Alg [27]. For Alg, the broad bands between 2500 and 3300 cm−1
ere attributed to the stretching vibration of hydrogen bond
O H. . .H) [28]. The band at 1622 cm−1 was attributed to the
tretching vibration of carboxylate groups ( COO−). This band was
lso observed at 1626 cm−1 in the spectrum of Mag–Alg–Cur MNPs.
oparticles (b) and Mag–Alg–Cur nanoparticles (c), and a TEM image of Mag–Alg–Cur

As for Cur, a broad band at 3446 cm−1 was assigned to the stretch-
ing vibration of phenolic O H group [29], which was  observed to
be overlapped with the stretching band of the hydrogen bond in
Alg. In addition, typical peaks for stretching vibration of C C of
benzene ring and bending vibration of C H bound to the benzene
ring were observed at 1514 and 1430 cm−1, respectively [29,30]. In
the Mag–Alg–Cur spectrum, these peaks were shifted to 1503 and
1392 cm−1, respectively. The peak at 861 cm−1, the vibrational band

−1
Fig. 2. FTIR spectra for Mag, Alg, Cur, and Mag–Alg–Cur.
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Fig. 3. (a) Room-temperature M−H  curves of Mag  and Mag–Alg–Cur nanoparti-
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les; (b) temperature dependence of ZFC and FC magnetization for Mag–Alg–Cur
anoparticles. Inset shows the M−H curve at 300 K and its fit to the Langevin function

or  Mag–Alg–Cur nanoparticles.

ariations could arise from some interaction between Cur and Alg
nd Mag  and be involved in complexity of iron metal in Fe3O4
nd C O group in Cur [31]. The typical vibrational bands for these
hemicals are summarized in Table 1. These results confirmed that
ur was loaded onto the Mag  MNPs. The observation of all of the
haracteristic peaks of Mag, Alg, and Cur in the FTIR spectra of
ag–Alg–Cur MNPs confirmed the formation of a multifunctional
agnetic system.
Fig. 3(a) shows the magnetic field dependence of magnetization

or magnetic hysteresis loops, M−H) taken at room temperature
300 K) for plain Mag  and Mag–Alg–Cur MNPs. The saturation mag-
etization (MS) of the plain Mag  MNPs was determined to be
bout 60 emu/g, and reduced to about 37 emu/g (by ∼35%) for
he final Mag–Alg–Cur product. We  note that the reduction of

S due to encapsulation of Alg was only by 1–2% (not shown
ere). This implies that a significant mass of Cur was  loaded onto
lg-encapsulated Mag  MNPs, which was already confirmed by
EM and TEM images (Fig. 1). The large increase in the overall
ize of the particles due to the Cur coating could also minimize
nter-particle interactions and consequently reduce the MS of the
nal Mag-Alg–Cur product [32]. It is important to note that the

−H loops at 300 K did not show any coercivity (Fig. 3a), indi-

ating a superparamagnetic nature of the functionalized MNPs.
his result is consistent with the observation of the tempera-
ure dependence of the zero-field-cooled (ZFC) and field-cooled Ta
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ig. 4. Magneto-inductive heating experiments using Mag–Alg–Cur nanoparticles
t  different ac magnetic fields (a) and concentrations (b).

FC) magnetization (the M–T  curves) in Fig. 3(b). The M–T  curves
how that while increasing temperature, this sample undergoes a
ransition from the ferromagnetic (blocked) to superparamagnetic
tate at TB ∼ 245 K (the so-called blocking temperature, which is
ften referred as to the peak of the ZFC M–T  curve). The room-
emperature superparamagnetic property of the functionalized

NPs has been further confirmed by the best fit of the M−H data at
00 K to the Langevin function [33] (see inset of Fig. 3b). The super-
aramagnetic properties of these MNPs are desirable for a wide
ange of biomedical applications. Further, we demonstrate below
hat these MNPs are promising for hyperthermia treatment and
iodetection.

Fig. 4 shows the time dependence of the inductive heating
xperiment using Mag–Alg–Cur MNPs as the heating agent for dif-
erent alternating magnetic fields (AMFs) (Fig. 4(a)) and different
oncentrations (Fig. 4(b)). For all the AMFs and concentrations, the
emperature of Mag–Alg–Cur rose sharply, with time, up to ∼800 s
nd then increased more slowly. As observed in Fig. 4(a), for a given
oncentration of 2 mg/ml, the change in temperature increased
ith the amplitude of the AMF, from a maximum of ∼55 ◦C at 50 Oe
p to a maximum of ∼68 ◦C at 70 Oe. As the particle concentrations
ere increased and measurements were repeated while holding

he AMF  at a constant value of 65 Oe, a similar effect was  observed

s shown in Fig. 4(b). To be specific, the maximum values of ∼45, 50,
nd 55 ◦C were observed respectively for 0.6, 1.0, and 1.4 mg/ml  of
he Mag–Alg–Cur nanoconjugate. These observations show that the

ag–Alg–Cur nanoconjugate is a promising agent for applications
Fig. 5. Frequency and field dependences of GMI ratio (3D) for the plain ribbon and
the  ribbon with 15 �l of 1 �g/ml Mag–Alg–Cur nanoparticles.

in hyperthermia. We  note here that while similar heating curves
were observed for both types of Mag- and Mag–Alg–Cur containing
ferrofluids, the initial temperature increase and saturated heating
temperature of Mag  were higher than those of Mag–Alg–Cur, due to
the higher concentration of magnetic particles in the former sample
than in the latter one.

Finally, to testify to the possibility of using these functional-
ized MNPs for molecular detection at room temperature, when
combined with the novel GMI  biosensor, we  measured the fre-
quency and magnetic field dependences of GMI  ratio (�Z/Z)
for the plain sensing element (PSE) and the PSE with 15 �l of
1 �g/ml Mag–Alg–Cur MNPs. The results obtained are shown in
Fig. 5. As expected, the GMI  profiles for the PSE (Fig. 5(a)) and
PSE + Mag–Alg–Cur (Fig. 5(b)) were observed to possess similar
features. For both samples, the GMI  ratio increased sharply with
frequency, reached a peak value at ∼2 MHz, and then decreased
slowly for higher frequencies. The frequency dependence of the
GMI  profile can be explained by considering the dependence of
the impedance on transverse permeability via the skin effect, as
detailed in previous works [16,19].
From a biosensing perspective, it is worth noting that the
[�Z/Z]max of PSE + Mag–Alg–Cur (Fig. 5(a)) was higher than that of
PSE alone (Fig. 5(b)). We  recall that an amorphous ribbon used as a
sensing element in GMI  biosensors may  be subject to biochemical
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Fig. 6. Frequency dependence of [�Z/Z]max for the plain ribbon and the ribbon with
Mag–Alg–Cur nanoparticles. Inset shows the difference between their peak values
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Fig. 7. Magnetic field dependence of GMI  ratio for various concentrations of

non-functionalized Fe3O4 nanoparticles [19]. The increase in GMI
t  various frequencies.

orrosion when a solution is drop-casted on the surface of the rib-
on [34]. Therefore, it is necessary to examine the GMI  signal of PSE
efore and after drop-casting a solution containing MNPs, as well
s after completely removing the MNP-containing solution from
he ribbon surface. In the present study, since the functionalized

NPs were dispersed in water, we carefully checked GMI  signal of
SE without water, with water, with water containing MNPs, and
fter removing the MNP-containing water solution. The GMI  signals
ere recorded to be almost identical for the cases of PSE without
ater, with water, and after removing the MNP-containing water,

ndicating a negligible corrosion effect of water on the presently
sed ribbon. This is in good agreement with a previous study by
urlyandskaya et al. [34] that showed the negligible corrosion
ffect of water on a Co-based ribbon. For clarification, in this paper
e only report on the comparison of the GMI  signals of the two

ases: plain ribbon without water (e.g. PSE) and the PSE with water
ontaining the functionalized MNPs (e.g. PSE + Mag–Alg–Cur).

For a quantitative determination of the increase in [�Z/Z]max

ue to the presence of the Mag–Alg–Cur, the frequency dependence
f the [�Z/Z]max for PSE and PSE + Mag–Alg–Cur was studied, the
esults of which are shown in Fig. 6. For both samples, the [�Z/Z]max

as observed to possess peaks at f ∼ 2 MHz. Relative to PSE, the
igher values of [�Z/Z]max due to the presence of the MNPs were

ound over the whole frequency range. The inset of Fig. 6 shows the
alculated difference in the [�Z/Z]max for these two  cases based
n Eq. (2) over the whole frequency range. A maximum increase
f [�Z/Z]max, with ��max ∼6.5% was obtained at f ∼ 2 MHz, where
heir peaks were observed. The above results suggest that these
unctionalized MNPs can be detected by a GMI  biosensor over a
ide range of frequencies, with the highest detection sensitivity

chieved at f ∼ 2 MHz. This demonstrates the detection flexibil-
ty of the GMI  biosensor in detecting different biomarkers to be
sed in hyperthermia experiments at various frequencies. This
hange in the GMI  ratio due to the presence of the functionalized
ag–Alg–Cur MNPs can be explained by the effect of their fringe

elds on the superposition of the applied axial dc magnetic field and
he induced transverse ac field (due to an ac current flowing along
he axis of the ribbon) [16]. Especially at sufficiently high frequen-
ies, the skin effect of the ribbon is very strong, rendering surface
ighly sensitive to its electrical and magnetic environment. There-

ore, the presence of even a low concentration of MNPs alters the

mpedance of the ribbon to a great extent, which ultimately leads
o a sensitive detection of biomolecules attached to a magnetic
iomarker [16,19].
Mag–Alg–Cur nanoparticles (a); the low-field enlarged graph (b), and concentra-
tion dependence of detection sensitivity of the ribbon-based GMI  sensor in detecting
Mag–Alg–Cur nanoparticles (c).

Fig. 7(a) shows the field dependence of the GMI  ratio for var-
ious concentrations of Mag–Alg–Cur at f = 1.5 MHz. Fig. 7(b) is its
enlarged view in a narrow field range. We  selected a frequency
of 1.5 MHz  for this experiment because the difference in the GMI
responses of PSE with and without Mag–Alg–Cur was largest at
this frequency. As observed in enlarged Fig. 7(b), the change in
the GMI  ratio for water as compared to the PSE was  negligi-
ble while it increased significantly with concentrations of the
Mag–Alg–Cur nanoconjugate. The concentration dependence of the
GMI  ratio in a wide range is better illustrated in Fig. 7(c), where
�� of [�Z/Z]max for different concentrations of Mag–Alg–Cur was
obtained according to Eq. (3). This difference �� defines the
sensitivity of the sensing element in detecting particular concen-
tration of the Mag–Alg–Cur nanoconjugate. It is clear from Fig. 7(c)
that the ��  increased from zero for PSE, up to about 7% for
200 ng/ml of Mag–Alg–Cur, and remained almost constant beyond
this concentration. We  have recently reported a similar trend with
ratio with concentration of biomarkers and existence of an upper
critical concentration have also been reported by Chiriac et al. [35]
and Martin et al.  [36]. However, Wang et al.  [20] have observed a
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ecrease in the GMI  ratio of the sensing element due to the pres-
nce of MNPs. This difference likely arises from the difference in
he superposition effect of the fringe field of MNPs, the induced
ransverse ac field, and the dc external field. In the former case,
he presence of the fringe field of MNPs could compensate the
ecrease in the GMI  ratio caused by stray fields due to the sur-
ace roughness of the sensing element, thus enhancing the effective

agnetic permeability and the GMI  ratio [19,25]. In the latter case,
owever, for sensing elements with a smooth surface like a thin
lm, the presence of the fringe field of MNPs could cause magnetic

nhomogeneity, thus reducing the effective magnetic permeabil-
ty and the GMI  ratio [20]. In both cases, the change in GMI  (its
bsolute value) with the presence of MNPs was  exploited for the
iodetection purpose.

It  has been noted that the detection sensitivity of a mag-
etic biosensor is considerably reduced upon increasing distance
etween the sensing element and MNPs [12,13]. Functionalizing
he surface of MNPs with biopolymer layers increases significantly
he effective diameter of the particles and hence the distance
etween the sensing element and the MNPs. As a result, a sig-
ificant decrease in the detection sensitivity of the biosensor is
ften observed when detecting functionalized MNPs, with refer-
nce to non-functionalized MNPs [13]. However, as compared to
he detection described by us in Ref. [19] for the non-functionalized
e3O4 nanoparticles (�� ∼ 2%), we have achieved a higher detec-
ion capacity (∼3 times) for the functionalized Fe3O4 nanoparticles
Fe3O4 nanoparticles coated with Alg and Cur) in the present study
�� ∼ 7%). This is not very surprising given that unlike the case [19],
he ribbon was treated with HNO3 in the present case, in order to
reate nanoholes on the surface of the ribbon. As demonstrated in
ur previous study [25], the presence of these nanoholes enhanced
agnetic interactions between the magnetic signal near the surface

f the ribbon and the fringe field of MNPs located on the surface,
hich, in effect, increased the overall detection capacity of the

iosensor to the MNPs. These results indicate that the biosensing
echnique that we have advanced is well suited for highly sensitive
etection of functionalized MNPs for a wide range of applications

n biomedicine.

. Conclusions

Multifunctional nanoconjugates of magnetite nanoparticles
oated with Alginate and Curcumin were successfully synthesized,
haracterized, and tested for drug delivery and hyperthermia heat-
ng. The nanoconjugates were detected by using a high sensitivity
MI  biosensor at room temperature. The detection of nanoconju-
ates was found to be sensitive in a low concentration range and
ad an upper limit for high concentrations. Our study is of practical

mportance in designing a multifunctional magnetic nanoparti-
le system for multiple applications in biomedicine, with special
mphasis on quantitative drug delivery and hyperthermia.
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