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Abstract: The Fe3O4 magnetic nanoparticles (MNPs) coated by citrate and dextran prepared by the 
co-precipitation method was described. Influence induced by the mass variation of coating dextran 
was investigated. Magneto-optical birefringence of biocompatible dextran-citrate (DC) coated 
ferrofluids (FFs) was obtained by the Stokes polarimeter. Next, uniform design method was used to 
find the DC coated FF with high retardance and low dichroism. Retardance of the optimized A9 
sample with 1 g/ml was measured as 56.7898° (dichroism was 0.3716) under 64.5 mT. Further, 
magnetic heating effect in alternating magnetic field was investigated. When the concentrations of 
A9 were of 2 mg/ml and 50 mg/ml, under the external alternating magnetic field with applied 
apparent current of 210 A, after heating 5 s the temperature of the DC coated FFs was greater than  
47 °C, respectively, reached the requirements for the magnetic inductive heating treatment of cancer 
tumor. The potential of DC coated FFs in hyperthermia was highly evaluated. 
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1. Introduction 

A large variety of biocompatible magnetic nanoparticles (MNPs) have established useful 
applications in biomedical fields, such as hyperthermia, magnetic resonance imaging (MRI), and 
drug delivery inside the body [1]. Among the various methods for producing MNPs, the chemical co-
precipitation method is frequently used because of its advantages as low cost, simple equipment, 
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usual raw materials, easy control of the size of the nanoparticles (NPs), and precise control of 
property and chemical composition of the product. 

Due to the high ratio of surface to volume and magnetization, Fe3O4 MNPs are prone to 
aggregate in water or tissue fluid which limits the application [2]. To avoid agglomeration of MNPs 
due to attractive van der Waals forces, the particles need to be coated with different complex agents 
that provide enhanced stability due to steric hindrance or combined electrostatic and steric 
stabilization. Small molecules such as citrate (citric acid, CA), is one of the mostly used coating 
agents [3–8]. Also, the CA coated ferrofluids (FFs) have been used as feasible thermoseeds in 
hyperthermia application [3,4] and as a contrast agent in MRI application [5,6]. Effects of synthesis 
conditions on the properties of CA coated iron oxide NPs were investigated [7,8].  

For biocompatible FFs, it was known that the static magnetic birefringence signal includes 
agglomerates and the particle size polydispersity, the magnetic susceptibility and the relative 
frequencies of monomer and higher magnetic structures were obtained [4,9]. Via the use of 
experimental orthogonal design method and the magneto-optical measurements executed by a Stokes 
polarimeter, the CA coated FF with high saturation magnetism, high retardance, and low dichroism 
was obtained [8]. Further, in hyperthermia, one seeks to achieve the highest magnetic response due to 
an applied modulation field, which in turn depends upon the magnetic susceptibility and magnetic 
moment of the existing magnetic structure [4,9]. Hence it is noteworthy to investigate the magnetic 
retardance (birefringence) prior to test the heating performance of FF [3,4].  

In addition, in order to increase the water dispersibility and the biologic stability in MNPs, MNP 
coating with polymers such as PEG (polyethylene glycol) [10], dextran [11], albumin, gelatin, 
chitosan, PVA (polyvinyl alcohol), PLGA (poly lactic-co-glycolic acid) were studied [12]. Among 
these polymers, dextran, chitosan, and gelatin belong to the natural polymers. Dextran as natural 
polysaccharide, which is widely used in the pharmaceutical field, has attracted much attention. 
Dextran is water soluble, inert in biological systems and does not influence cell viability [13]. The 
preparation of oleyl stabilized MNPs which further chemically modified with CA and subsequently 
with different polymers including PEG were reported [10].  In the investigation [12], the CA 
chemically capped MNPs with desirable size, morphology and magnetic properties were synthesized 
and characterized before the conjugation of PEG. The synthesis of dextran coated MNPs were 
discussed [14,15,16], and the heating effect (single-domain magnetite particles under high frequency) 
of dextran-sodium oleate stabilized FFs was studied [16]. 

Hyperthermia is an important application, which can increase the temperature of tumors to 
41~46 °C and therefore kill tumor cells. This method involves the introduction of ferromagnetic or 
superparamagnetic particles into the tumor tissue and then irradiation with an AC (magnetic field that 
varies sinusoidally) magnetic field. The transformation efficiency of the energy strongly depends on 
the frequency and amplitude of the external field as well as the nature of the particles such as 
magnetism, surface modification, and concentration of FFs [17]. 

Owing to the stabilized biocompatible CA coated FF was successfully produced with have high 
retardance and magnetization in our previous study [8]. Also, heating effect induced by the 
concentration of FFs and the magnetic field intensity on the CA coated FF with the second high 
retardance was discussed [4]. Moreover, in most of the work carried out in hyperthermia and MRI 
fields, magnetite or maghemite particles were used, and these particle surfaces were functionalized 
by biocompatible molecules of citrate [1,3–8,12] and dextran separately [2,11,13–16]. Therefore, the 
aim of the present paper is to develop the dextran-citrate (DC) coated FFs, and to investigate not only 
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magnetic retardance but also heating performance of the DC coated FFs in hyperthermia application. 

2. Materials and Method 

2.1. Materials 

Ferric chloride (FeCl3), ferrous sulfate (FeSO47H2O), aqueous ammonia (NH4OH), and ethyl 
alcohol were all analytic grade. Citric acid (C6H8O7, Showa, 99.5%) and deionized water were 
industrial grade. Dextran (from Leuconostoc spp, Fluka, MR~40000) and dialysis film (molecular 
weight cut off, MWCO of 40000) were used in this study.  

2.2. Synthesis of Dextran-Citrate Coated MNPs 

To synthesize Fe3O4 MNPs, in a typical experiment, a solution with 25 ml FeCl3 (1.75 mol/L) 
and 25 ml FeSO47H2O (1 mol/L), respectively, mixed with a molar ratio of 1.75:1 (around ideal 
ratio of 2:1) was prepared in a three-necked flask without N2 protection, and was ultrasonically 
vibrated for 30 min. In a room temperature of 20 °C, 20 ml ammonia aqueous solution (mass ratio of 
25%) was then charged into the mixed solution at a rate of 0.15 ml/sec with vigorously mechanical 
stirring of 1000 rpm and ultrasonic vibration, until the pH value of the solution reached 9. Thereafter, 
the temperature was raised to 70 °C and the solution was kept on stirring for additional 30 min. The 
resulted black mixture was collected and washed three times with deionized water and ethyl alcohol, 
respectively, and until the pH value of mixture was around 7. After magnetic separation, washing, 
and decanting, the colloidal suspensions of Fe3O4 MNPs were obtained. 

Further, in a typical experiment for coating CA onto the Fe3O4 MNPs, 100 ml deionized water 
was added to the suspension of 6 g Fe3O4 MNPs, and mechanical stirring of 900 rpm and ultrasonic 
vibration were done for 30 min. Then, mechanical stirring of 900 rpm was still on, and the 
hydrochloric acid was used to adjust the pH value of the solution to be 5 before coating. While 
mechanical stirring of 400 rpm was still on and the temperature was raised to 80 °C, the CA solution 
of 15 g/L (0.3 g CA dissolved in 20 ml deionized water) was dropped into the solution at a rate of  
2 ml/min. After the titration of CA solution was over, the reaction was done for a further 30 min. 
Then the resulted black mixture was collected and washed with deionized water until the pH value 
was around 7 (the pH value of suspension after surface coating). Finally the ultrasonic vibration was 
done on the CA coated MNPs contained in deionized water for 15 min, and the stabilized CA coated 
Fe3O4 FFs were obtained [8]. 

Moreover, in a typical experiment for coating dextran onto the CA coated Fe3O4 MNPs, 100 ml 
deionized water was added to the suspension of 4 g CA coated MNPs, and mechanical stirring of 900 
rpm and ultrasonic vibration were done for 30 min. Then, mechanical stirring of 900 rpm was still on, 
and the hydrochloric acid was used to adjust the pH value of the solution to be 5 before coating. 
While mechanical stirring of 400 rpm was still on and the temperature was raised to 80 °C, the 
dextran solution of 30 g/L (0.6 g dextran dissolved in 20 ml deionized water) was dropped into the 
solution at a rate of 2 ml/min. After the titration of dextran solution was over, the reaction was done 
for a further 30 min. Then the resulted black mixture was collected and washed with deionized water 
until the pH value was around 7. Finally the ultrasonic vibration was done on the DC coated MNPs 
contained in deionized water for 10 min. After the  ultrasonic vibration, double centrifugations of 
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3000 rpm followed by 6000 rpm, respectively, for 20 min and 15 min were adopted. Then the 
dialysis liquid of 100 ml was used for 1 day and the stabilized DC coated Fe3O4 FFs were obtained. 

3. Results and Discussion 

3.1. Measurement of Retardance and Dichroism in the DC Coated FFs 

Considering the effects induced by the mass variation of surfactant as dextran, we adopted 4 g 
CA coated Fe3O4 MNPs and varied the amount of dextran from 0.5 g to 0.7 g in increments of 0.05 g. 
After producing these DC coated FFs, we used the previously developed Stokes polarimeter for 
measuring the magneto-optical properties including magnetic-induced retardance and dichroism in 
FFs [18]. The accuracy of retardance and dichroism measurements was influenced by the reliability 
and accuracy of Stokes vector measured by a Stokes polarimeter and the function of derived 
algorithm [18]. The DC coated FF samples (the mass amount of dextran as 0.5 g, 0.55 g, 0.6 g,  
0.65 g, and 0.7 g) of 1 g/mL were injected in to a liquid cell with a thickness of 12.5 μm and were 
then introduced into the measurement system. Figures 1 and 2 presented the results obtained for the 
retardance and dichroism of the DC coated FF samples under external magnetic field (0 to 1 A in 
increments of 0.1 A, i.e., from 0 T to 64.5 mT). The propagation direction of the light was normal to 
the applied transverse magnetic field. Magnetic field was generated by a magnetic generator (U-
shaped core, GMBH, Germany). 

 

Figure 1. Experimental results of retardance in the DC coated FF samples. 

From inspection, as shown in Figure 1, the experimental result showed the magnitude of 
retardance increased with the increasing magnetic fields for the DC coated FF with 0.6 g dextran. 
Retardance was measured as 57.82° under magnetic field of 64.5 mT (with calibration of empty cell), 
which was higher than that of 37.81° for a water-based EMG 304 with a volume concentration of  
4.1% [19]. In addition, the retardance of the DC coated FFs with 0.65 g dextran and 0.7 g dextran, 
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respectively, varied more abruptly than those of the DC coated FFs with 0.5 g dextran and 0.55 g 
dextran. It might happen from the excess dextran and the agglomerations could occur. And the DC 
coated FFs with 0.65 g dextran and 0.7 g dextran might have low dispersibility and of high saturation 
magnetization (70.46 emu/g and 71.72 emu/g, respectively). Hence there are peaks (maximum) 
retardances corresponding to the DC coated FFs with 0.65 g dextran and 0.7 g dextran, which were 
observed in the Figure 1. Further, the dispersibilty (colloidal stability) could be certificated by the 
variation in the absorbance obtained by the UV spectrum or the DLS test. The formation of 
magnetic-chain arrangement for these DC coated FFs could be observed under high-power 
microscope. The magnetic-field-induced retardance (magneto-optical response) for the DC coated 
FFs was significantly influenced by high particle dispersibility and high enough saturation 
magnetization. 

 

Figure 2. Experimental results of dichroism in the DC coated FF samples. 

From inspection, as shown in Figure 2, the magnitude of dichroism increased with the 
increasing magnetic fields in the initial value and kept non-varied for the DC coated FF sample with 
0.6 g dextran. And it was shown that the DC coated FF sample with 0.6 g dextran resulted in 
absorption (with a value of 0.408 under 64.5 mT) and was much smaller than that of 0.705 for EMG 
304 [19]. It was noted that we could not exactly know what the surfactant is in a commercial EMG 
304. Further, it was known that the small size, high dispersion, and high saturated magnetization 
(magnetic response) may dominate the magnetic-field induced birefringence behavior of FFs [18]. 
Hence, the water-based DC coated FF with high retardance may be suitable to be used in 
hyperthermia, i.e., the magnetic inductive heating of FFs [4]. 

Moreover, it was noted that the measured dichroism for these DC coated FFs were calculated by 
an equation, which was a function of principal axis angle and retardance [18]. The measured 
principal axis angle for the DC coated FF with 0.6 g dextran was of 21.46° with a standard deviation 
of 0.11° (it is suggested that the distribution of principal axis angle in 11 measurement times was 
most uniform among these five FFs samples). The measured principal axis angle for the DC coated 
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FFs with 0.65 g dextran and 0.7 g dextran was of 23.17° and 23.47° with a standard deviation of 0.57° 
and 0.63° (large abrupt variation), respectively. Therefore the high peak dichroism in the DC coated 
FF with 0.65 g dextran might arise. It was noted that results of the measured principal axis angle for 
these DC coated FFs were not shown in the paper. Indeed, variations of the measured principal axis 
angle and retardance could have a significant influence on the measured dichroism. And the 
measured dichroism value and the corresponding variation with magnetic field could be different 
according to the applied algorithms of various precisions. 

Figure 3 showed the Fourier transform infrared (FTIR) spectra of the CA coated Fe3O4 and the 
DC coated Fe3O4 with 0.6 g dextran. In Figure 3A, the characteristic peak corresponding to the 
stretching vibration of Fe–O bond was also shifted to lower wavenumbers of 565.05 cm−1 compared 
to that of 576 cm−1 of nano Fe3O4 [2,13]. We could say that the citric acid bound to the magnetite 
surface by carboxylate [2]. Also, the absorption peak at about 3168.5 cm−1 could be ascribed to 
hydroxyls; this showed the surface of iron oxide particles had large numbers of hydroxyls [2,13]. 
Further, The peaks at 1618.01 cm−1 and 1400.1 cm−1 corresponding to the asymmetric and symmetric 
stretching of carboxyl group confirmed the presence of citrate in the CA coated FF [6]. 

 

Figure 3. FTIR spectra of the CA coated Fe3O4 and the DC coated Fe3O4 with 0.6 g dextran. 

It is known that the widely used functional groups in polysaccharides available for chemical 
modification include hydroxyl, amino, aldehyde, and carboxylic acid groups. The hydroxyl group is 
useful to react with compounds bearing anhydrides, carboxylic acids, or epoxides. Chemical 
modification is usually performed with the primary hydroxyl group at C6 of the sugar (e.g., dextran, 
chitosan, and hyaluronic acid) due to the higher reactivity of this position relative to secondary or 
tertiary moieties. The carboxylic acid and amino groups are frequently reacted by forming the amide 
bond via carbodiimide-mediated reactions [6,20]. 

Following the procedure described in section 2.2 for double coating dextran on the anionic CA 
coated MNPs [12]; the carboxylic functional group of citric acid is converted to covalent bond of 
ester. Polymer or molecules (such as citrate) containing carboxylic acid groups can be used to 
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generate a negative charge [21]. It was said that the CA coated suspension with pH = 5 has high 
dispersibility (pH-dependent colloidal stability) maybe resulted from the high Zeta potentials 
(surface property) existing on the surface of CA coated MNPs, providing large electrostatic 
repulsions and steric repulsions between MNPs [8].  

Further, generation of positive charges on polymer coated iron oxide NPs generally comes from 
polymers or molecules containing amine groups (primary, secondary or tertiary) [21]. It is said that 
the molecules employed for assembly should have a sufficient number of charged groups to provide 
stable adsorption on an oppositely charged surface and non-compensated charges exposed to the 
exterior [22]. So there is an optimum molar ratio (weight ratio) between CA and dextran to let the 
double-layer coated FFs give a good stability through electrostatic or steric repulsion. Also, it is 
known that the vibration bands for the dextran was found to be rather broad, as expected due to 
strong intra- and intermolecular hydrogen bonding [1]. For dextran, the vibration bands for the C–O 
bond ranging from 1040 cm−1 to 1150 cm−1 and C–H bond ranging from 1250 cm−1 to  
1460 cm−1 [23]. It was found that the peaks at 1043.3 cm−1 and 1400.1 cm−1 weakened in the curve 
of Figure 3B. The carboxylic functional group of CA was converted to ester linkage characterized by 
shifting stretching band from 1618.01 cm−1 to a higher frequency (1637.3 cm−1) in FTIR  
spectrum [12]. Hence, results of Figure 3B (there existed corresponding lower peaks) showed that 
dextran was successfully coated on the surface of CA MNPs through van der Walls force, hydrogen 
bond and electrostatic interactions [2]. 

Moreover, dynamic light scattering (DLS) tests of the CA coated Fe3O4 MNPs and the DC 
coated Fe3O4 MNPs synthesized under 0.6 g dextran were shown in Figure 4. In Figure 4(a), it was 
found that in the case of the CA coated Fe3O4, the number distribution was 76.9% (range from 60 nm 
to 100 nm) and the polydispersity index (PDI) for the hydrodynamic diameters of the CA coated 
MNPs was determined as 0.216, while in the case of the DC coated Fe3O4 MNPs synthesized under 
0.6 g dextran as shown in Figure 4(b),  the number distribution was 84.5% (range from 60 nm to  
100 nm) and the PDI for the hydrodynamic diameters of the DC coated MNPs was determined as 
low as 0.153. 

 

(a)            (b) 

Figure 4. DLS tests (a) of the CA coated Fe3O4 and of (b) the DC coated Fe3O4 MNPs 
synthesized under 0.6 g dextran. 
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Further, via SQUID (superconducting quantum interference device, Quantum Design, MPMS-
XL7, USA) measurements at room temperature and magnetic field intensity between −20000 Oe and 
+20000 Oe, saturation magnetizations of the Fe3O4 powder and the CA coated Fe3O4 powder were 
53.2 emu/g and 49.19 emu/g, respectively, as shown in Figure 5. Also, the saturation magnetizations 
of the DC coated Fe3O4 powders with dextran amounts of 0.55 g, 0.6 g, and 0.65 g were obtained as 
40.06 emu/g, 60.07 emu/g, and 70.46 emu/g, respectively. 

 

Figure 5. Magnetization curves of the DC/CA coated Fe3O4 MNPs and the pure Fe3O4 MNPs. 

Saturation magnetization of the DC coated Fe3O4 MNPs with 0.6 g dextran is 60.07 emu/g, 
which was much higher than those of 49.19 emu/g of the CA coated Fe3O4 powder and 53.2 emu/g of 
the pure Fe3O4 MNPs. The lower value of magnetization after CA coating was due to the coating of 
the non-magnetic surfactant layer. In addition, saturation magnetization of the DC coated Fe3O4 
MNPs with 0.6 g dextran was higher than those of 58.6 emu/g, 54.8  emu/g, 48.1 emu/g, and  
38.7 emu/g of dextran coated MMPs at different weight ratio of dextran to magnetite [1]. In addition, 
low coercivity (Hc) as 2.97 Oe and remanent magnetization (Mr) as 1.002 emu/g were obtained in 
the DC coated Fe3O4 MNPs with 0.6 g dextran. Hence the DC coated Fe3O4 MNPs with 0.6 g 
dextran was highly superparamagnetic. 

3.2. Optimization of DC Coated FFs for High Retardance and Low Dichroism Using Uniform 
Design 

Uniform design method (UD) is based on uniform distribution in number theory. It makes 
experiment points uniformly scattered in the range of experiment parameters for getting more 
information by less experiment [24]. Similar to Taguchi orthogonal design method (OD), UD defines 
experiment points by some specially designed UD tables, the details of which can refer to [25,26]. It 
is known that OD is often used to design and organize the foregoing experiments effectively. Taguchi 
method is straightforward and easy to apply to many engineering situations, making it a powerful yet 
simple tool. The optimal synthesis condition of CA coated Fe3O4 FF with high retardance was 
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determined by the OD-L9(3
4) successfully [8]. 

Instead, the optimal synthesis condition of the DC coated Fe3O4 FF with high retardance and 
low dichroism was determined by the uniform design method. To explore optimal experimental 
conditions in multi-factors and multi-levels experiment using uniform experimental design, the 
factor–level table of uniform design-U9(9

4) was shown in Table 1 [27,28]. 

Table 1. The factor–level table of uniform design-U9(9
4). 

Parameter 
Level 

1 2 3 4 5 6 7 8 9 

Fe3O4 (g/ml) 6/80 6/80 6/90 6/90 6/100 6/100 6/110 6/110 6/120

Temp. (℃) 45 50 55 60 65 70 75 80 85 

CA (g) 0.24 0.24 0.24 0.3 0.3 0.3 0.36 0.36 0.36 

Dextran (g) 0.55 0.55 0.55 0.6 0.6 0.6 0.65 0.65 0.65 

From the investigation of retardance results in the DC coated FFs, as shown in Figure 6, hence 
the experimental conditions for the A9 sample with high retardance of 56.7898° under 64.5 mT were 
determined as follows: concentration of Fe3O4 was 6 g/120 ml, coating temperature was 85 ℃, 0.36 g 
CA (dissolved in 20 ml) and 0.65 g dextran (dissolved in 20 ml). Moreover, from the investigation of 
dichroism results, as shown in Figure 7, the dichroism value for the A9 sample was 0.3716 with the 
least standard value of 0.0319 among the nine samples. Results of retardance under 64.5 mT and 
average dichroism value were shown in Table 2 and Table 3, respectively. 

 

Figure 6. Experimental results of retardance in DC coated FF samples using uniform design method. 
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Figure 7. Experimental results of dichroism in DC coated FF samples using uniform design method. 

Table 2. Uniform design and test results of retardance. 

Test No. 
Level of parameter 

Fe3O4 (g/ml) Temp. (℃)  CA (g)  Dextran (g)  Retardance (deg) 

1  1(6/80)  2(50)  4(0.30)  7(0.65)  27.8628 

2  2(6/80)  4(60)  8(0.36)  5(0.60)  13.5872 

3  3(6/90)  6(70)  3(0.24)  3(0.55)  12.2155 

4  4(6/90)  8(80)  7(0.36)  1(0.55)  31.8867 

5  5(6/100)  1(45)  2(0.24)  8(0.65)  7.1405 

6  6(6/100)  3(55)  6(0.30)  6(0.60)  26.5201 

7  7(6/110)  5(65)  1(0.24)  4(0.60)  30.3393 

8  8(6/110)  7(75)  5(0.30)  2(0.55)  20.0765 

9  9(6/120)  9(85)  9(0.36)  9(0.65)  56.7898 

According to the TEM result of the A9 sample (the DC coated Fe3O4 MNPs synthesized under 
the CA coated Fe3O4 MNPs), as shown in Figure 8 in 50 nm scales, the sizes of the nearly spherical 
DC coated Fe3O4 MNPs were close to 15 nm. Figure 9 showed the XRD patterns of the A9 sample, it 
was found that all the different peaks at 2θ = 30.1°, 35.4°, 43.1°, 53.4°, 56.9°, and 62.6° could be 
well indexed to the inverse cubic spinel structure of Fe3O4 [29]. The characteristic peaks of Fe3O4 did 
not disappear. The average crystallite sizes of the A9 sample and CA coated Fe3O4 MNPs (for the 
second peak) were about 12.50 nm and 18.75 nm, respectively. The characteristic peaks of Fe3O4 did 
not disappear for these two samples, demonstrating that the crystal structure of MNPs does not 
change after surface modification of citric acid [8] and dextran [13,30]. The average crystallite size 
of the A9 sample for the second peak was about 12.50 nm, which agreed with the magnetic core 
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particle size viewed under the TEM. 

Table 3. Uniform design and test results of dichroism. 

Test No. 
Level of parameter 

Fe3O4 (g/ml)  Temp. (℃)  CA (g)  Dextran (g)  Dichroism (average)

1  1(6/80)  2(50)  4(0.30)  7(0.65)  0.8267 

2  2(6/80)  4(60)  8(0.36)  5(0.60)  0.3378 

3  3(6/90)  6(70)  3(0.24)  3(0.55)  0.3698 

4  4(6/90)  8(80)  7(0.36)  1(0.55)  0.4111 

5  5(6/100)  1(45)  2(0.24)  8(0.65)  0.0738 

6  6(6/100)  3(55)  6(0.30)  6(0.60)  0.3050 

7  7(6/110)  5(65)  1(0.24)  4(0.60)  0.4697 

8  8(6/110)  7(75)  5(0.30)  2(0.55)  0.4986 

9  9(6/120)  9(85)  9(0.36)  9(0.65)  0.3716 

 

Figure 8. TEM morphology of the A9 sample (the DC coated Fe3O4 MNPs synthesized 
under the CA coated Fe3O4 MNPs). 

Further, via SQUID measurements at room temperature and magnetic field intensity between 
−20000 Oe and +20000 Oe, saturation magnetizations of the DC coated Fe3O4 powder for the A9 
sample and the corresponding CA coated Fe3O4 powder were 57.42 emu/g and 64.72 emu/g, 
respectively, as shown in Figure 10(a). The ratio of saturation magnetization of the CA coated sample 
to that of the bulk magnetite (92 emu/g) was 70.4%. Low coercivity (Hc) as 11.63 Oe and remanent 
magnetization (Mr) as 0.95 emu/g were obtained in the CA coated sample. 

Moreover, if we zoom in the magnetization curve that is close to the zero, as shown in  
Figure 10(b), low coercivity (Hc) as 10.90 Oe and remanent magnetization (Mr) as 1.278 emu/g were 
obtained in the A9 sample. Therefore the A9 sample could be said to have excellent 
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superparamagnetization  for the remanent magnetization close to zero and low coercivity. Accordingly, 
high linear birefringence and low dichroism of the A9 sample were evidenced by the narrow particle 
distribution, high dispersibility, and high saturation magnetization [31]. 

 

Figure 9. XRD patterns of the A9 sample (the DC coated Fe3O4 MNPs) and the CA 
coated Fe3O4 MNPs. 

   
(a)            (b) 

Figure 10. Magnetization curves (a) of the DC coated Fe3O4 MNPs as the A9 sample and 
the CA coated Fe3O4 MNPs. The coercivity (Hc) and remanent magnetization (Mr) of  
A9 (b). 

3.3. Heating effect of the DC coated Fe3O4 FFs 

FF can be used for the magnetic inductive heating treatment of tumor, and one of the crucial 
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factors is that the temperature used for cancer therapy should reach 44~47 ℃. In this section, the A9 
samples with different concentrations were prepared. Super-high frequency inductive heating 
equipment (power-rise highfrequency machine Co. Ltd., Taiwan) with whole power output of 7 kW 
was used in this heating treatment of FFs [17]. The frequency applied in the present work was  
45 kHz. The digital thermometer with a resolution of 0.01 ℃ was used for temperature measurement. 
The volume of FF was 2 ml, and temperature probe was placed in the center and middle (height as 
the place of 1 ml) of the volumetric cylinder. For the comparisons with the previous study in [17], it 
is noted that the heating effects due to the FF concentration and the magnetic field intensity were 
shown and discussed, respectively. 

Firstly, the heating effect due to the influence of the FF concentration was investigated. From 
Figure 11, we could see that the temperature of DC coated FFs (the A9 sample) with different 
concentrations of 2 mg/ml and 50 mg/ml in an alternating electrical current of 210 A (AC field 
amplitude in the 0.087 kA/m or 0.11 mT), rose sharply in 10 s. The temperature of 2 mg/ml sample 
rose to 52.71 ℃ from 33.30 ℃ in 5 s (the temperature increase was 19.41 ℃ and the rise rate of 
temperature was 5.14 ℃/s by the approximation of six-order polynomial curve), while the 
temperature of 50 mg/ml sample rose to 53.42 ℃ from 33.15 ℃ in 5 s (the temperature increase was 
20.27 ℃ and the rise rate of temperature was 5.22 ℃/s by the approximation of six-order polynomial 
curve). In addition, for the CA coated FF with a concentration of 50 mg/ml in an alternating electrical 
current of 210 A, the temperature rose to 58.41 ℃ from 33.86 ℃ in 5 s, The temperature increase 
was 24.55 ℃, which was higher than that of the DC coated FF with a concentration of 50 mg/ml, as 
shown in Figure 11. 

 

Figure 11. Temperature rise of FFs under AC magnetic field, the CA coated FF and the 
DC coated FFs with different concentrations in an alternating electrical current of 210 A. 

In FFs (magnetic fluids), heating effects can be achieved in AC magnetic fields due to Néel-type 
relaxation loss or energy dissipation during particle rotation in liquid (Brown loss) [16]. With the 
Brownian mechanism of relaxation the magnetic moment is locked to the crystal axis and when the 
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magnetic moment aligns with the field, the particle rotates as well. A second mechanism exists (Néel 
relaxation) in which the magnetic moment rotates within the crystal [32]. This type of mechanism 
(relaxation) is dominant in magnetic fluids with single-domain magnetite particles that do not exceed 
a diameter of 46 nm [16,33]. For larger magnetic particles the role of the hysteresis loss mechanism 
increases [33] due to the strongly size-dependent coercivity HC.  

Further, the coercivity is dependent on the particle size, which was emphasized [34]. There is a 
critical size below which it costs more energy to create a domain wall than to support the external 
magnetostatic energy of the single-domain state. Above the critical size, multi-domain magnetism 
begins in which a smaller reversal magnetic field is required to make the net magnetization zero. 
Generally, at the size smaller than 20 nm for spherical NPs, a ferromagnetic NP often contains a 
single domain. As the size of these single-domain particles decreases, the coercivity decreases. When 
ferromagnetic NP size is continually decreased to a level where the magnetic anisotropy energy (KV, 
K is bulk magneto crystalline anisotropy, V is NP volume) is smaller than the thermal energy (kBT, kB 
is the Boltzmann constant, T is temperature), the MNP is said to be superparamagnetic. At 
superparamagnetic state, MNP shows no Hc or Mr; thus, the magnetic dipole-dipole interaction is 
minimized [34].  

Additionally, the basic concepts of magnetism and the physics of the hyperthermia process were 
reviewed in details [35]. Rosensweig studied the mechanism of heat generation in a magnetic fluid 
due to a variable magnetic field and developed dissipation relationships based on the rotational 
relaxation of single-domain MNP dispersed in a liquid matrix [32]. These particles are assumed to be 
less than 20 nm in diameter, so eddy current heating can be neglected [32,35]. Rosensweig found that 
there is strong size dependence in the heating rate [32]. The size of the particle affects the time 
constant of each relaxation mechanism: the larger the particles are, the larger the Brownian and Néel 
relaxation time constant will be. The dominating contribution will be by the faster relaxation  
time [35]. 

Moreover, a comparative study was proposed for the specific loss power (SLP) generated by an 
external magnetic field in superparamagnetic as well as ferromagnetic magnetite particles suspended 
in molten and solidified gel [36]. For superparamagnetic fluids, a ‘‘H2 law’’ was observed for the 
specific absorption rate (SAR = (C/m)·(ΔT/Δt), where C is the sample specific heat capacity, m is the 
sample mass)  dependence on the amplitude of the magnetic field [16,36]. SAR (also known as SLP) 
is quite often used in the literature to characterize the heating ability of MNPs; it has a significant 
limitation in that it  is an extrinsic (equipment-specific) parameter. The SAR parameter for the same 
magnetic fluid will change when measured in AC magnetic field systems with different frequencies 
and strengths, Therefore the “intrinsic loss power, ILP” as a new design rule parameter is  
introduced [37] and is defined as SAR/H2f. 

In our previous study, heating effect of the FF without coating (agglomerations) was caused by 
magnetic hysteresis loss (induced by the size-dependent covercivity) and temperature rise was slow 
than that in the CA coated FF [4]. Stability and relaxation mechanisms of CA coated magnetite NPs 
for magnetic hyperthermia were discussed [38]. From the outlined stabilization ways emerges the 
possibility of either using MNPs with large hydrodynamic sizes (polymeric like coating, steric 
stabilization) possibly resulting in a Néel driven process or using MNPs covered with small organic 
molecules as CA (combined electrostatic and steric stabilization), which may dissipate through a 
Brown type process [38]. Accordingly, the question of which of these mechanisms optimizes the 
heating process is still an open question, whose answer requires more experimental research [38]. It 



245 

AIMS Materials Science  Volume 4, Issue 1, 231-249. 

was indicated that dipolar interactions between the NPs play a key role in the Néel relaxation 
mechanism and dissipation efficiency. Magnetic relaxation becomes slower for interacting colloids, 
and heating efficiency increases. The largest SAR values arise from the more interacting NPs, a case 
where Néel relaxation times become larger than Brown relaxation times, leading the Brown 
dissipation mechanism to prevail [38]. 

In this study, the superparamagnetic CA coated and DC coated MNPs were obtained of high 
saturation magnetization with low coervicity. For these MNPs, heat generated by the hysteresis loss 
was very small because of their superparamagnetic properties. Hence heating effect of the CA coated 
FFs and the DC coated FFs could be achieved in AC magnetic field due to Néel-type relaxation loss 
and/or energy dissipation during particle rotation in viscous liquid (Brown loss) [16]. On the same 
condition of 50 mg/ml and under 210 A, the temperature rise for the CA coated FF was higher than 
that of the DC coated FF, as shown in Figure 11, which was highly connected with the excellent 
dispersion and higher saturation magnetization in the CA coated FF. In the physical mechanism, 
Brown loss might dominate the power dissipation in the CA coated FF. 

Generally speaking, heating effect of materials was influenced by many factors, such as size, 
structure, morphologies, etc. The heat generated by FFs was equal to the amount of heat emitted to 
the environment, so the temperature would not rise with the increasing time [17]. Compared to the 
results in [17], the time for temperature of the DC coated FF (the A9 sample with 2 mg/ml in 210 A) 
increased up to 47 ℃ was much shorter than that of 200 s, which was  found  for the sodium oleate 
coated Fe3O4 FF, in the case of the same concentration of 2 mg/ml and applied current of 210 A [17], 
and was shorter than that of 76 s, which was found for the CA coated Fe3O4 FF, in the case of the 
same concentration of 2 mg/ml and applied current of 300 A [4]. 

Subsequently, heating effect due to the influence of the magnetic field intensity was investigated. 
Heating tests of the A9 sample (the DC coated FF with 2 mg/ml) were carried out in different 
currents from 120 A to 210 A. As shown in Figure 12, with the increase in electrical current, the 
temperature of the FF increased rapidly. When the electrical current was 120 A, the final temperature 
could be as high as 77.14 ℃ in 60 s. However, when the electrical current was increased to 150 A, 
the temperature rose to 84.05 ℃ in 60 s, whereas the final temperature was 93.52 ℃ in 60 s when the 
electrical current was 210 A. The results indicated that magnetic field intensity had great influence 
on the final temperature and the rise rate of temperature increased with the increasing magnetic field 
intensity. The stronger the intensity of the magnetic field, the higher the temperature of the FF [39]. It 
was noted that the initial temperature was set as room temperature around 33 ℃, and the temperature 
rose over 47 ℃ in 5 s for these applied electrical currents, respectively. 

In the recent researches of magnetic fluid hyperthermia (MFH), it is noted that the frequency 
range is usually 10~200 kHz, the magnetic field range is 0~15 kA/m, and the temperature rise is 
required to increase quickly within 5~15 min [40]. Further, the value obtained by the multiplication 
of frequency and magnetic field intensity is not more than 4.85 × 108 Am−1s−1 for the human  
safety [41]. In our study, the Hf was 3.92 × 106 Am−1s−1 (45 kHz × 0.087 kA/m, under 210 A) and 
below 4.85 × 108 Am−1s−1. When the electrical current was 210 A , the temperature rise was 19.41 ℃ 
for the DC coated FF (A9) with 2 mg/ml and was higher than that of 16.62 ℃ for the dextran 
stabilized FF with unknown concentration [16].  

In future work, we will focus on the stability (pH-dependent Zeta potential) in single/double-
layer coated MNPs with different sizes, and aim to find the optimum size with a high heating 
efficiency in applied magnetic field [42]. Further, the double-layer coated CA and PEG FFs for 
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biomedical applications was considered. Especially, the corresponding SAR value is to be calculated 
(weight of the magnetic phase of the NPs per cc of the sample is needed to be measured before the 
calculation) and to make comparisons with other published high SAR values [43]. 

 

Figure 12. Temperature rise of FFs under AC magnetic field, the heating tests of 2 mg/ml 
DC coated FF in different electrical currents from 120 A to 210 A. 

4. Conclusions 

The Fe3O4 MNPs coated by citric acid and dextran were prepared by the co-precipitation 
method. Via the tests of DLS and SQUID, the dextran-citrate coated Fe3O4 FF with 0.6 g dextran was 
characterized with low PDI as 0.153 and with high saturation magnetization of 60.07 emu/g. The 
optimized DC coated FF as the A9 sample obtained by uniform design method, its retardance was 
measured as high as 56.7898° (dichroism was 0.3716) under 64.5 mT. Further, heating effect for A9 
with different concentrations was investigated. When the concentrations were of 2 mg/ml and  
50 mg/ml, under the external alternating magnetic field with applied apparent current of 210 A, after 
only 5 s, the temperature of FFs was greater than 47 ℃, respectively, reached the requirements for 
the heating treatment of medicinal cancer tumor. Therefore, the potential in hyperthermia for DC 
coated FFs was highly evaluated in this study. 
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