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ABSTRACT 
 
The observed magnetization of ferrofluids synthesized using conventional 

methods is found to be much lower than expected in most MRI applications and its 
toxicity profile also presents sizeable risks.  A significant contributing factor to this 
reduction in magnetization is the use of polymer matrices which interact with and 
entrap the iron oxide nanoparticles within the interstitial voids created in their three 
dimensional conformations. As a means to counter reduction in magnetization and 
to achieve a better toxicity profile, we attempted a size restriction method of 
synthesis using collagen as a biomatrix, so that the particle size could be better 
controlled and maintained without interfering with the magnetic sensitivity of the 
fluid.  Based on the principle of embedding ferrofluid samples within a collagen 
biomatrix, we synthesized ferrofluids with varying proportions of collagen in 
different solvents and measured the resultant particle size of iron particles trapped 
within the biomatrix, we performed analyses of particle size and stability based on 
Dynamic Light Scattering, characterization using X-Ray diffraction and studied the 
integrity of the biomolecular matrix- embedded particle structure via confocal 
microscopy, transmission electron microscopy and scanning electron microscopy.  

The experiment proved to be fairly successful, collagen being able to 
restrain the size to the nano regime. Size analysis showed the particles having 
acquired a desired size after synthesis of the ferrofluid. The particles were also seen 
to have incipient stability.   
 

Keywords: Ferrofluids, Size restriction synthesis, nanomaterial, collagen, 
biomimetics. 

 
INTRODUCTION 
 

Several conventional methods of iron oxide nano particle synthesis are known and 
widely implemented. Yet, due to limitations ranging from expensive raw materials to the 
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generation of toxic byproducts and inability to control the morphology and dimensions of 
particles, biomimetic methods, utilizing biomatrices have witnessed a significant 
upsurge1,2,3,4. Biological systems have been known to have distinct advantages such as safety, 
eco-friendliness, high stability at ambient conditions of temperature and pressure and the 
prospect of better control over the shape and size of nanoparticles. Biomatrices have thus 
been focused on as eco-friendly alternatives to conventional synthesis techniques5.  

The focus of this study, ferro fluids, are “synthesized colloidal mixtures of 
nonmagnetic carrier liquids, typically water or oil, containing single-domain, permanently 
magnetized particles, typically magnetite, with diameters of the order of 5-15 nm” 6.  

It is Brownian motion that keeps the nanoscopic particles from settling under the 
influence of gravity7,8,9,10 and a surfactant layer, (here we aim to use the interstitial spaces 
within the collagen matrix) surrounding each particle provides necessary short-range steric 
hindrance and electrostatic repulsion between particles which prevents agglomeration of 
particles. A polymeric layer surrounding each nanoparticle may also serve this purpose, as 
seen with PVA (poly-vinyl alcohol)11.   

Conventional synthesis methods often result in a decrease in the magnetic moment 
per unit gram of the magnetic nanocomposites, the matrices being non magnetic12. This was 
observed with PVA(poly vinyl alcohol) as the surfactant used for synthesis.  Collagen, due to 
its inherent ability to prevent the agglomeration of calcium ions in the nano state13,14,15 at 
both ambient conditions and conditions of altered pH within the human body16,17, seems a 
likely candidate for attempting to replicate a similar effect in producing ferrofluids and such 
a preparation can be expected to resist agglomeration at ambient conditions.  All this while 
the superparamagnetic properties of the iron oxide particles are conserved18,19,20. 

Therefore ferrofluids in the nano regime offer a multitude of advantages in terms of 
easier maneuvering of MRI fluid due to improved magnetization21,22,23 and better targeted 
cell delivery for chemotherapeutic drugs, significantly improving the toxicity profile of the 
material during biological applications and lower physiological intolerance. 
 
METHODOLOGY 
 

Six samples of varying concentration of collagen in distilled water, ranging from 
0.25%- 2.5 % (collagen in distilled water) were prepared. The composition was nearly 
uniform except for the varying amounts of acetic acid which was added to aid solubility, in 
proportion with the quantity of collagen used.  

Collagen was added to distilled water, stirred and heated it for 30-40 minutes, small 
amounts of acetic acid ( up to a maximum of 12 µl)  to aid dissolution. Care was taken to 
prevent immediate denaturation of collagen indicated by frothing. This was continued until 
further heating and stirring brought about no change in suspension. This was followed by the 
addition of iron stock solution to the suspension. The stirring was carried out for another 30 
minutes. After 30 minutes liquefied ammonia solution was added drop wise until the 
suspension turned black, indicating the end point, at which the expected pH of the suspension 
was close to 10.5.  Heating was then discontinued and citric acid was added as a stabilizer to 
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lower the pH to 8. After the addition of the stabilizer, the suspension was stirred overnight.  
After overnight stirring, the suspension was centrifuged at 8000 rpm for 15 minutes. The 
fluid obtained was dialysed for several hours while the pellets were washed repeatedly with 
distilled water and centrifuged to remove all traces of excess acid/alkali. After washing the 
pellets were dried overnight in a hot air oven (temperature 60-70o C ). The dialysed fluid, 
diluted to 100X was analyzed using dynamic light scattering. The dried pellets were scooped 
and ground mechanically and showed magnetic behaviour. The powdered pellets were 
analyzed via X-Ray diffraction for characterization, environmental scanning electron 
microscopy and transmission electron microscopy for imaging, while the fluid samples were 
imaged using confocal microscopy. 

After analysis of samples, the observations from dynamic light scattering and zeta 
potential analysis indicated that the 1.5% concentration sample was found to be have better 
poly dispersity index, zeta potential and particle size indicators. Hence a new batch of 
ferrofluids around the same range were prepared with a minor variation in the protocol, 
where the suspension of distilled water and collagen were stirred overnight, prior to the 
addition of iron stock solution , to ensure better interaction of collagen with water.   
 

CHARACTERIZATION  
 

The particle size, shape and morphology were determined by transmission electron 
microscope TEM, JEOL 210 operated at 100kV. The hydrodynamic diameter, polydispersity 
index and zeta potential  were measured by zetasizer DLS NANO 100 (MALVERN 
INSTRUMENTS, USA). X- Ray diffraction was performed to study the morphology and 
composition of the samples, while microscopy techniques such as confocal microscopy, 
transmission electron microscopy and scanning electron microscopy were used for imaging.  
 

OBSERVATIONS AND RESULTS 
 

The powdered pellets were tested for solubility in 2 ml of SBF, Ethanol, Methanol 
and Water through overnight stirring to determine the ideal medium for synthesis. No 
significant improvement in solubility was observed in the solvents and therefore distilled 
water was selected as the medium for synthesis.  
 

Dynamic Light Scattering Analysis  
 

Dynamic light scattering (DLS), provides rapid detection of the precise size and size 
distribution of solid and agglomerated materials with nano and micron range particles by 
measuring three main parameters, poly dispersity index, hydrodynamic diameter and Zeta 
potential.  Table 2 lists the summary of measured parameters. No visible pattern of 
association between collagen concentration and can be clearly observed, however, a 
definitive range can be estimated for optimizing the synthesis process.  
 

Poly-Dispersity Index  
 

In all the samples, PDI values were seen to be less than 0.5 indicating uniform 
particle sizes and a monodispersed system (Table 1). The lowest values of PDI were seen in 
solutions of higher collagen concentration. This parameter is indicative of a solutions ability 
to resist aggregation and eventual sedimentation.  
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Particle Size Analysis 
 

The hydrodynamic diameter of the particles prepared was seen to be lowest in the 
solution where collagen concentration was 1.25%, 260.3 nm (See Fig 1), indicating that the 
said range is closest to the optimum concentration of collagen required to achieve desired 
size restriction. This however needs to be supplemented by a desirable zeta potential value, 
as a solution, with a lower hydrodynamic diameter, exhibiting instability in suspension 
would result in aggregation and settlement. 

 

 
 

Figure 1 :  Hydrodynamic Diameter from DLS analysis ( 1.25% Collagen Solution)- Z (avg)= 260.3 n 
 

 
Figure 2: Zeta Potential Values  from DLS analysis ( 1.5% Collagen Solution) Z= -16.6 mV 

 

Zeta Potential  
 

In the samples prepared, the highest Zeta Potential values (~ +/- 25 mV) were 
observed in those containing 0.5 %, 1.25% and 1.5% concentration of collagen (See table 2), 
indicating a range for optimum collagen concentration to achieve desirable incipient stability.  
While the sample with collagen concentration 1.25% showed the lowest particle size, the 
sample with 0.5% concentration of collagen showed highest Zeta Potential value (-26.1 mV) 
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but larger particle size dimension (271.9 nm), indicating that the optimum collagen 
concentration lies between 0.5%-1.25%.  

 

Table 1: Overview of Collagen Concentration PDI, Hydrodynamic Diameter and Zeta Potential Values 

 

Confocal Microscopy Imaging 
 

The intricacy in the network of collagen fibers is seen to increase with increase in the 
concentration of collagen, ranging from 1.25- 1.5%.  The iron oxide particles are seen 
entrapped in the interstitial spaces, indicating successful isolation of particles and prevention 
of aggregation and consequent sedimentation. The lowest particle size (and evidently most 
successful particle entrapment) is observed in the sample with collagen concentration 1.25 
%, as observed from dynamic light scattering analyses. 

 

     
    (1)     (2) 

   (3) 
Figure 3: Confocal Microscopy Images of Collagen Ferrofluid , Collagen Percentage: 1-1.25%, 2-1.45% , 3- 1.5% 

Concentration (%) PDI Size (nm) Zeta Potential 
0.5 0.542 271.9 -26.1 
1.25 0.226 260.3 -15.0 
1.45 0.430 298.6 -9.08 
1.50 0.248 276.3 -16.6 
1.75 0.218 271.1 -8.56 
2.5 0.475 361.0 -10.7 
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X-Ray Diffraction  
 

Figure 6 shows the diffraction patterns from ferro fluid samples with collagen 
concentration 1.25% and 1.5% in comparison. The patterns of both the samples analysed 
were nearly identical. The broad hump-like diffraction pattern is indicative of iron oxide 
particles successfully reduced to a nanometer regime and indistinguishable peak positions 
signal nearly identical physico-chemical properties . X ray diffraction peaks are frequently 
seen to be weak in cases where both crystalline and amorphous components overlap24, 25, 26, 27. 

 
Figure 4:X-Ray Diffraction Graphs for 1.25 % and 1.5% Collagen Ferro fluid Samples 

 

Transmission Electron Microscopy 
 

Transmission electron microscopy showed the formation of partially crystallized 
structures, with an iron content of nearly 50.42% (Figure 5). This indicates equal proportions 
of iron oxide particles and biomatrix components.  

 

 
Figure 5: Transmission Electron Miscroscopy Images for Collagen Ferrofluid , Collagen Percentage: 

               1- 1.25 % ( Fe = 50.42%) 
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Environmental Scanning Electron Microscopy  
 

The size, morphology and composition of the dried ferrofluid pellets were analyzed 
through Environmental Scanning Electron Microscopy, reflective of amorphous 
ferromagnetic particles at the nanometer scale embedded in a non-magnetic crystalline 
matrix, with a propensity to break down into smaller sharp edged segments. Some images 
(Figure 6), show intact, uniform, cuboidal structures. 

           

 
Figure 6: Environmental Scanning Electron Microscopy Images of Collagen Ferro fluid, Collagen 
Percentage:  1- 1.25%, 2-1.45% , 3- 1.5%   
 
DISCUSSION  
 

Of the parameters targeted during the synthesis of iron oxide nanoparticles, the 
hydrodynamic diameter is one of the most important parameters, primarily responsible for 
imparting desirable biological properties28. The diameter obtained by this technique is that of 
a sphere that has the same translational diffusion coefficient as the particle being measured. 
The translational diffusion coefficient depends on the size of the particle “core” and also on 
any surface structure enveloping the particle, the concentration of the suspension and type of 
ions present. This often results in the measurement of a diameter that may be larger in 
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magnitude than that measured using electron microscopy. This happens, because during 
electron microscopy, the particle is isolated from its native environment and its effects29. 

A hydrodynamic diameter within the nanometer domain has little value without high 
incipient stability. For molecules and particles that are small enough, a high zeta potential 
will confer upon the solution resistance against aggregation30.  

The weak peaks in the X ray diffraction pattern are characteristic of amorphous and 
crystalline components of a preparation overlapping with one another31 , which in this case is 
of  a preparation of ferromagnetic particles at the nanometer scale embedded in a non-
magnetic amorphous matrix . The XRD spectra are affected by the crystallite size and in this 
case by the magnetite content, both of which are influenced by synthesis parameters.  

In terms of possible implications of a scaffold such as this in size restriction 
synthesis, it is of immense importance to identify scaffolds which are organic and present 
lowest levels of toxicity, for applications in drug delivery systems. Improved magnetization 
has promising implications for targeted drug delivery systems, especially in terms of diseases 
such as cancer where the by-stander effect of therapy results in significant disadvantages to 
the patient. With a biological scaffold, these issues can be better addressed. Improved drug 
delivery to target sites, with higher precision would reduce unnecessary and often 
debilitating effects of toxicity.  

While the use of collage as a matrix for size restricted synthesis of iron oxide nano 
particles should be expected to have a much lower effect on reducing its superparamagnetic, 
vibrating sample magnetometry analysis should be carried out to quantify this parameter, to 
predict whether or not, this composition offers greater advantages in terms of improved 
control during maneuvering of the ferrofluid. 

 
CONCLUSION  
 

The main objective of this experiment was to synthesize ferro fluids, restricted in 
size within the nanometer regime and to study its physico-chemical and morphological 
characteristics such as incipient stability, particle size, composition etc. While size restriction 
was significant with good incipient stability, further optimization of the process is necessary 
to restrict the size of iron oxide particles to a 100 nm domain.  
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