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Abstract  

Magnetic nanoparticle (MNP) is of high practicle interest in the domain of biomedicine and biomedical 
application e.g., drug delivery, magnetic fluid hyperthermia, magnetic resonance imaging, biosensing. The 
magnetic nanoparticles are explored due to its high tunability of its physical and magnetic properties. A 
considerable effort has been devoted for the synthesis of MNP e.g., ball milling, arc melting, co-precipitation, 
microwave and microfluidics techniques. However, hydrogels can offer a new platform for in situ synthesis of 
biomineralized MNP as well as magnetic hydrogels (MH), because of its an advantageous controled network 
structure. It is an emerging and promising concept, as most of the biopolymer are supposed to be 
biodegradable that can be considered as an alternative eco-friendly material too. In this work, “PVP-CMC 
Hydrogel” is used as matrix for synthesis of biomineralized MNP, where the unique porous networks structure 
exhibited within swollen/wet PVP-CMC hydrogel. Here, PVP-CMC hydrogel function as a chemical reactor, 
where inorganic salts (FeCl2 and FeCl3) are reacting with precipitating agents ammonium hydro-oxide (NH4OH) 
to generate biomineralized MNP. This method prevents from aggregation and shows a narrow particle size 
distribution. X-ray diffraction studies reveal the formation of magnetite phase. Structural and morphological 
analysis using transmission electron microscopy shows the spherical shaped magnetic nanoparticle with size 
of 10 ± 2 nm. The saturation magnetization of the MNP was 78 emu/g and 12 emu/g for magnetic hydrogel. 
This synthesis process can be used to synthesize “bare” MNP, MH and extended to other oxides by changing 
the salts for the biomedical applications. 
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1. INTRODUCTION 

In recent years, extensive effort has been devoted to the synthesis methods and techniques of magnetic 
hydrogel and nanoparticles. Synthesis of these magnetic hydrogels and nanoparticles are of practical interest 
in biochemical and biomedical applications [1]-[4]. The physiochemical stability, high surface to volume ratio, 
low level of toxicity, biocompatibility and good magnetic response make these MH and MNP ideal for a wide 
variety of biomedical applications: drug delivery, magnetic resonance imaging (MRI), tissue engineering and 
biosensing [5]-[8]. Apart from biomedical applications MH and MNPs are used in magnetic filtration, dampers, 
shock absorbers, thermal absorbers etc [6]. 

Various synthesis approaches has been adapted to the synthesis of MNPs. Primarily, physical or wet-chemical 
process are the main synthesis pathways to prepare Fe3O4 MNP [9]-[11]. Wet chemical process requires fine 
pH control of the medium, external surfactant to reduce nanoparticle aggregation while nucleation and high 
temperature with pressure to obtain desired magnetic phases. Furthermore, vigorous stirring is required while 
nucleation to obtain narrow size distribution of the MNPs. Bulk chemical co-precipitation reaction of Fe2 and 
Fe3 do not provide good control over the size distribution and crystallinity of the particles [12], [13]. 
Nonmagnetic phases and poor size distribution is often obtained. However, physical approaches are simple 
with low cost, mostly used for bulk MNP preparation but the size distribution is difficult to control and 
contamination is often observed.  
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On the other hand, in situ synthesis of MNP in bio-based hydrogel is an alternative promising synthesis process 
for biomineralized hydrogel. The network structure of the biopolymer based hydrogel is used as 
nanoreactors,to avoid aggregation during nucleation and they keep the production of the MNP with structural 
hierarchy. Compared to conventional batch synthesis, magnetic biomineralized hydrogel allows better control 
of reaction conditions e.g. reaction time, reaction concentration and stoichiometry. Synthesis of MNP within 
the hydrogel helps in reducing of polydispersity in size. Moreover, biomineralized hydrogels are known to be 
ecofriendly due to its biodegrability in nature. The extraction of the MNPs from the biomineralized hydrogel 
can be readily processed with thermal decomposition of the hydrogel or by addition of respective enzymes to 
decompose the hydrogel network structure.  

In this study, polyvinylpyrrolidone, polyethylene glycol, agar, sodium carboxymethyl cellulose and glycerine 
was used to synthesize the freshly prepared hydrogel [14][15]. This hydrogel was then soaked in salt solution 
of Fe2+ and Fe3+. Reducing agent (NH4OH) was added for the in situ synthesis of the MNP inside the hydrogel 
network. As a whole finally achieved a black, magnetic property based biomineralized hydrogel film. This 
biomineralized (Fe3O4) hydrogel can be used directly as MH and/or the synthesize MNPs (after isolation from 
the matrix) can be used for the purpose of various medical applications.    

2. EXPERIMENT AND METHOD 

2.1. Materials 

For the preparation of in situ magnetic hydrogel film and magnetic nanoparticles, polyvinylpyrrolidone K 30 
(PVP: molecular weight 40,000), polyethylene glycol 3000 (PEG: average molecular weight 3015-3685) and 
agar were purchased from Fluka, Switzerland; sodium carboxymethyl cellulose (CMC) was purchased from 
Sinopharm Chem. Reagent Co., Ltd, China; glycerin was obtained from Lachema Ltd, Czech Republic. Iron(II) 
chloride tetrahydrate, 98% (FeCl2·4H2O), Ammonium hydroxide 30% v/v aq. Soln. (NH4OH) and Iron(III) 
chloride hexahydrate 98% (FeCl3·6H2O) was purchased from Sigma-Aldrich, Czech Republic.  

2.2. Methodology 

Water based PVP-CMC hydrogel was used for the preparation of in situ biomineralized PVP-CMC magnetic 
hydrogel and magnetic nanoparticles. The hydrogel film was prepared by solution casting method using 
aqueous solution of PVP (0.2%), CMC (0.8%), PEG (1%), agar (2%) and Glycerin (1%) under the physical 

stimulation of pressure and heat (15 lbs and 120  °C for 15 minutes). Freshly prepared PVP-CMC hydrogel 

solution was incubated at room temperature (25-30) °C to obtain the hydrogel film as shown in Figure 1a. 
Circular films were extracted from the hydrogel film for biomineralization process. 

 

Figure 1 Experimental setup (optical view) showing the process of in situ synthesis of biomineralized 
magnetic nanoparticles within hydrogel: (a) PVP-CMC aqueous hydrogel, (b) salt solution absorbed PVP-

CMC hydrogel and (c) Biomineralized (magnetic property based) PVP-CMC hydrogel, (d) image of magnetic 
nano particles (MNP) extracted from the hydrogel matrix 
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The freshly prepared hydrogel was soaked in the salt solution of Fe3+ and Fe2+ solution. The PVP-CMC 
hydrogel turns yellow due to diffusion of salt solution into the porous structure of PVP-CMC hydrogel as 
observed Figure 1b. Reducing agent (NH4OH) is added to the salt solution absorbed PVP-CMC hydrogel. The 
yellow colored PVP-CMC hydrogel turns to black due to the onset of the nucleation process of the magnetic 
nanoparticles within the hydrogel. Finaly, Biomineralized (Fe3O4) PVP-CMC hydrogel is formed, designated 
as magnetic hydrogel (MH) as shown in the Figure 1c. The obtained biomineralized hydrogel was showing 
magnetic properties due to the formation of MNP’s, which were extracted from these MH films by applying 
heat. Consecutive cleaning with deionized water results in “bare” MNP’s (as shown in  
Figures 1d and 4).  

2.3. Characterization of MH and MNPs 

MH and MNPs were characterized by X-ray diffraction, scanning electron microscopy, transmission electron 
microscopy and vibrating sample magnetometer. 

2.3.1. X-ray diffraction 

X-ray scans were performed on dried MH and MNPs using PANalytical X-Ray powder diffractometer equipped 

with a PIXcel RTMS detector with Cu Kα radiation of wavelength 1.54 Å over the 2theta range from 28° ≤ 2θ 

≤ 65° at a scan rate of 1 °/min. Phase identification was matched with the reference ICSD reference file (Code: 
26410). All the peaks were in good agreement with the standard known diffraction pattern of Fe3O4. 

2.3.2. Scanning Electron Microscopy 

The morphology of the MH was investigated using Scanning Electron Microscopy (SEM). Bright field SEM 
images were obtained from VEGA II LMU (TESCAN) was operated at 5-20 kV. Samples were prepared from 
dried freeze dried MH and placed on the sample holder. 

2.3.3. Transmission Electron Microscopy 

The morphology of the magnetic hydrogel and magnetic nanoparticles was investigated using Transmission 
Electron Microscopy (TEM). Bright field TEM images were obtained from JEOL, JEM 2100 TEM operated at 
200 kV. For the analysis of MH, a thin slices of MH was obtained using microtome technique and drop cast 
technique was used for MNPs on carbon coated copper grid for 24 h. Image J, the image processing software 
was used to measure the particle size from the micrograph. 

2.3.4. Vibrating Sample Magnetometer 

Vibrating Sample Magnetometer (VSM; Lake Shore 7407) was used to measure the magnetic properties of 
the MH and MNPs. Field dependent magnetization curves at room temperature were measured for both MH 
and MNP. 

3. RESULTS 

3.1. X-ray Diffraction 

The diffraction peaks of 220, 311, 400, 422, 511, and 440 were observed and could be indexed to cubic inverse 
spinal structure for both MH and MNP (ICSD FIZ Karlsruhe, Coll. Code: 26410). The intense peak corresponds 

to the 311 plane that appears at an angle of 35°. Peak broadening is observed for the MH due to the presence 
of some impurity in the form of PVP-CMC hydrogel. 
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Figure 2. XRD profile of Fe3O4 (a) MH and (b) MNP’s at room temperature  

3.2. Scanning Electron Microscopy 

 

Figure 3 SEM image (a) Hydrogel, (b) high resolution image of the hydrogel (internal struc-morphology) 
showing the network structure and (c) Surface morphology of biomineralized (Fe3O4) hydrogel 

Figure 3(a-b) shows SEM micrograph of the network like structure in the PVP-CMC hydrogel when freeze 

dried. The Fe3O4 nanoparticles are synthesized in this network like structure of the hydrogel. Fe3O4 
nanoparticles nucleates in the hollow like structure. Figure 4c shows the image of the biomineralized (Fe3O4) 
PVP-CMC hydrogel. 
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3.3. Transmission Electron Microscopy 

 

Figure 4 TEM image (a-a’) MNP in PVP-CMC Hydrogel, (b-b’) SAED pattern of MH, (c-c’) high resolution 
TEM image of spherical biomineralized (Fe3O4) magnetic nanoparticles and (d-d’) size distribution 

Figure 4a shows the TEM image of the spherical MNP embedded in the PVP-CMC hydrogel. Selected area 
electron diffraction (SAED) patterns for the MH and MNPs was recorded. A ring pattern, with spots showing a 
large number of randomly oriented crystalline particles was obtained, Figure 4b. The high resolution TEM 
Figures 4c-c’ shows the lattice fringes corresponding to the (311) planes. Figures 4d-d’ shows the size 
distribution for the diameter of the MNP. The edge length of the spherical shaped MH and MNP was measured. 
It was found that the size ranges between 8 ± 2 nm for MH and 10 ± 2 nm for MNP shown in figures 4d-d’.  

3.4. Vibrating Sample Magnetometer 

The field dependent magnetization (M-H) curves of the MH and MNP at room temperature. Magnetization was 
measured in the field range of -10000 Oe to 10000 Oe, shown in the Figure 5. The saturation magnetization 
for the MH 13 emu/g whereas, for MNP 77.8 emu/g. This decrease in the saturation magnetization is due to 
the PVP-CMC polymer network that affects the magnetic property of the biominerilazed (Fe3O4) hydrogel. 

 

Figure 5 M-H loop for (a) MH and (b) MNP’s 
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4. CONCLUSION 

PVP-CMC hydrogel function as a matrix for the preparation of biomineralized (Fe3O4) hydrogel / MH as well 
as perform as a nanoreactor for synthesis of MNPs. In-situ synthesis of MNP and preparation of MH, PVP-
CMC hydrogel was used without any surfactant and implementation of any external parameters such as: 
temperature, pressure, stirring or sonication. By controlling the pore structure of hydrogels, it will be possible 
to synthesize more narrow size distribution of Fe3O4 nanoparticles. The PVP-CMC hydrogel based MNPs 
synthesis process has practical advantages over the conventional approaches.    
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