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The present study consists in the preparation, characterization and functionalization of 
ZnxMn1-xFe2O4 (x=0, 0.2, 0.4, 0.6, 0.8, 1) ferrite nanoparticles. The nanoparticles were 
prepared by co-precipitation method and were characterized by X-ray diffraction, 
transmission electron microscopy, ζ-potential, vibrating sample magnetometer and Fourier 
transform infrared measurements. The crystallite dimensions were calculated using the 
Scherrer formula and these were found in the range of 7 to 22nm. The micrographs 
indicate that the average size of particles has a value of 9nm for the ZnFe2O4 and increases 
until 23nm for the MnFe2O4 ferrite. The values obtained for ζ-potential confirmed the 
magnetic nanoparticles stability. The saturation magnetization increases proportional with 
manganese concentration having a maximum value of 67.7emu/g in the case of MnFe2O4. 
The functionalization of the nanoparticles was achieved with oppositely charged 
biocompatible polyelectrolytes (polyallylamine hydrochloride and pollyacrylic acid) using 
the layer-by-layer technique. After coating with each layer, measurements of  ζ-potential 
and Fourier transform infrared spectroscopy has been performed in order to confirm the 
binding between the polyelectrolytes and magnetic nanoparticles.  
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1. Introduction 
 
Nanotechnology represents the manipulation of matter on atomic and molecular scale. Due 

to these unique characteristics nanotechnology is applied in various fields such as physics, 
chemistry, engineering or medicine. In medicine, nanoparticles offer the opportunity to create 
multifunctionality with potential in innovating diagnosis and therapeutic modalities for a number 
of diseases [1]. The use of particles of nanometric order has become interesting for researchers in 
cancer therapies due to their properties: they posed high surface-to-volume ratios making possible 
the modification with different surface functional groups and they also have minimal renal 
filtration [2]. In diagnosis, nanoparticles can be used as contrast agents in magnetic resonance 
imaging (MRI) [3, 4] after determining their quality by particle magnetic properties, particle size 
distribution and particle surface charge. Hyperthermia and drug delivery became two of the most 
important research fields for applications of nanoparticles in cancer therapies. Hyperthermia 
procedure with magnetic nanoparticles offers the possibility to induce extra heat to local area 
through the oscillation of the magnetic moment inside the nanoparticles [5]. In pharmacotherapy 
the interest is to deliver the optimum amount of drug to a specific location inside the body, to 
maintain it there for a suitable period of time [6], minimizing the side effects over the healthy 
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tissues.  

Due to the requirements for biocompatibility and biodegradability, magnetic nanoparticles 
need to be coated before medical usage. The coating of nanoparticles produces changes in 
physicochemical properties by modifying the functionalities, charges and the reactivity of the 
surface.   

The group of Decher in 1992 [7] used synthetic polyelectrolytes that were successively 
layered onto a substrate by electrostatic interactions. This technique is based on the use of different 
polyelectrolytes (polyethyleneimine, polyallylamine hydrochloride, polystyrenesulfonate, 
polyvinylsulfate and polyacrylic acid) of opposite charges. In 1999, Caruso et al. [8] were the first 
who presented the possibility of layer-by-layer (LbL) technique to functionalize nanoparticles that 
don’t exceed 100nm while limiting aggregation.  

For the first time the LbL technique was used to functionalize a complete series of 
ZnxMn1-xFe2O4 (x=0, 0.2, 0.4, 0.6, 0.8, 1) ferrite synthetized by co-precipitation method. The 
ferrite composition series has been chosen because it involves only biocompatible non-toxic metal 
ions and due to their applicability as possible MRI contrast agents [9, 10], drug delivery carriers 
[11] and in hyperthermia process [12]. 

 
 
2. Experimental details 
 
2.1 Chemicals 
 
The chemicals used for the preparation and functionalization of ZnxMn1-xFe2O4 ferrite 

nanoparticles were: NaOH (ROTH GmbH, Germany), Fe (NO3)3•9H2O (AppliChem), FeCl3•6H2O 
(Sigma-Aldrich Laboratory), ZnCl2 (ROTH GmbH, Germany), MnCl2 (Aldrich), HNO3 (BDH 
PROLABO), HCl (Zentralis Chemie Labor), trisodium citrate dehydrate (BDH PROLABO), 
Polyallylamine hydrochloride (Sigma Aldrich Laboratory) and Polyacrilic acid (Sigma Aldrich 
Laboratory).  

 
2.2 Synthesis details 
 
When referring to the synthesis method it is necessary to specify that although there are 

different methods available, each one presents both advantages as well as disadvantages. In terms 
of size and morphology control of magnetic nanoparticles, thermal decomposition [13] and 
hydrothermal synthetic route [14] represents the optimal method. In order to obtain water-soluble 
and biocompatible magnetic nanoparticles, co-precipitation [15] was often employed although this 
method has a lower control of the particle shape, broad distribution of sizes and aggregation of 
particles. Besides the advantages already presented, co-precipitation represents an easy, 
economical and simple method to produce magnetic nanoparticles. 

This study was focused on the preparation, characterization and functionalization of 
ZnxMn1-xFe2O4 ferrite nanoparticles with x = 0, 0.2, 0.4, 0.6, 0.8 and 1. The magnetic nanoparticles 
have been prepared by the co-precipitation technique. In the first step, 200mL of 0.25M NaOH 
was kept under continuous stirring until the temperature of 90oC was reached.  Meanwhile, a 40mL 
solution 0.04 mol FeCl3·6H2O was heated up to 70oC and then mixed with a solution of X mol of 
ZnCl2 and Y mol MnCl2 dissolved in 8mL water. The dark coloured suspension that formed was 
kept under stirring for 1h at 90oC and then left to cool for another hour. The suspension was 
washed three times with water. In order to stabilize the nanoparticles 2M HNO3 was added [16]. At 
the same time, a solution of 8.5mL containing X/2 mol of ZnCl2 and Y/2 mol of MnCl2 was added 
to 60mL solution of 0.02 Fe(NO3)3·9H2O. The solution was prepared at 70oC. The resulted solution 
was added to the dark suspension that was formed and kept under stirring for 30min at 80oC. The 
magnetic nanoparticles were washed three times in 200mL water using a permanent magnet for 
separation. For medical applications it is necessary to have a stable ferrofluid, and to this purpose 
the solution was kept under dialysis against 0.01M citrate solution for 7 days and then again for 
another 7 days to remove the excess of citrate.  The values used for preparation of this series are 
listed in Table 1. All synthesized nanoparticles presented a pH between 6.7 -7. 
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Table 1 Molar concentration values for different Zn substitution level of ZnxMn1-xFe2O4 

ferrite series 
 

Sample Concentration (mol) 
Zn2+ Mn2+ Fe3+

MnFe2O4 - 0.02 0.04 
Zn0.2Mn0.8Fe2O4 0.004 0.016 0.04 
Zn0.4Mn0.6Fe2O4 0.008 0.012 0.04 
Zn0.6Mn0.4Fe2O4 0.012 0.008 0.04 
Zn0.8Mn0.2Fe2O4 0.016 0.004 0.04 

ZnFe2O4 0.02 - 0.04 
 
 

Layer-by-layer technique was used for the functionalization of the ZnxMn1-xFe2O4 ferrite 
nanoparticles with x = 0, 0.2, 0.4, 0.6, 0.8 and 1. This technique uses oppositely charged 
polyelectrolytes from dilute aqueous solution which are consecutively deposited onto solid 
substrates by utilizing the electrostatic attraction and complex formation between polyanions and 
polycations [17]. The LbL technique used for surface-mediated drug delivery holds great potential, 
not only to modulate surface properties, but also as drug reservoir [18]. Polyallylamine 
hydrochloride (PAH) [18], which is a polycation, was used to coat the magnetic nanoparticles that 
posed a negative charge on the surface. Briefly, 9mL of magnetic nanoparticles were added to 9mL 
of aqueous solution that contains 25mg of PAH. The solution was kept under stirring in the dark 
for 6 hours at room temperature. The purification of the solution was made by dialysis against 
water for 2 days. The second layer, polyacrilic acid (PAA) [19], which plays the role of the 
polyanion, was deposited according to the previously described method. After the coating with the 
third layer, PAH, the nanoparticles were stored in the dark at 4oC. 

 
2.3 Characterization techniques 
 
A PANanalytical X’Pert Pro MPD X-ray diffractometer was used to determine the crystal 

structure of ZnxMn1-xFe2O4 ferrite nanoparticles. The diffractograms were recorded using Cu-Kα 

radiation (λ=1.54Ǻ), a power of 45kV, a current of 40mA at room temperature and a typical step 
size of 0.02o. The estimation of the particles size is maid via Scherrer´s formula.  

A JOEL Model JEM 2010 (JOEL GmbH, Eching Germany) transmission electron 
microscope, operating at an accelerating voltage of 200kV, is used to record TEM images. For 
each measurement a drop of the colloidal ferrite particles was deposited on a copper grid (D = 
3mm). Vibrating sample magnetometer (VSM) Lake Shore Model 7300 is employed for room 
temperature M-H loops applying a field that varies between -2T and 2T. The uncoated particles 
were also analysed by using a Fourier transmission infrared spectrometer (Jasco 660 Plus) in KBr 
disk, in the range of 4000-400cm-1 with a resolution of 4cm-1.  

The presence of polyelectrolytes was confirmed by Fourier Transformed InfraRed 
spectroscopy (FTIR), recorded with a Perkin Elmer spectrometer between 500 and 4000cm-1 and 
by ζ-potential measurements, using a Zetasizer Nano ZS from Malvern Instruments. 

 
 
3. Results and discussion 
 
The structural study is essential for optimizing the properties needed for various 

applications. The phase identification was performed on an X-ray diffractometer. The XRD 
analyses of the ZnxMn1-xFe2O4 (x=0, 0.2, 0.4, 0.6, 0.8, 1) ferrite nanoparticles (Figure 1) revealed 
the characteristic cubic spinel structure.  
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Fig. 1. X-ray diffraction patterns of ZnxMn1-xFe2O4 
 

 
The crystallite size of ZnxMn1-xFe2O4 (x= 0, 0.2, 0.4, 0.6, 0.8, and 1) ferrite was determine

d using Scherrer’s equation:  
 

 cos/kD                                                                  (1) 
 

The X-ray wavelength of λ is 1.54 Ǻ, the shape factor, k, is considered equal to 0.9, θ is th
e Bragg angle and β is the full width at half maximum in radians.  To assess the crystallite size of t
he particles the half maximum width (FWHM) of the (311) X-ray diffraction line, for all the precip
itated powder samples, was used. The crystallite size of ZnxMn1-xFe2O4 dried precipitates can be fo
und in Table 2.  
 
 

Table 2 Crystallite size (DXRD), particles diameter (DTEM) and maximum magnetization 
(Mmax) for ZnxMn1-xFe2O4 ferrite nanoparticles 

 
 

  
Sample DXRD 

(nm) 
DTEM 

(nm) 
Mmax 

(emu/g) 
MnFe2O4 22 23 67.7 

Zn0.2Mn0.8Fe2O4 14 16 60 
Zn0.4Mn0.6Fe2O4 13 14 50 
Zn0.6Mn0.4Fe2O4 10 12 33.4 
Zn0.8Mn0.2Fe2O4 9 10 20.6 

ZnFe2O4 7 9 20.7 
 

The average crystallite size decreases from 22 to 7nm with increasing Zn concentration fro
m x = 0 to x = 1. Arulmurugan et al. [20] reported that the zinc substitution plays an important role 
in reducing the particle size of the series. This can be explained by the fact that an increase in the z
inc concentration in the solution increases the reaction rate, favoring the formation of the ultrafine 
particles.  

The size and morphology of magnetic nanoparticles were characterized by transmission el
ectron microscopy (TEM). The typical TEM micrographs of magnetic particles are shown in Figur
e 2. The average particle size was determined using ImageJ software, by measuring approximative 
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 The magnetization curves of the nanoparticles of ZnxMn1-xFe2O4 series, presented in Figur
e 3 have confirmed the superparamagnetic behavior of the as-synthesized powders.  From the curv
es it can easily be observed that the magnetic properties of Zn-Mn ferrites are strongly dependent o
n the Zn concentration. The saturation magnetization decreases from 67.7emu/g registered for Mn
Fe2O4 until 20.7emu/g for the ZnFe2O4. The values for the maximum magnetization of all series ca
n be found in Table 3. Although it is well known that bulk ZnFe2O4 is a normal spinel that has antif
erromagnetic properties below the Néel temperature of 10K, at room temperature behaves paramag
netic. According to Néel, small antiferromagnetic particles can exhibit superparamagnetism and w
eak ferromagnetism due to uncompensated spins in the two sublattices. Examining the magnetizati
on curves, one can see that for x = 0.8 and x = 1 the saturation magnetization, around 20.6emu/g re
spectively 20.7emu/g, is higher compared with the reported value of approximate 5emu/g for the b
ulk ZnFe2O4. The superparamagnetic behaviour of these ferrites could be attributed to spin canting 
and surface spin disorder that occurred in these nanoparticles [21].   

 

 
 

Fig. 3. Hysteresis loops of ZnxMn1-xFe2O4 magnetic nanoparticles at room temperature; 
the missing hysteresis indicates that the nanoparticles indeed are superparamagnetic 

 
Biomedical applications require the use of biocompatible nanoparticles. In order to achiev

e this requirement various self-assembly methods using polymers have received an increasing inter
est [22]. Due to both electrostatic and steric effects resulting from the PE coating, particles can eith
er stabilize or agglomerate. The thickness of the polyelectrolyte coating can be increased by the ad
ditions of oppositely charged polyelectrolytes (PE). As it is known, the ζ-potential shows the poten
tial difference between the dispersion medium and the stationary layer of fluid attached to the disp
ersed particle. Its significance relays in the fact that the resulted value can be related to the stability 
of colloidal dispersions. Measuring the ζ-potential after each step, one can observe the changes occ
urred in the surface charges, confirming this way the presence of the polyelectrolyte on the magnet
ic nanoparticle’s surface and its degree of stability (Table 3).  
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For the first time the synthesis, characterization and functionalization of the ZnxMn1-

xFe2O4 (x=0, 0.2, 0.4, 0.6, 0.8, 1) ferrite series has been purposed. Magnetic nanoparticles were 
synthesized by using co-precipitation chemical method. XRD analyses allowed determining the 
presence of characteristic spinel structure in the ZnxMn1-xFe2O4 ferrofluid nanoparticles having 
crystallite size between 7 and 22nm. The size distribution of the magnetic nanoparticles 
determined by TEM is consistent with the crystallite size obtained from XRD measurements.  The 
magnetization increased with increasing of the Mn concentration from 20.7 to 67.7emu/g. The 
presence of the polyelectrolyte on the magnetic nanoparticle’s surface was confirmed by FTIR and 
ζ-potential measurements, the surface charge value changing after each step. The range of 
applications of these coatings varies, depending on the particles that are attached to the 
polyelectrolyte shell. Such applications include targeted therapy in cancer when the nanoparticles 
are coated with different antibodies directed against typical molecules on the surface of cancer 
cells. We have shown that the LbL technique used for polyelectrolyte deposition can be applied in 
order to achieve functionalization of ZnxMn1-xFe2O4, x varying between 0 and 1, magnetic 
nanoparticles suitable for biomedical applications. 
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