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Controlling nanoparticle delivery in magnetic nanoparticle hyperthermia
for cancer treatment: Experimental study in agarose gel
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Department of Mechanical Engineering, University of Maryland Baltimore County, Baltimore, M D, USA

(Received 22 October 2007; revised 13 December 2007, accepted 9 Fanuary 2008)

Abstract

In magnetic nanoparticle hyperthermia for cancer treatment, controlling the heat distribution and temperature elevations is
an immense challenge in clinical applications. In this study we evaluate magnetic nanofluid transport and heat distribution
induced by commercially available magnetic nanoparticles injected into the extracellular space of biological tissue using
agarose gel with porous structures similar to human tissue. The nanofluid distribution in the gel is examined via digital
images of the nanofluid spreading in the gel. A radio-frequency electromagnetic field is applied to the gel following the
nanofluid injection and the initial rates of temperature rise at various locations are measured to obtain the specific absorption
rate (SAR) distribution. By adjusting the gel concentration and injection flow rate, the results have demonstrated that a
relatively low injection rate leads to a spherically shaped nanofluid distribution in the gels which is desirable for controlling
temperature elevations. The SAR distribution shows that the nanoparticle distribution in the gel is not uniform with a high
concentration of the nanoparticles close to the injection site. We believe that the experimental study is the first step towards
providing guidance for designing better treatment protocol for future clinical applications.

Keywords: Magnetic nanoparticle hyperthermia, particle distribution, heating pattern, infusion rate, SAR

Nomenclature: A, area (mmz)cp, specific heat (J/kg°C);
r, radial distance (mm); SAR, specific absorption rate (KW/
m>); SLP, specific loss power (kW/kg); C, nanoparticle
concentration (kg/m>); t, time (s); 7, temperature (°C); V,
volume (ml); Q, heat generation distribution (KW/m?); p,
density (kg/m3); 4> distribution; ; infused; ,pixel.

studied to date due to their biocompatibilty [2].
When activated by an external alternating magnetic
field, magnetic particles generate heat mainly due to
the Néel relaxation mechanism and/or Brownian
motion of the particles [3, 4]. Small particles (10—
40nm) are preferred in magnetic hyperthermia
applications due to their ability to produce an
impressive level of heating in relatively low magnetic
fields [5].

Introduction

Magnetic nanoparticle hyperthermia has attracted
growing research interests in malignant tumor
treatment due to its simple implementation, low
cost, and reduced complication. In this method,
magnetic particles delivered to the tissue or blood
vessels induce localized heating when exposed to an
alternating magnetic field, leading to thermal damage
to the tumor [1]. Iron oxides magnetite Fe;O4 and
maghemite y-Fe,O3; nanoparticles are the most

Two techniques are currently used to deliver
magnetic particles to a tumor. The first is to deliver
particles to the tumor vasculature [6] through its
supplying artery; however, this method is not
effective for poorly perfused tumors. Furthermore,
for a tumor with an irregular shape, inadequate
nanoparticle distribution may cause under-dosage of
heating in the tumor or overheating of the normal
tissue. The second approach, which is the focus of
the current study, is to directly inject magnetic
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particles into the extracellular space in tumors. This
approach has been used to treat tumors in liver [7]
and breast [7, 8]. If the tumor has an irregular shape,
multiple-site injections can be exploited to cover the
entire target region.

In hyperthermia treatment, the distribution of
temperature elevation is an important factor deter-
mining the therapeutic outcome. The quantification
of heat generated by the particles [3, 9] has suggested
that the size of an individual particle and properties
of the magnetic field (strength and frequency)
determine its heating capacity, defined as specific
loss power (SLP). Given the SLP of the particles at
a magnetic field strength and nanoparticle con-
centration distribution C(r), the distribution of
heat generation @ <can be computed as
Q@) =SLP x C(r). Clearly, the spatial distribution
of the particle dispersed in tissue is an important
factor determining the resulting temperature eleva-
tion. However, it is not clear how the spatial
concentration of the particles in the tissue correlates
with the particle concentration in the carrier solution
before the injection. One previous study [10] has
measured the volumetric heat generation rate in an
in vitro experiment. Doubling the particle concentra-
tion did not result in a 100% increase in the heat
generation rate. The experimental data suggest that
the particle concentration is not uniform after the
injection. In addition, this study measured only the
volumetric heat generation rate at one tissue loca-
tion. Another experimental investigation by Hilger
et al. [8] showed that temperatures up to 71°C could
be obtained at the center of a tumor in a mouse
model. In the same study, the temperature elevation
in dry breast tissues was determined and found to
increase as a function of the amount of nanoparticles
injected and magnetic field strength. The subsequent
work by Johannsen and Jordan [11-13] focused on
testing the magnetic fluid hyperthermia on prostate
cancer in human subjects. The histological analysis
of the cancerous tissues showed a partial necrosis of
the cells after the treatment. The previous experi-
ments have demonstrated the feasibility of elevating
the tumor temperature to a desired level; however, in
some tumor regions, usually at the tumor periphery,
under-dosage of heating (temperature increase lower
than a critical value) was observed. In almost all the
previous studies of the heating pattern using animal
models, the temperature was measured at only one
location in tissue. The actual spatial distribution of
the magnetic particles after being injected into the
tumor and the resulting temperature fields remain
unknown in animal and clinical studies.

One challenge in assessing the energy generation
induced in animal tissue is the technical difficulty of
visualizing the nanofluid dispersion. Up to this date,
gels are basically the only transparent porous

materials that are equivalent to animal tissue for
m wvitro studies despite the fact that gels are
homogeneous in comparison to the complicated
tumor morphology. In fact, the tumor extracellular
space convection/diffusion properties are found to be
similar to the agarose gel [14]. Ramanajuan et al.
suggested a correction factor to account for the
tumor tortuosity [15]. Thus, agarose gel is a widely
used alternative to animal tissue in the test of drug
delivery in biological systems [16—18]. Agarose gel
with pore sizes in the range of 50 nm to 800 nm can
be obtained by manipulating the agarose concentra-
tion and final solidification temperature [17]. Chen
et al. [18] studied the transport of large molecular
therapeutic agent in brain through infusing bromo-
phenol blue dye in agarose gel. A reduced distribu-
tion volume was observed with increasing infusion
flow rate.

Recently, magnetic particles diffusion in tissue was
performed by studying their migration in gel in a
steady magnetic field [19-21]. Kalambur et al.
performed a neat experimental study to characterize
the movement and heating capacity of magnetic
nanoparticles that are uniformly suspended in water,
glycerol and collagen [20] in a steady magnetic field
as well as an alternating magnetic field. The particle
concentration was also visualized through infra-red
imaging. In a more recent study [21], an experi-
mental method was presented to study the interac-
tion of magnetic nanoparticles with the solid gel
matrix when subject to a magnetic force. It was
found that ferroparticles aggregated and adhered to
the solid structure of the gel when the particle
diameter was higher than 135 nm. This would hinder
the diffusion of the particles even in a very dilute gel.
Despite the extensive research effort devoted to the
magnetic nanoparticle diffusion in gel, to the
authors’ knowledge, no research attempt has been
made to address the spatial diffusion/convection
mechanism of magnetic nanoparticle during and
after the infusion of magnetic nanoparticles in a gel
or tissue.

In mass transport during drug delivery, the
induced drug concentration in the entire tumor
should be large enough to kill tumor cells. It is
well known that the high hydrostatic pressure in a
tumor is the major barrier that prevents the drug
from diffusing into the interstitial space. In heat
transfer using nanoparticle heating, even if the
nanoparticles are confined in the vicinity of the
injecting site, heat can still be transferred via tissue
conduction which is independent of the hydrostatic
pressure in tumor. In clinical applications, a
spherical-shaped nanoparticle dispersion in the
tissue following the injection is preferred because
it allows for controlled heat generation distribution.
In the situation of treating an irregular-shaped
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tumor, multiple site injections of nanoparticles are
needed to ensure that the temperature elevation in
the entire tumor is sufficient to achieve tumor
necrosis. However, the relationships among nano-
particle distribution, infusion flow rate, injection
volume of nanofluid, and tissue structure are not
well understood. It is difficult to devise a treatment
protocol that enables the optimum distribution of
temperature elevation in the tumor. Hence, it is
important to quantify the nanoparticle distribution
and heating pattern following the injection regard-
ing the infusion flow rate and tissue properties.
The objective of the current study is to investigate
the diffusion and convection of a commercially
available nanofluid in agarose gel with porosity
mimicking that of different types of tissues. An
idealized injection strategy was identified in the
study for achieving a spherical shape of the
nanofluid dispersion. The initial temperature rises
at different locations were measured to determine
the SAR values. A Gaussian expression of the SAR
distribution was curve fitted based on the experi-
mental measurements of the SAR.

Experimental methods and materials

Water-based ferrofluids (EMG705 series, Ferrotec
(USA) Corporation, Nashua, NH) with a concen-
tration of 3.3% by volume and a particle size of
10nm were injected in agarose gel at different
infusion flow rates. The agarose gel was prepared
by dispersing agarose powder (Sigma-Aldrich,
Saint-Louis, MO) in a 10% buffer solution (Tris-
Borate EDTA, Gibco BRL, Rockville, MD) [18].
The mixture was then heated until the agarose was
completely dissolved. After being cooled at room
temperature to 60°C, the solution was loaded into
a transparent container and cooled further to
room temperature (25°C) until solidification. The
nanofluid distribution was studied in five agarose
concentrations (0.2%, 0.5%, 1%, 2%, and 4%).
Previous experimental studies showed that 3% and
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4% agarose gel has a microstructure similar
to hard tissue [18], while the lower concentration
gel has a porosity similar to soft tissue such as
brain.

It was reported previously that the infusion flow
rate and the catheter size should be relatively small
to minimize the back-flow during the injection [22—
23]. Moreover, the experiments by Chen et al.
showed that the catheter shape does not affect
significantly the  distribution volume [18].
Therefore, a 26-gauge Hamilton needle (Fischer
Scientific, Springfield, NJ) was used for injection
through a protocol that minimizes the lateral
motion of the needle upon insertion as well as
the air gap between the needle and gel. A 1lcc
syringe loaded with 0.3 cc of ferrofluid was placed
on a syringe pump (Genie Plus, Kent Scientific,
Inc. Torrington, CT) that enables precise control
of the flow rate and the amount of the injection.
The cylindrical container was pierced at its lateral
surface and the needle was introduced through the
gel. Once the infusion began at a preset flow rate,
a digital camera (Canon A520) was used to acquire
a sequence of digital images of the spreading of
nanofluid in the gel. The top view pictures were
taken at a constant distance from the compartment
for all the experiments. Figure 1 illustrates the
beginning of the spreading of the nanofluid inside
the gel. It shows that the distribution is nearly
axisymmetric around the needle.

For a given gel concentration and a constant
ferrofluid volume (V7;=0.3cc), a relatively high
infusion flow rate was selected initially. The flow
rate was then reduced progressively until a relatively
spherically shaped ferrofluid distribution was
achieved. In this manner, we identified the max-
imum flow rate that produces a spherical nanofluid
distribution. One experiment was performed for each
of the given injection rate and gel concentration
condition.

The images obtained by the digital camera were
converted to a black and white version as displayed in
Figure 2 using an image processing technique.

(a)

(b)

Figure 1. The nanoparticles distribution inside the gel at the beginning of the injection: (a) side view, (b) top view.



Downloaded By: [University of Maryland Baltimore County] At: 14:36 14 May 2008

340 M. Salloum et al.

1cm

Figure 2. A black and white version of the nanoparticles
distribution for an infusion flow rate of 1.25 pul/min and a
gel concentration of 4%.

]

AC generator

HP voltage meter

HP control unit

Thermocoupl

Figure 3. Experimental set-up of the RF generator, the
coil, and the data acquisition system.

The distribution volume V; was calculated in the
cylindrical coordinates using Equation 1:

den/QrdA (1)

where €2 is the total black area in the image, dA is the
pixel area, and r is the radial distance from the z axis
to the pixel. The above integral was then evaluated
numerically using the following equation:

»
Vd:n'Ap'Zrz’ (2)
=1

where A,=dA is the area of an individual pixel, p is
the total number of the pixels in the black area. 4,
and p were obtained from the Matlab® Image
Processing toolbox.

The gels with the almost circular shape of
ferrofluid distribution were employed to perform
the heating experiment. After removing the needle,
the compartment was taped at the location of the
needle piercing to prevent any liquid backflow. The
compartment was placed inside a two-turn water
cooled coil of 20 cm diameter and 7 cm height. The
experimental set-up is shown schematically in

Figure 3. The compartment was positioned so that
the injection site was located exactly at the center of
the coil where the magnetic field strength reaches its
maximum value (3kA/m). In this region, it is
reasonable to assume that the magnetic field is
nearly uniform for two reasons. First, the dimensions
of the obtained nanoparticles distribution (<10 mm
diameter) are very small compared to the coil
dimensions. Second, the nanoparticles were posi-
tioned at the center of the coil where the
magnetic field is expected to be axisymmetric.
Hence, the variation of the magnetic field in the
radial direction around the nanoparticles is expected
to be minimal.

A thermocouple was inserted in the gel vertically
from the top surface using a systematic method for all
the experimental conditions. Before the insertion,
important geometrical parameters, including the gel
volume, the compartment dimensions, and the
needle tip position inside the compartment were
measured. Thus the vertical distance from the
injection site to the top surface of the gel can be
calculated. This distance was then marked on the
thermocouple to control the vertical translation of
the thermocouple in the gel so that the tip of the
thermocouple was located at the same depth beneath
the top surface. The horizontal distance from the
thermocouple to the needle tip was then measured.
After connecting the coil to a radiofrequency gen-
erator (Hotshot 2, Ameritherm, Inc., Rochester,
NY), an alternative current of 384 A at a frequency
of 183kHz was generated through the coil and a
magnetic field was induced. The temperatures were
recorded on a personal computer. In order to
exclude the potential effect of heat induced by the
thermocouple, we performed temperature measure-
ments in the gel in the absence of nanoparticle
injection using the same copper-constantan thermo-
couple. No temperature increase was observed once
the radio-frequency generator was turned on. Hence,
it was concluded that the heat generation in the
thermocouple is negligible in this study.

Prior to each heating experiment, the gel compart-
ment was kept at room temperature for 12 hours so
that a uniform temperature can be reached through-
out the gel. In the absence of any heat conduction in
a medium, the volumetric heat generation rate, or the
SAR, can be evaluated by the initial value of the
transient term in the heat conduction equation:

oT
SAR = Plpy 3)

t=0
where p and ¢, are the density and specific heat of the
gel, respectively [24]. The initial slope of each curve
was obtained by a linear fitting of the first five
measurements of the heating curve. A minimum
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Figure 4. The nanofluid distribution shapes for a gel concentration of (a) 0.2%, (b) 0.5%, (c) 1%, (d) 2% and (e) 4% for

different infusion flow rates.

value of 93% for the R? value was obtained for the
curve fittings.

The measurements of the SAR at various gel
locations were performed. For the SAR value at
another gel location, the gel was allowed to cool
down to establish a uniform temperature distribu-
tion before the heating was re-induced. At least
four SAR values in the radial direction were
obtained in each gel. It should be noted that no
obvious nanofluid diffusion was observed after the
infusion process. Thus the heating experiment can
be repeated.

Results and discussions

The shapes of the nanofluid distributions in the gel
are displayed in Figure 4 for various combinations
of the gel concentrations and flow rates. It has
been shown that a higher gel concentration
requires a smaller flow rate to achieve a nearly
circular shape of the nanofluid dispersion. While a
soft gel of 0.2% concentration allows a flow rate of
4 pl/min to produce a circular distribution, such a
shape cannot be obtained in a hard gel (4%
agarose concentration) until the infusion flow rate
is reduced to 1.25ul/min. The shape of the
distribution tends to be more irregular with
higher flow rates and higher gel concentrations as
depicted in Figure 4. This observation can be
explained by several reasons. A low infusation flow
rate and a large pore size make it easier for the
nanoparticles to migrate in an isotropic manner in
the gel to form a spherical distribution. On the
other hand, in a gel with small pore size, a high
infusion flow rate facilitates the nanoparticles to
deposit on the solid structure in the direction of
fluid flow, rendering some pores along the flow

path inaccessible to the nanofluid. As a result, the
nanofluid tends to migrate in the lateral direction,
leading to the deviation from the circular shape.
Further, the infusion of a fluid inside a gel induces
swelling, i.e. internal deformation and dilatation
[22, 25-27], due to the unique visco-elastic
properties of gel [28-29]. With an enhanced
infusion flow rate, the pore deformation is more
pronounced for a given gel structure as suggested
by the theoretical investigations of Chen et al. [22].
The deformation of the pore delays the relative
motion of the fluid to the gel in the direction of
the flow [26]. Thus, nanofluid migration in the
direction perpendicular to the flow dominates the
nanofluid spreading in the gel.

During the injection, the spreading of the
nanofluid in the gel was quantified wusing a
sequence of digital pictures acquired several times
after the injection. The evolutions of the nanofluid
distribution in the gel as a function of time are
shown in Figure 5. Since the gel has a porous
structure, any injected liquid occupies a spatial
volume, termed the distribution volume 1V, bigger
than the infused volume of the liquid, V;. Figure 6
shows the ratios of the distribution volume V/; to
the infused volume V; as a function of the gel
concentration and the infusion flow rate at the end
of the infusion. The gel with a higher agarose
concentration (2-4%) exhibits a smaller distribu-
tion volume because the smaller pore size imposes
a higher resistance to nanofluid transport in the
porous structure. Figure 6 suggests that I, /V;
reduces to a value close to unity at an infusion
flow rate of 6 ul/min for the lowest gel concentra-
tion, and 2.5 pul/min for the highest gel concentra-
tion. This implies that above a certain threshold of
infusion flow rate, the nanoparticles are confined in
a restricted region in the gel without being able to
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Figure 5. The calculated nanofluid distribution volume in the gel after the injection of 0.3 cc ferrofluid as a function of time

during the infusion process.
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Figure 6. The ratio of the distribution volume to the infused volume of ferrofluid as a function of the infusion flow rate for

different gel concentrations.

diffuse freely. One attempted explanation for the
smaller distribution volume at high injection rate is
that the high flow rate facilitates the particles
interaction with the solid matrix of the gel [21],
leading to their premature deposition and accumu-
lation on the solid structure in a more restricted
region around the injection site. A sharp drop of
Vy/V; from the 1% to 2% gel concentration is
observed. This is because the decrease in the pore
size of the gel at elevated gel concentration
significantly limits the nanoparticle migration.
Compared to the observation made by Chen
et al. [18], the V,/V; ratios obtained in this study
are smaller than those obtained using bromophenol
(Molecular Weight: 700 Da) solution. The devia-
tion from the previous study can be explained by
the difference in the size of the transported agents
(nanoparticle versus Bromophenol molecule).

The larger size of the nanoparticles (10nm
diameter ~1500kDa) used in the current study
impedes their migration in the gel, and thus results
in a smaller distribution volume. The ratio Vj/V;
can be used as a guidance for physicians in clinical
applications to select judiciously the quantity and
infusion rate of nanofluid according to the volume
and structure of a given tumor tissue.

The temperature elevations in the gel induced by
the injected nanoparticles when exposed to the
external electromagnetic field were recorded at
various locations as a function of time. Since the
nanoparticles are the only heating sources present
in the gel, the SAR distribution can be used as an
index for the particle concentration in the gel. The
initial temperature rises at two gel locations are
illustrated in Figure 7 for a gel concentration of
0.2% and an infusation rate of 4 pl/min. Note that
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Figure 7. The evaluation of the initial slope of the heating curve for a gel concentration of 0.2% and an infusion rate of 4 pl/

min (r is the radial distance from the injection site).
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Figure 8. The specific absorption rate (SAR) as a function of the radial distance from the nanoparticles injection site.

the initial temperature rises are almost linear,
implying negligible heat conduction when the
heating is turned on. The slope then becomes
less steep due to heat conduction in the gel.

The slopes of the initial temperature curve at
various spatial locations are used to determine the
SAR values based on Equation 3. As shown in
Figure 8, the SAR decreases with the radial
distance from the injection site, leading to a
conclusion that more nanoparticles are deposited
near the injection site. The higher gel concentra-
tions (2% and 4%) result in a maximum SAR
value much greater than that from lower gel
concentrations (0.2%, 0.5%, and 1%). This obser-
vation suggests expedited particle transport from
the injection site in the gel with low concentration.
The different behaviors of the nanoparticle trans-
port in the gel can be explained by the interaction

between the nanofluid and solid gel microstructure.
It was suggested by Nicholson et al. [30] that as
fluid/solute is infused inside a gel, either both the
fluid and the solute directly propagates in the gel
pores, or a small cavity of more concentrated fluid
forms. The diffusion-convection mechanism is
initiated afterwards. The cavity is more likely to
form in a highly concentrated gel, i.e. hard gel,
because of the small pore size and the enhanced
mechanical strength. Thus, it is not surprising that
in the gels of high concentrations, nanoparticles are
mainly confined in a region close to the injection
site. The concentration of the nanoparticles can
then be easily evaluated as the ratio of the SAR
to the specific loss power SLP of the pure
ferrofluid [3, 4].

Although any expressions can be proposed for
the SAR distribution, it should result in a good fit



Downloaded By: [University of Maryland Baltimore County] At: 14:36 14 May 2008

344 M. Salloum et al.

Table I. Calculated curve fitting coefficients based on
Equation 4 (R?> 98%).

B (KW/m?) 7o (mm)

Gel concentration =0.2%

Infusion flow rate =4 pl/min 838.78 5.62
Gel concentration =0.5%

Infusion flow rate =3 pl/min 774.47 5.09
Gel concentration = 1%

Infusion flow rate = 2.5 pl/min 950.65 3.18
Gel concentration =2%

Infusion flow rate = 1.25 pl/min 1223.9 1.95
Gel concentration =4%

Infusion flow rate =1.25 pl/min 1748.1 2.37

to the experimental data. Based on the values of
SAR shown in Figure 8, a Gaussian distribution is
proposed for the SAR distribution:

SAR(r) = Be " /" (4)

where r is the radial distance from the injection site,
7o is a parameter (in mm) which determines how far
the diffusion occurs, and B determines the maximum
strength of the SAR value (W/m?®) at the injection
site. The parameter r, encompasses the effects of the
injection rate and the gel concentration, two impor-
tant factors that substantially influence the spatial
distribution of the nanoparticles as stated earlier. The
least residual curve fitting coefficients are shown in
Table I. As expected, ry decreases as a function of the
increased gel concentration, implying that the
particle diffusion distance is limited to a smaller
region surrounding the injection site. The maximum
strength of the SAR is getting larger when the gel
concentration is increased. The fitted expression of
the SAR distribution can be used in future theore-
tical simulations to study the temperature elevations
during nanoparticle hyperthermia.

Conclusion

The magnetic nanofluid transport in the extracellular
space of agarose gel with porosities that mimic
different types of tissue is investigated. The SAR
distribution in the gel induced by the magnetic
nanoparticle in an alternative electromagnetic field is
characterized. Through tuning the infusion flow rate
according to the gel concentration, the experimental
results demonstrate the feasibility of obtaining a
spherically shaped nanofluid distribution in the
agarose gel that allows for controlled heating pattern
in tissue. A higher SAR measured near the injection
site implies more nanoparticles deposited in the
vicinity of the injection site. The information
acquired in this study regarding infusion flow rate
and spreading volume of the injected nanofluid are
imperative for the design of the injection sites and

injection rate. Future studies will assess the effect of
the blood flow rate in animal tissue on the
nanoparticle distribution and heat generation
through  vivo animal experiments. The effects of
nanoparticle coating and PH value of the environ-
ment on nanoparticle deposition will also be exam-
ined. Based on the SAR distribution obtained in this
study, a theoretical model will be developed to
simulate the temperature elevation in tumor to
provide an optimized protocol for future clinical
applications.
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