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Abstract

Synthesis of functional iron oxide nanoparticles, well dispersed in aqueous fluids still remains a
challenge as its stability requires a delicate balance between electrostatic and magnetic interac-
tions. Templated synthesis using biomolecules is useful because the biomolecules have their
unique arrangement in aqueous systems that enhance stability, commonly called “biomimetic syn-
thesis”. We have developed a one-pot in-situ, low energy process for the synthesis of highly mono-
dispersed, Collagen Functionalized Ferrofluids (CFF) as a templating agent in an aqueous medium.
The nanoparticles so obtained were characterized by X-ray diffraction (XRD), dynamic light scat-
tering (DLS), Fourier transform infrared spectroscopy (FTIR). The antibacterial activity in terms
of minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) and
growth inhibition has been assessed against gram positive, Staphylococcus aureus, ATCC 13709
(native strain) and in Escherichia coli, DH5a gram negative bacteria. The cytotoxicity of the CFFs
on cancer cell lines human embryonic kidney (HEK), breast adenocarcinoma (MCF-7) and Ehrlich
ascitic carcinoma (EAC) have also been investigated. CFFs indicated variable MIC and MBC values
against S. aureus and E. coli being minimum for 1.5% CFF (MIC:23.43 pg/ml and 93.75 pg/ml and
MBC: 46.87 pg/ml and 187.5 pg/ml). The observed cytotoxicity in mammalian cells indicated the
susceptibility of MCF-7 breast cancer cells when compared to HEK cells.
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1. Introduction

Ferrofluids (FF) have been widely used in biomedical research because of its unique properties and ease of ad-
ministration. FF consists of iron oxide nanoparticles (IONPs) of size 5 - 10 nm coated with a surfactant dis-
persed in a carrier fluid, which if aqueous, favors biomedical applications. Functionalized IONPs are in great
demand, as they contain inherent anchoring groups for biofunctionalization, can incorporate fluorescent dyes,
and have shown low cellular toxicity [1]-[4]. IONPs are multifunctional as they can be maneuvered by remote
magnetic fields, can be heated up using a remote, alternating magnetic field and can be exploited to selectively
kill cancer cells by magnetic hyperthermia. Functionalized IONPs can be specifically designed to reach the de-
sired organs within the body, while carrying and off loading the payload directly to the target site.

Thermal decomposition, microemulsion and co precipitation methods are commonly used to prepare IONPs.
Chemical coprecipitation is preferred as nanopartcles of high-purity/stoichiometry [5] can be produced. Re-
stricting the size to below that of the single domain size ensures super paramagnetic property, this coupled with
chemical stability [6] make IONPs extremely promising for biomedical applications. Inorganic core of iron ox-
ide, such as magnetite (Fe;O,4), and maghemite (y-Fe,O3) coated with a polymer such as chitosan [7] dextran [8],
poly (ethylene glycol) (PEG) [9] and poly(ethylenimine) (PEI) [10], have been reported earlier. Another method
for forming monolayers is by self-assembly ligand exchange for noble metal nanoparticles, where, the thiol
groups attach strongly to the surface. This approach is achievable for iron oxide nanoparticles using a-cyclo-
dextrin or polymers [11]-[13]. Since these layers are often not covalently bonded to the surface, high ionic strength
or extreme pH conditions might alter their interaction. Reactivity of silanol molecules, produced by the hydro-
lyzation of alkoxy silane has been observed [14] [15]. We report surface functionalized Collagen ferrofluids
(CFFs) in aqueous fluids for enhancing biocompatibility and stability in biological systems.

2. Materials and Methods

Anhydrous ferric chloride (FeCls) and Liquor ammonia (30% v/v) was purchased from MERCK, Mumbai, India;
hydrated ferrous chloride (FeCl,.4H,0) from LOBA CHEMIE, Mumbai, India; Collagen, (3-(4,5-dimethya-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dimethyl sulphoxide (DMSO), Sodium bicarbonate, Pe-
nicillin, Streptomycin and HEPES (Hydroxy ethyl piperazineethanesulphonic acid) were purchased from Sig-
ma-Aldrich St Louis, (USA). RPMI-1640 was obtained from Gibco laboratories, Foetal calf Serum (FCS) was
purchased from Hyclone, Logan, UT. All the chemicals were of analytical grade and used without further puri-
fication. Double distilled water was used throughout the experiment. 2:1 M ferric (Fe**) and ferrous (Fe**) chlo-
ride stock solution was prepared in double distilled water and filtered to remove impurities, if any. Iron stock
solution 2 M:1 M was further diluted to get a final concentration of 0.5 M:0.25 M in the synthesis mixture.
Three concentrations of Collagen Ferrofluid (CFF) were prepared using 0.5%, 1.5%, 2.5% collagen. The system
was left to equilibrate for 24 hrs and then ammonia was added slowly at ~60°C till the pH reached 10.5 to oxid-
ize the iron ions to oxide. At this point the heating was stopped while stirring was continued for another 24 hrs.
The sample was further centrifuged for 30 minutes at about 8000 r.p.m, withstanding which, the fluid, was as-
sumed to be stable. The supernatant or the Biomimetic Ferrofluids was used throughout the experiment and
some part of this fluid was dried at 60°C in a vacuum oven for 24 hrs and then ground with mortar pessel for
other characterizations like XRD, FT-IR etc.

2.1. Dynamic Laser Light Scattering (DLS)

The size of nanoparticles were measured by Zetasizer Nano ZS (Malvern, UK) based on DLS. Briefly, nanopar-
ticles were suspended in distilled water at a concentration of 0.5%, 1.5% and 2.5%. Size measurements were
performed at 25°C with 173" scattering angle and the mean hydrodynamic diameters were determined by cumu-
lative analysis [16]. Further details about DLS and data analysis can be found elsewhere [17] [18].

2.2. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra of the Fe;O, nanoparticles and CFF were recorded over the range of 400 - 4000 cm * by diamond
ATR (Agilent Technologies).

2.3. Anti-Bacterial Activity (Agar Disc Assay)

Disc diffusion method (Kirbey-Bauer method) was used as per our previously published protocol [19] [20].
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Briefly, Luria agar [LA] (3.5%) and Agar agar (0.8%) were prepared and autoclaved. Hard agar (LA) was
poured into the petri-plates and was allowed to solidify on cooling. The bacterial inoculum was prepared in Agar
agar at a ratio of 1:100. The soft agar was poured carefully on the solidified agar plates (~2 ml/petri-plate). The
sterile paper discs were dipped in the respective samples, including the controls (positive and negative), and
these were placed meticulously on pre-marked areas. The plates were incubated overnight at 37°C, for the for-
mation of zones around the discs that confirmed the antibacterial activity, if any of the various samples. The re-
sults were further compared with the standard Gentamycin sulphate (1 x 10~ pg/ml) disc that was used as posi-
tive control.

2.4. Determination of MIC and MBC Values

Turbidimetric method was used to determine the minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) of CFF [21]. Briefly, 5.0 mL of Muller-Hinton broth (MHB, Difco, England) were
prepared in test tubes and then autoclaved. Three concentrations of CFF, 0.5%, 1.5%, 2.5% were added to these
tubes separately and serially diluted further so that next test tube contains half the concentration of previous one.
The experimental tubes were then inoculated with 50 pL of S. aureus or E. coli bacterial culture and were al-
lowed to incubate at 37°C for 18 h. The tubes were then observed for signs of turbidity. The lowest concentra-
tion of CFF that inhibited the growth of bacteria was considered as MIC while the least concentration at which
there was no sign of growth was referred to MBC and thus bacterial growth was observed for various CFF con-
centrations.

2.5. Cell Culture and Cytotoxicity

Human embryonic kidney cell line, HEK and breast cancer cell line: MCF-7 (American Type Culture Collection,
Rockville, MD) to establish the in-vitro cytotoxicity, as per previously published protocols [22]. Confluent
flasks were subcultured and maintained at 37°C and 5% CO, in Dulbecco’s modified Eagle’s medium (Sigma,
St. Louis, MO) under a humidified atmosphere (95%). The media were supplemented with 10% foetal bovine
serum, 50 pg/mL of penicillin and 50 pug/mL of streptomycin. 5 x 10° cells/well of HEK and MCF-7 cells were
plated in 96-well plates. Three concentrations of CFF i.e. 0.5%, 1.5% and 2.5% were added to the cells and in-
cubated over 72 hours. After the requisite time of incubation, 20 pl of MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide; (5 mg/mL stock) was added per well. The formazan crystals formed post 4 hours
of incubation were dissloved in a known amount of dimethyl sulfoxide. Readings were done in triplicates in a
(Synergy HT, Biotek, USA) using a 540 nm filter. Percentage viability of the cells was calculated as the ratio of
mean absorbance, A, of triplicate readings with respect to mean absorbance of control wells:

(A:ontrol - '%ample )

ontrol

Cell Viability = %100 )

3. Results
3.1 XRD

The XRD spectrum of three different ferrofliuds i.e. 0.5%, 1.5% and 2.5% CFF shown in Figure 1, was indexed
with the reference pattern of magnetite (JCPDS Card No. 75-1610) and maghemite (JCPDS Card No. 24-0081).
Characteristic peaks corresponding to Bragg planes (220), (311), (400), (511) and (440) confirm the presence of
both these iron oxide phases and the broadening of XRD peaks shows the nanocrystalline nature of the synthe-
sized particles. Differentiation of Fe;0,4 and y-Fe,O3 from normal X-ray diffractograms is extremely difficult
due to the similarity of their crystal structure and lattice parameter. The average crystallite size corresponding to
the (311) peak estimated from the Scherrer’s equation was 23 nm, 19 nm and 15 nm respectively. The difference
of size can be explained by a concept that as the concentration of the collagen is increased, denser the matrix
becomes smaller the size of the particles, apparent in our system with the least size of the synthesized nanopar-
ticles incase of 2.5% and maximum in 0.5%.

3.2.FT-IR

The results of IR Spectroscopy (Figure 2) indicate that all the three samples retained the triple helical structure
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Figure 1. XRD spectra of the synthesized CFFs.
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Figure 2. FT-IR spectra of CFFs.

of native collagen and the characteristic Amide Il (N-H) bending vibrations were observed at around 1550 cm-1,
a minor peak, not marked in the spectra. Similarly Amide I (C=0 stretching) and Amide A (N-H stretching)
signatures were also seen respectively at 1632 - 1664 and 3318 - 3350 cm *. Moreover a shift (to higher fre-
quencies) in the Amide A band indicates the crosslinking and this trend is observed in all samples. This shift
may stem from coordinate or H-bonding interactions of the amide nitrogen. It seems likely that this is because of
the increase in the concentration of collagen which in turn effect the nucleation and growth of the IONPs. All
the three samples follow the same trend and shows a precise binding of collagen to the iron oxide.

3.3 DLS

DLS of the three fluids synthesized, the 1.5% CFF is the most monodispersed (Table 1); it has the lowest poly
dispersity index (PDI), though its size is the same as that of 0.5%. The zeta potential is inversely proportional to
the hydrodynamic diameter, and the 1.5% CFF seems to have the optimal properties needed for both anti-
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Table 1. Characteristics of the three fluids as per dynamic light scattering data.

DLS
CFF
PDI SIZE (Dnm) Zeta meV
0.5% 0.542 271.9 -26.1
1.5% 0.248 276.3 -16.6
2.5% 0.475 361.0 -10.7

bacterial and cytotoxic effect, as seen below.

3.4. Antimicrobial and Cytotoxicity Studies

The histogram in Figure 3(a) and Figure 3(b) shows the effect of tested fluids on the gram positive and gram
negative bacteria respectively. The agar diffusion is shown in Figure 4. Table 2 summarizes the bactericidal ac-
tivity of CFF loaded specimens on gram positive and gram negative bacteria. The tested Ferrofluids also showed
different effects on cell viability (Figure 5), dependent on the cell lines tested. This data demonstrates that the
CFF showed negligible cytotoxicity in 24 hrs both in EAC and MCF-7 cell lines. Dose-dependent cytotoxicity
was observed in all three concentrations, but 1.5% CFF showed maximum cytotoxicity at 0.75 mg/ml (65%) and
minimal at 0.09 mg/ml (35%) at 72 hrs in EAC cell line. Approximately, 60% cytotoxicity was observed at 1.5
mg/ml in MCF-7 cell lines. 0.5% exhibited moderate cytotoxicity in both the cell lines, but surprisingly 2.5%
CFF showed reduced cytotoxicity when compared to the other cancer cell lines. MCF-7 cells were most sus-
ceptible to CFFs at all concentrations.

4. Discussion

A unique feature of IONPs, exploited for drug delivery is their applicability for both alternatives i.e. magnetic
properties and antibody attachment [23]. Superparamagnetism acts as an activation mechanism because once the
external magnetic field is eliminated, the magnetization disappears, and hence the possible embolization of the
capillary vessels can be avoided [24]. Generally, the coating agents that are physically adsorbed either by hy-
drogen binding or electrostatic interactions do not show high stability in comparison to coating agents which are
chemically adsorbed. Polymers are most frequently used for coatings to make biocompatible iron oxide suspen-
sions [25] such as derivatives of dextran [26] [27] (dextran, carboxymethylated dextran, carboxydextran), starch,
polyethyleneglycol poly(lactic acid), arabinogalactan, glycosaminoglycan, siloxane, sulphonated styrene-divi-
nylbenzene, poly(e-caprolactone) or polyalkyl-cyanoacrylate [28]-[30]. Many surface-modifying agents have
been explored to increase stability of magnetic nanoparticles. For biological applications, nanoparticles must be
highly stable in aqueous ionic solutions at physiological pH. The chance finding of aqueous FFs as anti-bacterial
leaves one wondering whether, it is the metallic part which has anti-bacterial and cytotoxicity properties or is it
the nano size and structure which is responsible. Compared to silver, a known antimicrobial agent since ancient
times has been effective as silver nitrate. Though, nano-silver has now been put to practical use in commonly
used items, such as, clothes, electric home appliances, and electronic industry, it has yet not been widely applied
in the medical or pharmacological fields. In humans, nano-silver is found to have a significant cytotoxic effect
on Peripheral Blood Mononuclear Cell (PBMCs). Upscaling of synthesis of silver nanoparticles is not economi-
cally viable but IONPs definitely offer an attractive alternative strategy.

The success of nanoparticles in drug delivery or any other biomedical applications is possible only if their
toxicities toward both microbes and mammalian cells are carefully evaluated. Although, many contradictory re-
sults have been published about the toxicity of superparamagnetic iron oxide nanoparticles, recently Mahmoudi
et al. (2011) [31] reported that the surface coating large influences different cell types and the possible toxic ef-
fects vary accordingly [13]. Tartaj et al. (2003) [32] [33] reported that the size, shape, and magnetic dipole mo-
ment of the particles may also play a role in in vivo experiments. The one pot biomimetic synthesis i.e. at am-
bient temperature and pressure and without the use of any harsh chemicals has helped us in making perfectly
stable and biocompatible Ferrofluids. We have observed that surface coatings help negate the toxicities and
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Figure 3. (a) Antimicrobial activity of CFF drug against gram positive nose bacteria; (b) Antimicrobial activity of CFF drug
against gram negative bacteria.

Figure 4. Analysis of zone of inhibition data where (a) 1.5% CFF drug showed more zone of inhibition (2.75 mm) as compared
to other concentrations, (b) 2.5% CFF and (c) 0.5% CFF in gram positive bacteria, (d) showing similar results in gram negative
bacteria, more killing in 1.5% CFF (1.5 mm) followed by 2.5% CFF and 0.5% CFF.

Table 2. Bactericidal activity of CFF loaded specimens on gram positive and gram negative bacteria.

. Negative control Positive control 0.5% CFF 1.5% CFF 2.5% CFF
S. No. Test organism (mm) (mm) (mm) (mm) (mm)
1. Gram positive B 6.75+0.8 1751 275406 241£02
bacteria
2. Gram negative 5.0+0.8 04+03 15+024 10+015

bacteria -

(-) = No zone of inhibition. Values are given as means + SD of three experiments. Positive control (gentamycin, 1 mg/ml); negative control (distilled
water).

make them biocompatible.

5. Conclusion

Biomimetic synthesis of CFFs produces fluids with high dispersion yields and controlled particle size has been
achieved with three different collagen concentrations. It is interesting to note that the anti-bacterial and cytotoxic
effect on different cancer cells could well be a function of its monodispersity and microstructural arrangement.
Collagen, just like it binds calcium ions at regular intervals in natural bone-formation binds the ferrous/ferric
ions to form patterned iron oxides. In the case of IONPs in addition to the templating effect, there also is a mag-
netic interaction and the combined effect of these two interactions is the formation of not only stable ferrofluids
but also its anti-bacterial and cytotoxic effects. Such antibacterial properties along with its toxicity to cancer cell
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Figure 5. Dose and time dependant cytotoxicity of CFFs on EAC, HEK and MCF-7 cell lines.

lines pose great promise for nanomaterials stabilized with organic molecules to be used in bio-medical applica-

tions.
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