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ABSTRACT

The current study deals with analysis of shear thinning and viscoelastic behaviour of cellulose fluid
carrying iron oxide particles for injectable in-situ hyperthermia treatment. The iron oxide nano-particles of
size 106 nm used in the study were synthesized through co-precipitation method using hydrothermal
technique and were found to show high coercivity value of 75.83 Oe indicating its good stability. The
magnetic nano-particles were suspended in a cellulose fluid for better injectability. This suspension along
with the iron-oxide magnetic particles showed good heating efficiency of about 43 °C in 60 seconds making
it ideal for hyperthermia treatment. The specific absorption rate (SAR) and effective specific absorption
rate (ESAR) were calculated for the as synthesized nano-particles and for suspension at varying
concentrations and it was found that an optimized concentration of 20 mg of the nano-particles dispersed
in 5 ml of the polymeric solution was ideal for hyperthermia treatment. The rheological properties studied
for the suspension showed that the fluid showed shear-thinning and viscoelastic properties similar to that
of human blood making it more suitable for carrying the iron-oxide nano-particles to the tumour site
irrespective of the kind of shear stress that it is subjected to. The synthesized particles and the suspension
fluid could successfully induce mild heat to the tumour site when delivered through intra-venous route or
through intramuscular route thereby aiding radiotherapy and chemotherapy by dilating the blood vessels
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and thus enabling blood circulation to the poorly oxygenated cancer cells.
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Introduction

Intra-tumoral iron oxide nanoparticle thermotherapy is a
technique where ferromagnetic particles are directly
injected into the tumour tissue with the help of a carrier
suspension fluid. An alternating magnetic field (AMF) is
applied externally thus leading to a localized heating in the
tissue where the magnetic nanoparticles are distributed[1].
The heating mechanism depends on the size, shape and the
magnetizing efficiency of the ferromagnetic nano particles.
Major disadvantage of this technique of using iron oxide
nano particles is that the particles have a greater tendency
to aggregate in blood stream which significantly decreases
their heating capacity thus leading to a drop in specific
absorption rate percentage (SAR) corresponding to loss of
energy by the particles to the environment[2]. In order to
achieve the desired therapeutic effect of iron oxide
nanoparticles, it is necessary to create a localized heating of
about 40°-45°C without affecting the healthy cells
surrounding it by achieving high SAR values of the
magnetic nano-particles[3]. Hyperthermia by itself may not
be an efficient tool for cancer treatment however in
combination with chemotherapy and radiotherapy it has
shown significant results. Cell death due to hyperthermia
occurs by protein denaturation that happens at elevated
temperatures[4]. Cancer cells generally survive in hypoxic
and acidic conditions[5]. At elevated temperatures there is
dilation in the blood vessels connecting to tumour cells
which increases perfusion of oxygenated blood in the
targeted tissues that helps the tissues become more

sensitive to radiotherapy treatment[6].02 has good
electron affinity that participates in the chemical reaction
by absorbing energy from the externally applied radiation
that leads to DNA damage of the cancer cells[7]. Similarly
hyperthermia can induce chemosensitivity in tumour cells
by increasing the blood flow through enhanced vascular
permeability thus delivering the chemotherapeutic drugs
in-vivo[8]. There has been number of clinical trials on
hyperthermia  treatment in  combination  with
chemotherapy or radiotherapy or both[9]. Jordan et, al.[5]
have proved that direct injection of magnetic nano-
particles into the tumour tissues induced better heating
efficlency when compared to ultrasound therapy and
radiofrequency heating. Besides, hyperthermia also
stimulates the migration of immune effector cells and pro-
inflammatory cytokine cells to the malignant tissue site due
to higher temperature generated at the site[10].The
commonly used particles for magnetic hyperthermiaare
ferrite nanoparticles such as magnetite (Fe304) or
maghemite (¥-Fez203). Fe3Osand Y-Fe20swhich are referred
to asMNPs. When these particles are exposed to alternating
magnetic field (AMF) heating occurs via hysteresis loss[11].
In larger magnetic particles where multiple magnetic
domains are present, their orientation aligns with the
external magnetic field which results in energy difference
that gets released in the form of heat, this is called
hysteresis loss. Mode of administration of MNPs can be
varied according to the type of cancer. Oral administration
cannot be carried out for MNPs due to the fact that it will
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get fecally excreted because of its large size. Intra-tumoral
has been found effective for localized malignant or benign
tumours because MNPs get accumulated on the tumour site
and stay there for a longer period of time enabling the
hyperthermia treatment on the site repeatedly. In one such
case, intra-tumoral injection of MNPs was administered on
a patient with prostate cancer and an efficient heating was
noticed for the same. The MNPs were also clearly visible via
CT scan in the tumoral site for up to 6 weeks in the patient
[12]. Intra-peritoneal administration of MNPs has proven
efficient with tumours that spread to the peritoneal organs
such as ovaries, pancreas, etc. Gao., et. al[13]., have studied
that there was significant uptake of MNPs by both the
primary and metastasis cancer cells when administered
intra-peritoneally for pancreatic cancer. They have also
administered the same along with chemotherapeutic drugs
which showed no toxicity. With poorly localized malignant
tumours such as glioblastoma and lymphatic metastasis
intra-venous administration is preferred. However, the
MNPs crossing the blood-brain-barrier is a challenging
task. Ma.et.al[14] demonstrated an effective intra-
peritoneal administration in mouse of up to 5 mg/Kg
weight above which oxidative damage to hepatic and renal
tissues were observed. Magnetic hyperthermia was
achieved successfully by direct injection of MNPs into
urinary bladder via urinary catheter which was later
removed by a catheter in order to prevent system toxicity.
This study was performed in rat bladders by Oliveira,
et.al[15] where they maintained a localized heat of about
42°C throughout. Pre-clinical trials on intra-arterial
administration of chemotherapeutic drugs coupled with
MNPs have been successfully tested on rabbits for liver
cancer treatment wherein it was observed that there is
greater tendency of the MNPs getting accumulated in the
liver cancer cells via reticuloendothelial system[16]. Huang
et.al [17]conducted a pre-clinical study on mice by injecting
large quantity (1,700 mg Fe/Kg) of unlabelled- MNPs intra-
venously and achieved an accumulation of 1.9 mg Fe/Kg in
tumour tissue with a tumour to non-tumour accumulation
of 16:1 ratio due to enhanced permeability and retention
(EPR) effect of the nano-particles in the tumour tissues
because of their leaky vasculatures and poor lymphatic
drainage. Huang et.al[17] also demonstrated that the
administration of extremely large quantities of MNPs
(3,400 mg Fe/Kg) in mice have survived up to 12 months
with no signs of toxicity.Delivery of MNPs into the blood
stream requires it to be suspended in a fluid which is then
called a magnetic fluid[18]. By using polymeric dispersants,
the biocompatibility of the colloids is greatly improved[18].
Cellulose microcrystalline is an excellent biocompatible
polymer used in food and pharmaceutical industries as
emulsifiers and viscosity increasing agent. Human blood is
a non-newtonian and thixotropic fluid where its viscosity
decreases as the shear rate increases thus making it a
viscoelastic fluid that eases out its flow in blood vessels
that contracts and retracts exerting pressure on the
fluid[19]. This is exactly the properties that are ideal for an
injectable fluid into the blood stream. Viscoelastic fluids
flow efficiently through syringes even at high shear rates
exerted by the plunger (Fig. 1).

In this study we have explored the use of microcrystalline
cellulose as the suspension fluid for magnetic nano-
particles to be injected into the tumoral site for
hyperthermia treatment and the corresponding rheological
behaviour of the fluid is discussed. The synthesis of highly
coercive and highly stable maghemite nanoparticles and its

relevant magnetic properties with
measurements have also been discussed.

hyperthermia

yFe.0; +
Cellulose
complex

Electromagnetic
radiation

Cancer cells

Figure 1: Gamma-Fe;03and cellulose microcrystalline polymer
complex injected through a syringe to the targeted tumour cells for
induction heating caused by electromagnetic radiation in
hyperthermia treatment

Experimental

Iron Oxide Nanoparticles Synthesis and
Characterization

FeClz and FeCls salts were taken in the ratio 4:1 and
dissolved in 2M HCl 100°C. Ammonia was added drop wise
until black coloured iron nano-particles (~100 nm)
precipitated and the solution was maintained throughout
at pH 9. The black-coloured precipitated solution was
immediately autoclaved at 200°C for 1 hour and the
particles were washed to remove the unreacted chemical
debris. The iron-oxide particles were then dried in oven at
100°C for 8 hours to get fine maghemite powder. All the
chemicals were purchased from SRL chemicals, Mumbai.
Further the synthesized nanoparticles were characterized
by FIELD-EMISSION Scanning Electron Microscope (FE-
SEM), X-Ray Diffraction Analysis (XRD), vibrating-sample
magnetometer analysis (VSM), induction heating, DLS and
zeta potential.

Magnetic Fluid Preparation

Microcrystalline cellulose of TLC grade purchased from
SRL chemicals was dissolved in ortho-phosphoric acid and
allowed to sonicate for 1 hour prior to letting it set in room
temperature for 2 days to completely dissolve as a thick
viscous fluid. The iron oxide nano-particles were sonicated
in 1:1 ratio of glycerol and water mixture for half an hour
and this solution was added to the cellulose solution
keeping them constantly agitated in the sonicator bath in
order to prevent agglomeration of the iron oxide nano-
particles.

Physical Characterization

Scanning electron microscope (SEM) analysis was
performed using Carl Zeiss MA15 /EVO 18 Micro SEM with
gold sputtering. X-ray Diffraction (XRD) analysis was
carried out using PANalytical X-Pert Pro. Fourier transform
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infrared spectrometer was performed using Jasco
International FTIR-6300. Vibrating sample magnetometer
with dynamic magnetization was used to analyse the iron
oxide powder samples with varying temperature.DLS and
Zeta potential was performed with the help of Malvern
Panalytical instrument.

Magnetic Hyperthermia Analysis

Hyperthermia experiment was performed with the help of
EASYHEAT 8310, Ambrell, UK varying the coil diameter
7cm [C76] and 9 cm [C94]), operating frequency (178 KHz
and 242 KHz) and current (200A and 300A). The
instrument was supplied with water circulation in order to
maintain ambient temperature.

Rheological Studies

The behaviour of the carrier fluid plays a very important
role as this determines how well the targeted drug or MNPs
are delivered to the affected region through intra-venous
route or by intra-tumoral route. Hence a rheological study
for the fluid was also carried out using Physica MCR 301
rheometer.

In-Vitro Cytotoxicity Assay

In order to check the biocompatibility of the synthesized
nanoparticles and the suspension a cytotoxicity test was
performed on A549 (lung cancer) cell lines. The cell
proliferation assay was done with filtered 5% human blood
serum procured from blood bank and DMEM (high glucose)
was used as the culture medium. 5% COz was maintained
in the incubator for carrying out the cell culture studies.
2% antibiotic was used for the medium. 50 pL. MTT was
added to each well and incubated for 3 hours following
which 150 pL of DMSO was added to it and allowed to
incubate for 15 minutes. Absorbance was taken at 590 nm
to estimate the percentage of viable cells in comparison
with the control samples by observing the purple color
change that occurs due to the conversion of tetrazole into
formazan by living cells. FDA and propidium iodide
staining method was employed for fluorescent imaging of
the viable and non-viable cells. Cytotoxicity was performed
for both the powder and polymer suspension as well in
separate 96-well culture plates.

Results and Discussion

Field Emission Scanning Electron Microscopic Studies
Field emission scanning electron microscopic image
(Figure 2) of the synthesized iron oxide nanoparticles,
show that the particles are spherical in shape. Spherical
nano-particles have better surface area to volume ratio and
is preferred for in-vivo applications [20].
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Figure 2: FE-SEM image of Iron oxide nano-particles
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Energy Dispersive X-Ray Analysis

EDX was performed for the synthesized y-Fe203
nanoparticles and elemental composition of the sample
(Figure3) showed the presence of iron, carbon and oxygen
and no other impurities were found[21].

Figure 3: EDX data of the synthesized Y-Fe;03 nanoparticles
X-Ray Diffraction Analysis

XRD pattern (Figure 4) confirms the maghemite (Y-Fe203)
phase of the iron oxide nanoparticles. Maghemite nano-
particles are most preferred for biomedical hyperthermia
treatment and are comparatively less toxic[22].
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Figure 4: XRD pattern for the as synthesized
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Figure 5: W-H plot for ¥-Fe;03 nanoparticles

The JCPDS card number for the data is #39-1346 (¥-Fe20s3).
Cao et. al, (2016)[23] have synthesized pure Y-Fez03
particles by calcinating it at 200 °C for 2 hours and have
also discussed the appearance of various phases of iron
oxide at various calcination temperatures. However, by a
combined heating method of iron oxide powder at 200 °C
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for 1 hour followed by calcination of the nanoparticles at
100°C for 8 hours y-Fez0swas obtained as evidenced in
Figure 4. The crystallite size of the iron oxide was
calculated using Scherrer formula and it was found to be
21.3 nm[24]. According to W-H plot(figure 5) the crystallite
size was found to be 44 nm and the tensile strain was
determined as 0.005 Nm-2,

DLS and Zeta Potential

Dynamic light scattering technique was used to determine
the particle size of the synthesized iron oxide nanoparticles
(Figure 6). The average particle size of the synthesized iron
oxide MNPs were found to be 106 nm which is ideal for in-
vitro hyperthermia applications. Particle size greater than
200 nm will get easily removed by the spleen, hence in
order to escape the RES (reticulo-endothelial system) the
particle size should be less than or ~100 nm. Particle size
ranging from 10-120 nm can enter the small capillaries that
efficiently get distributed into the circulatory system,
thereby reaching the affected tissues[25]. The zeta
potential of the iron oxide nanoparticles was found to be
45.8 mV which shows that the particles are stable in
suspensions due to good electrostatic repulsion between
them [26]. DLS and Zeta potential was taken in room
temperature at pH 7.
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Figure 6: DLS and Zeta potential of the synthesized Y-Fe;03
nanoparticles

Fourier-Transform Infrared Spectroscopy Studies

The FTIR spectrum (Figure 7) shows distinct peaks at 1604
cml, 956 cml, 2787 cm! corresponding to the cellulose
suspension.
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Figure 7: FTIR spectrum of cellulose microcrystalline solution

The peak at 1604 cm-1and the broad peak at 2787 cm-1 has
occurred due to the surface hydroxyl groups[27]. The peak
at 956 cm-! corresponds to the phosphate group present in
orthophosphoric acid[28].

Vibrating-Sample Magnetometer (VSM) Studies

The powder was tested for its magnetic efficiency with the
help of VSM technique with field strength varied from -
15000 Oe to 15000 Oe. The resulting magnetism ranged
between -1 emu to +1 emu. Dynamic magnetization was
also performed for the powder samples by varying the
temperature. At higher temperatures (400 K to 500 K) the
magnetic moment was found to be high. No saturation was
found until 4000 Oe (Figure 8). The coercivity value (Hc)
was found to be 75.83 Oe whereas the retentivity (Mr) was
found to be 0.11 emu. The higher coercivity value indicates
that the magnetic particles are stable in external magnetic
field without getting demagnetized[29], the greater the
coercivity, the higher is the SAR (specific absorption rate)
for the nanoparticles[30]. Therefore, the synthesized MNPs
are found to possess immense stability. Hematite particles
exhibit lower magnetization and coercivity[31]. The
coercivity of the particles depend on various factors such
as particle size, structure, strain and twinning of the
particles that gives rise to magneto-elastic anisotropy[32].
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Figure 8: VSM magnetization of the as synthesized iron oxide nano
particles
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Figure 9: dM/dT plot of as synthesized iron oxide nano-particles

Magnetic moment against temperature (K) was plotted as
shown in Figure 9. It could be observed that the lowest
dM/dT taken as an average Curie temperature of the MNPs
(Tc) is 582 K which is equivalent to 308.85°C. This indicates
the immense heating capacity of the MNPs which could be

JMSSE Vol. 8 (2), 2021, pp 1001-1009

Contents lists available at http://www.jmsse.in/ & http://www.jmsse.org/

©2021 INSCIENCEIN. All rights reserved @iﬂ



Preethi Ramadoss et al./ Study of Viscoelastic Behaviour of Cellulose Fluid Carrying Iron Oxide Nanoparticles

1005

for Injectable In-Situ Hyperthermia Application

70 T T T T T T T

—=—3mg

1 30

o

< sof

2

2

S 4o

o

£

2 C-76 200A
30+
20 1 i ' 1 1 L 'S

0 100 200 300 400 500 600

65
60

55

50 -

Temperature (°C)
o

3B

30

250 C-94 200A

0 100 200 300 400 500 600
Time (s)

T T T T T T T
70 - —=—3mg E
—s—6mg
—i— 10 mg
60 —y—15mg T
20 mg
50 L i
40 4
30+ =
C-94 300A
20 1 1

T0 - E
%
/

60

—=—3mg
—s—6mg -
—4— 10 mg
—v—15mg
—+—20mg 1

40t

C-76 300A

1 1 1 1 1

150 200 250 300 350 400

2u 1 1
-0 0 50 100

1 1 1 1 1
0 100 200 300 400 500 600
Time (s)

Figure 10: Induction heating profile of various concentration of maghemite powder
using coils C76-2004, C76-3004, C94-200A and C94 300A

applicable for magnetic hyperthermia treatment. Yuanwei
Chen et al (2016)[33], synthesized and characterized
nano-particle composite of lanthanum, strontium
manganates. The Tc values of the particles were ranging
from 43.9°C- 49.2°C. Figure 9 indicates that the synthesized
maghemite particles have a very high Curie temperature
and signifies that the material loses its magnetic potential
only beyond 300°C. This result coincides with the high
coercivity value obtained for the 100 nm size maghemite
particles.

Magnetic Hyperthermia Analysis

Induction heating experiment was performed (Figure 10)
by varying the coil diameter (7cm and 9 cm), operating
frequency (178 kHz and 242 kHz) and current (200A and
300A). The reason behind varying the copper coil diameter
is that the resulting magnetic field generated is inversely
proportional to the coil diameter. The heating efficiency is
also directly proportional to the number of turns and the
magnetic field generated. This is due to the fact that the
heat generation depends on the square of magnetic field
generation (H?2). The heat generated with C76 coil is higher
than that of the heat generated with C94 coil which agrees
with the fact that the increase in diameter of the Cu coil
decreases the heat produced because magnetization also
decreases. But however, the increase in concentration of
the maghemite and increase in current (300A) reduces the
time taken to reach T(max). This can be verified with the SAR
(specific absorption rate) calculated for all the powder
samples at varying concentration. Induction heating
reached 45.7°C in as low as 30 seconds of time with C-76
coil at 200A and 55.9°C with C-76 at 300A for 20 mg of
MNPs.

Furthermore, Induction heating was performed for the
polymer-maghemite composite (Figure 11) with varying
concentrations of polymer solution and the MNPs and SAR
and ESAR values were analyzed. Constant current of 200A
and C76 coil was used throughout the experiment as it was
optimized from the experiment performed with gamma-
Fe203 powder (Figure 10).

The results for magnetic hyperthermia analysis indicate
that SAR and ESAR values were the highest for 20 mg
concentration of iron oxide powder. Specific absorption
rate is the efficiency of the material to generate heat by
varying the concentration of the MNPs with alternating
external magnetic field,whereas ESAR (Effective specific
absorption rate) is the efficiency of heating observed under
specific operating frequency, field strength and current
applied. The highest SAR (145.25 W/g) (Figure 12) value
was observed for 20 mg concentration of iron oxide
powder with C76 coil and the corresponding ESAR (2.77 x
10-3) (Table 2) value was found. P.Burnham et.al (2013)
studied the SAR values of various sizes of Y-Fe203 particles
with varying concentration of oleic acid and the minimum
SAR for 16.2 nm particle and 0% oleic acid was found to be
0.126 W/g and the maximum SAR value for 20% oleic acid
with 7.3 nm of Y-Fe203 particles was found to be 11.08 W/g.
The heating capability of the polymer and MNPs together
showed an increased SAR (17 W/g) (Table 2) (Figure 13)
and ESAR (0.149 x 10-3) for the MNPs concentration of 20
mg and 5 ml or the polymer solution. A maximum
temperature of 43°C is reached in 60 seconds for the 20 mg
iron oxide dispersed in 2 ml polymer solution. Mild
hyperthermia therapy temperature usually ranges from 39
0C to 45 9C [34].
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Figure 11: Induction heating profiles of varying concentration of
iron oxide powder with cellulose concentration

AT 1
SAR=C ——
At m

Where c is the specific heat of water (4.18 Jg-1 K-1
mol-1), m = mass of the maghemite and AT/At = slope of
the temperature versus time plot. SAR is expressed in unit
W/g [24].

SAR
ESAR =

!
Happlied f

Where Happlied is the applied magnetic field strength and fis
the frequency of the applied field strength. Specific loss
power (SLP) is directly proportional to SAR values, which
means that the amount of heat produced is directly
proportional of the amount of magnetic radiation absorbed
by the particles with respect to its mass. Whereas ESAR
values are more specific to the type of coil diameter,
current applied and the magnetic field strength used [33].
It can be noted that the Effective Specific Absorption Rate
(ESAR) observed for magnetite particles used for the
application of hyperthermia reported by Jayadevan (2010)
[35] has shown a highest ESAR value of 29.5 x 10-°Wg-1 Oe-
2Hz-1 for the particles dispersed in water and 15.8x 10-°Wg-
1 QOe2Hz! for the particles dispersed in oil and PVA
(polyvinyl alcohol).

Applied field strength is calculated with the following
equation:

H= 1.25D7 ni (Oe)

Where,

H is the applied field strength

iis the applied current

n is the number of turns of the coil used
D is the diameter of the coil used

Table 1: The parameters used for hyperthermia experiment and
the corresponding Hf value

Coil Operating Current  Field strength (H)  Hf (kA m-

diameter  frequency (f) kHz (A) Oe kA/m Is-1)

7 178 200 323.23 25.73 4.58x 106
300 215.48 17.15 3.05x 108

9 242 200 167.60 13.33 3.22x 108
300 111.73 8.89 2.15x106

Table 2: SAR and ESAR values for various concentrations of iron
oxide powder under varying coil diameter, field strength and
current

Maghemite SAR  ESAR SAR  ESAR( SAR ESAR SAR  ESAR

conc W/g) (x10- (W/g) x103) (W/g) (x10- (W/g) (x103)
%) %)
C76-200A C76-300A €94-200A €94-300A
3mg 4793 0406 1308 24 1463 034 5252 274
6 mg 744 0631 1568829 1804 0419 10526 5.50

120.46 2.3 15.75 0.366 76.28 3.97
160.23 3.06 11.75 0.273 81.78 4.27
145.25 2.77 1040 0.241 1428 7.46

10 mg 59.18 0.502
15 mg 84.6  0.717
20 mg 83.8 0.711

Table 3: SAR and ESAR values for varying concentrations of
polymer+MNPs complex

Polymer+maghemite SAR (W/g) ESAR (x 10-3)
concentration
10(2) 10.28 0.090
10(5) 12.70 0.111
20(2) 8.38 0.073
20(5) 17 0.149
250 ] T T T T
Il c76-200A
I c76-300A
200 - I c94-200A i
[ co4-300A

150 T 7

100

Specific Absorption Rate (W/g)
o
Qo

3mg 6 mg 10 mg 15 mg 20 mg
Concentration of iron oxide (mg)

Figure 12: SAR values of maghemite particles at various
concentrations
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Figure 13: SAR values of MNPs dispersed in polymeric medium

Rheological Study

Human whole blood carrying white-blood cells and red
blood cells acts as a viscoelastic, pseudo-plastic (Figure 14)
and thixotropic fluid which becomes less viscous during
higher shear stress and gains back its original viscosity at
low shear stress[36]. This kind of fluid with thixotropic
shear-thinning behaviour is well preferred for
pharmaceutical formulations to carry metal ions or drugs
to the targeted sites[37]. Therefore, in Figure 14 it is
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observed that the shear stress also increases as the shear
rate increases and goes back to 0 as the shear rate
decreases. This shows the stability of the fluid. The
influence of thixotropic behaviour in magnetic ferrofluid
was reported by Yang et.al, (2010) [38].
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Figure 14: Shear rate vs Shear stress plot for the cellulose/ortho-
phosphoric suspension

The cellulose fluid is viscous at room temperature without
stress whereas in Figure 15 one can observe that the
viscosity readily decreases as the stress increases. This is
the typical behaviour of blood. The fluid carrying the
targeted particles should reach the affected tumour site
irrespective of the rough passages it may have to travel
through. Especially in cancer affected regions the blood
vasculatures will be extremely knotted with various valve
thickenings with a lot of contractions; hence the fluid
should have shear-thinning properties in order to reach the
targeted tissue/cells successfully with the MNPs. The
viscosity (Figure 15) steadily decreases with increase in
shear stress and then gets restored back to its original
viscosity when the stress is lowered. This exactly coincides
with the thixotropic and pseudo-plastic behavior of human
blood [36].
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Figure 15: Shear rate vs viscosity plot of the cellulose/ortho-
phosphoric fluid showing a typical thixotropic, shear-thinning
behaviour

Cell Culture Studies

The cytotoxicity of the iron oxide nano-particles was tested
with lung cancer cells for Day 2 and Day 4. It is observed
that there is decrease in cell proliferation on day 4, of
which 50 mg of iron oxide showed significant decrease in
cell proliferation on day 4 when compared to the control
samples (Figure 16). The cell proliferation assay was done
with 5% human blood serum procured from blood bank
and DMEM (high glucose) was used as the culture medium.
5% CO2 was maintained in the incubator for carrying out
the cell culture studies. 2% antibiotic was used for the
medium. MTT assay was used to estimate the number of
viable and non-viable cells. FDA staining method was
employed for fluorescent imaging (Figure 18) of the viable
and non-viable cells. Cytotoxicity was performed for both
the powder and polymer suspension as well in separate 96-
well culture plates.

1058 -Day 2
- Elipay4 |

120

o
(=]

Cell proliferation (%)
1]
(=]

10 20 30 50 70 80 100

Iron Oxide Concentration (mg)

Figure 16: Lung cancer cell proliferation rate of various
concentrations of iron oxide nano-particles

The cell culture results showed that the iron oxide nano
particles are toxic to the lung cancer cells beyond 20 mg
(Fig. 16) the polymer suspension (Fig. 17) showed good
proliferation of the cancer cells which also indicates that
the cellulose microcrystalline suspension is non-toxic to
the non-cancerous cells. The rate of proliferation
decreases with increase in incubation time.
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Figure 17: Cell proliferation % of lung cancer cells with various
concentrations of cellulose suspension fluid

The red coloured cells shown in Figure 18 are the dead
cancer cells shown under fluorescent microscope taken on
Day 4. The lung cancer cells showed high sensitivity to 50
mg of iron oxide nano-particles. The density of the dead
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cells was higher with 20 ml of polymeric suspension
(Figure 18). Human blood serum was used in replacement
of FBS (foetal bovine serum) in order to practice humane
way of cell culturing. The percentage of human blood
serum to be used was optimized with FBS by performing a
thorough comparative study with equal concentrations of
both in two different 96-well plates. And it was found that
the results we obtained with 8% foetal bovine serum
matched with that of 5% human blood serum and hence
5% human blood serum was optimized as the final
concentration. In fact, the results were much enhanced
with the usage of human blood serum when compared to
the use of foetal bovine serum. The human blood serum
was filtered with 0.45 pm syringe filter before use.

(@) (b)

(c) (d)

Figure 18: FDA staining and fluorescent images of lung cancer
cells, (a) non-viable cells found on day 4 with 10 mg of iron oxide
nano-particles, (b) dead cancer cells on day 4 with 50 mg of iron
oxide nano-particles, (c) dead cancer cells on day 4 with 10 ml of
cellulose/ortho-phosphoric acid polymeric suspension, (d) dead

cancer cells on day 4 with 20 ml of cellulose/ortho-phosphoric

polymeric suspension

Conclusions

The hydrothermal synthesis of maghemite nano-particles
showed good magnetic properties which are evidenced
from VSM and temperature-dependent VSM plots. The
curie temperature (Tc) of the synthesized magnetic iron
oxide nano-particles were found to be between the range
43.9 0C- 49.2 9C. Higher coercivity value of 75.83 Oe for the
MNPs which indicate that the particles are extremely
stable. The specific absorption rate (SAR) (145.25 W/g)
with respect to the mass of the particles was highest for 20
mg maghemite particles whereas highest SAR (17 W/g)
was observed for 20 mg of maghemite particles dispersed
in 5 ml of the polymeric (cellulose in ortho-phosphoric
acid) medium. For 20 mg of the iron oxide nano particles
induction heating up to 55.9°C was observed within 30
seconds. The hyperthermia heating experiment performed
for all the powder and suspended samples showed good
heating efficiency when 7 cm Cu coil was used under 300A
of current. The highest temperature reached for the iron
oxide nano-particles with the polymeric solution was 43 0C
within 60 seconds which is an ideal temperature for mild
heating recommended for hyperthermia treatment. The
rheological properties of the cellulose polymer suspension

also showed that the fluid is viscoelastic with shear-
thinning properties that is similar to the thixotropic human
blood. This type of rheological behaviour of the polymeric
suspension is most preferred for pharmaceutical
formulations of various types of drug carriers. In-vitro cell
culture with lung cancer cells have shown that increase in
concentration of MNPs and polymer solution leads to cell
death.
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