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Magnetic nanoparticles have been used in clinical and animal studies to generate local-
ized heating for tumor treatments when the particles are subject to an external alternat-
ing magnetic field. Currently, since most tissue is opaque, the detailed information of the
nanoparticle spreading in the tissue after injections cannot be visualized directly and is
often quantified by indirect methods, such as temperature measurements, to inversely
determine the particle distribution. In this study, we use a high resolution microcomputed
tomography (microCT) imaging system to investigate nanoparticle concentration distri-
bution in a tissue-equivalent agarose gel. The local density variations induced by the
nanoparticles in the vicinity of the injection site can be detected and analyzed by the
microCT system. Heating experiments are performed to measure the initial temperature
rise rate to determine the nanoparticle-induced volumetric heat generation rates (or
specific absorption rate (SAR W /m3)) at various gel locations. A linear relationship
between the measured SARs and their corresponding microCT pixel index numbers is
established. The results suggest that the microCT pixel index number can be used to
represent the nanoparticle concentration in the media since the SAR is proportional to
the local nanoparticle concentration. Experiments are also performed to study how the
injection amount, gel concentration, and nanoparticle concentration in the nanofluid
affect the nanoparticle spreading in the gel. The nanoparticle transport pattern in gels
suggests that convection and diffusion are important mechanisms in particle transport in
the gel. Although the particle spreading patterns in the gel may not be directly applied to
real tissue, we believe that the current study lays the foundation to use microCT imaging
systems to quantitatively study nanoparticle distribution in opaque tumor.
�DOI: 10.1115/1.4002225�

Keywords: magnetic nanoparticles, hyperthermia, cancer, heating, temperature, mi-
croCT imaging
Introduction
Magnetic nanoparticles or microparticles have been proposed to

eat tumor tissue in cancer treatment since the 1950s. In this
ethod, superparamagnetic nanoparticles can deliver adequate

eating to irregular and/or deep-seated tumors when exposed to a
elatively low magnetic field and frequency. The heat generated
y these particles when exposed to an external alternating mag-
etic field is mainly due to the Néel relaxation mechanism and/or
he Brownian motion of particles �1,2�. Previous studies showed
hat iron oxides magnetite Fe3O4 and maghemite �-Fe2O3 nano-
articles are biocompatible in the human tissue �3�. In the past
ecade, there have been renewed interests in using magnetic nano-
articles in cancer treatments �4–7�. Due to technical advance-
ent in manufacturing nanosized magnetic particles, nanoparticle

yperthermia has emerged as an attractive alternative to costly and
isky surgical procedures because of its few associated complica-
ions and targeted delivery of thermal energy to the tumor.

Different methods exist to deliver nanoparticles to tumor: either
ystemically if the blood vessels of the diseased organ are well
nown or by directly injecting the nanoparticles in the extracellu-
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lar space of the tumor. The systemic delivery of the nanoparticles
relies on the coating on the particles and its strong affinity to
receptors on the tumor cells. Recently, a numerical study �8� pro-
posed a method combining both heat and mass transfer for tar-
geted drug delivery. In the past years, our group �9–11� investi-
gated the feasibility of elevating the temperature of the entire
tumor above a certain threshold using direct injection of nanofluid
at multiple injection sites while preserving the surrounding
healthy tissue from thermal damage. The direct injection method
is the focus of this study and its advantage is that multiple-site
injections can be exploited to cover the entire target region in the
case of an irregularly shaped tumor. The success of this approach
depends strongly on the nanoparticle distribution after injection,
which is affected by the injection strategies including injection
rate and injection amount of the nanofluid.

Previous investigations have demonstrated that particle size,
particle coating, and magnetic field strength and frequency deter-
mine its heating capacity defined as the specific loss power �SLP�
�1,2,12–14�. However, once the nanoparticles are manufactured, it
is the spatial distribution of the particles dispersed in tissue that
dominates the spatial temperature elevations. Previous experimen-
tal data have suggested that the particle concentration is not uni-
form after the injection and is quite different from the ferrofluid
concentration �12,15–17�. Since tissue is opaque, nanoparticle dis-

tribution is usually indirectly quantified via temperature distribu-
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Downloa
ion measured in the tumor using inverse heat transfer analyses.
here lacks a direct imaging technique to study the particle dis-

ribution.
X-ray tomography nowadays is a well-established standard di-

gnostic tool in medical fields for inspection and testing. X-ray
icrocomputed tomography �microCT� offers a nondestructive
ay to obtain the complete high resolution three-dimensional spa-

ial morphology of a small specimen ��cm�. Recently, iron based
anoparticles have gained prominence in medical imaging
18,19�. The present work is intended to show the feasibility of
sing microCT technology to quantify the nanoparticle distribu-
ion in a tissue-equivalent agarose gel after direct injection. Al-
hough heat transfer in biological media can be complicated com-
are with agarose gel, agarose gel has similar convection/diffusion
roperties as that of tumor �21�. The gel has been used in the past
o measure specific absorption rate �SAR� in hyperthermia studies.

e hypothesize that a high resolution microCT system is suffi-
iently sensitive to image the density variations induced by the
njected nanoparticles in the gel. Although the microCT does not
llow direct visualization of individual nanoparticles, the accumu-
ation of nanoparticles in the gel would result in a region with a

uch higher density than the rest of the gel area and the density
istribution can be detected by the microCT system. Several pre-
ious studies �6,7� have utilized computed tomography �CT� im-
ges to study ferrofluid distribution, however, those studies are
imited by their spatial resolution ��mm� and temperature reso-
ution ��1°C�. In this study, we injected a commercially avail-
ble ferrofluid containing magnetic nanoparticles. The high reso-
ution ���m� three-dimensional images of the density
istribution were quantified to establish a correlation with the
easured SAR values at various gel locations. The images were

ater analyzed for different injection parameters including the in-
ection amount �0.1 cc or 0.2 cc�, gel concentration �0.5%, 1%,
%, or 4%�, and ferrofluid concentration �3.9% or 5.8%� by vol-
me of particle concentration. The spreading of the ferrofluid in
he gel after injection was discussed based on the microCT pixel
ndex variations in the gel.

Methods

2.1 Nanoparticle Injection and Agarose Gel. Water based
errofluids �EMG705 series, Ferrotec �USA�, Corporation,
ashua, NH� with a concentration of 3.9% or 5.8% by volume

nd a particle size of 10 nm were injected in an agarose gel at
ifferent infusion flow rates. The agarose gel was prepared by
ispersing agarose powder �Sigma-Aldrich, Saint Louis, MO� in a
0% buffer solution �Tris-borate EDTA, Gibco BRL, Rockville,
D�. The mixture was then heated until the agarose was com-

letely dissolved. After being cooled at room temperature to
0°C, the solution was loaded into a transparent container and
as cooled further to room temperature �25°C� until solidifica-

ion. The nanofluid distribution was studied in four agarose con-
entrations �0.5%, 1%, 2%, and 4%�. Previous experimental stud-
es showed that higher concentration agarose gels have a

icrostructure similar to hard tissue �20� while lower concentra-
ion gels have a porosity similar to soft tissue such as brain.

The ferrofluid was loaded on a syringe pump �Genie Plus, Kent
cientific, Inc. Torrington, CT� that enables a precise control of

he flow rate and the amount of injection. The injection amount
as selected as 0.1 cc or 0.2 cc �8,9� and the injection rate was

djusted so that the region containing the nanoparticle and the
errofluid, which appears dark in the agarose gel, is approximately
aving a spherical shape. Figure 1 illustrates a semitransparent
garose gel with the injected ferrofluid represented by the dark
olor. Our previous experiments have suggested using a very low
njection rate to provide gentle pressure to the gel �8�. Flow rates
f 1 �l /min, 1.25 �l /min, 2.5 �l /min, and 3 �l /min were
ested to give spherical shapes in the 4%, 2%, 1%, and 0.5% gel

oncentrations, respectively. The injection amount of 0.1 cc or 0.2
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cc were selected instead of 0.3 cc used in the previous study �8�
due to the consideration of the maximum specimen size allowed
in the scan chamber of the imaging system.

2.2 MicroCT Imaging. Our previous experience on nanopar-
ticle spreading has suggested that there is very little change in the
nanoparticle spreading after injection within 24 h of the injection.
In this study, we used a high resolution microCT imaging system
�Skyscan 1172, Microphotonics, PA� to image the density of the
agarose gel with nanoparticles. The gel block was mounted on the
platform of the imaging system with the help of a stage holder.
The gel block was placed in a low-density styrofoam, which
would absorb little X-ray during the scan. A medium resolution
scan of 17 �m �pixel size� was done at 100 kV, 100 �A without
a filter. The total CT scan time was approximately less than 20
min. The images acquired from the microCT scan were recon-
structed using the NRECON

® software package provided by Micro-
photonics. Scan parameters and reconstruction parameters were
kept the same for all the gel blocks in this study, therefore, the
final pixel index number in the images is correlated with the same
density of the sample. Each slice of the reconstructed images has
a thickness of 17 �m. Maximum intensity projection images or
pseudo 3D projections were generated from the reconstructed im-
ages. The density distribution was analyzed using the analysis
software CTAN

® �Microphotonics, PA�. The change in the pixel
density was analyzed in both the axial direction parallel to the
needle and the radial direction.

2.3 Specific Absorption Rate Measurements. Nanoparticle
heating was carried out via placing the gel block in a two-turn
water cooled coil �20 cm in diameter and 7 cm in height�, which
is connected to a radio-frequency generator �Hotshot 2, Amerith-
erm, Inc., Rochester, NY�. An alternative current of up to 384 A at
a frequency of 183 kHz was generated through the coil and an
alternating magnetic field was induced. Prior to each heating ex-
periment, the gel compartment was kept at room temperature, so
that a uniform temperature distribution can be established
throughout the gel. The interference between the magnetic field
and the thermocouple was found to be negligible. In the absence
of any heat conduction in the gel, the volumetric heat generation
rate or the SAR can be evaluated by the initial value of the tran-
sient term in the heat conduction equation �9,22–24�

SAR = �cp� �T

�t
�

t=0

�1�

where T is the temperature measurements at each gel location
before and after the heating was turned on and � and cp are the
density and the specific heat of the gel, respectively �9�. The initial
slope of each curve was obtained by a linear fitting of the first four

Fig. 1 Ferrofluid infused in a semitransparent agarose gel.
There is limited back flow of the ferrofluid along the needle
track.
measurements of the heating curve. A minimum value of 96% for
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he R2 value was obtained for the curve fittings.
Guided by the X-ray images of the gel with ferrofluid, several

ne thermocouples were inserted into the gel at locations having
arious pixel intensities, which represent different nanoparticle
oncentrations. The gel was then placed in the coil to measure the
nitial temperature rises at various locations and later to determine
he slope of the initial temperature rising curves. All temperatures
ere measured and recorded by a PC based LABVIEW

® program.

Results
A nanofluid spreading pattern was observed from the scanned

mages. Figure 2 provides typical pseudo three-dimensional mi-
roCT images of the density variations in the vicinity of the in-
ection site where a disk shaped region containing the nanofluid
an be seen. The top view �Fig. 2�b�� gives a nearly perfect cir-
ular region. The side view �Fig. 2�a�� illustrates the feature of the
isk as well as the needle track. Back flow along the needle path
s evident in the figure. The pixel index numbers shown in the

icroCT images seem relatively uniform in the disk region. Fig-
re 2 also shows that infiltration of nanoparticles occurs around
he edge of the high density disk.

Measuring the SAR values at various gel locations can provide
quantitative comparison to the pixel index number in the mi-

roCT images. In this experimental study, we use the microCT
maging system to identify a gel location representing a specific
ensity �denoted by the pixel index number�. Therefore, the pixel
ndex number can be considered proportional to the nanoparticle
oncentration. The microCT images are used to guide the inser-
ion of a thermocouple to that location to measure its SAR value
ased on Eq. �1�. The relationship between the SAR magnitude
nd the pixel index number is illustrated in Fig. 3 where symbols
epresent experimental data of the SAR. A linear line is used to fit
he scattered data and the fitting R2 value is larger than 0.9. This
onfirms our original hypothesis that the pixel index number can
e used to represent the concentration distribution of the nanopar-
icles since the ferrofluids used in the experiments contain the
ame nanoparticle concentration �3.9%�. In principle, the SAR
agnitude is proportional to the nanoparticle concentration in the

issue.
In this study, we also evaluated how the injection amount of the

errofluid affects the particle spreading in the gel. As shown in
ig. 4, the lines represent the distribution of the pixel index num-
er in the vicinity of the injection site for the nanoparticle disper-
ion pattern shown in Fig. 2. If we assume that the pixel index
umber is truly proportional to the nanoparticle concentration, the
anoparticles are dispersed in the gel quite uniformly. A few nano-

ig. 2 Side view „a… and top view „b… of the intensity index
istribution of the disk pattern from the center slice
articles are seen outside the disk region. When the amount of the

ournal of Heat Transfer
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ferrofluid is doubled from 0.1 cc to 0.2 cc, the average pixel index
number in the disk decreases by 20% while the radius of the disk
region increases by almost 40%.

The relationship between the nanoparticle dispersion and the
gel concentration is illustrated in Fig. 5. Smaller gel concentra-
tions should result in higher porosity and less flow resistance to
the ferrofluid and the nanoparticles. As shown in the measured
disk span in the figure, nanoparticles are spreading farther away

Fig. 3 Linear correlations between the SAR measurements
and the pixel index numbers. Lines represent curve fitted curve
and symbols denote experimental measurements.

Fig. 4 Pixel density profile along the radial distance for the
particle spreading pattern in Fig. 3

Fig. 5 Variations of the average pixel index number inside the
disk and the disk diameter as a function of the gel concentra-
tion. The left y-axis represents the pixel index and the right

y-axis represents the disk diameter.
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rom the injection site when the gel concentration is low. The
iameter of the disk increases from 10 mm to 12.8 mm when the
el concentration decreases by half �from 4% to 2%�. More than
6% and 42% increase in the disk diameter �13.6 mm and 14.2
m versus 10 mm� is observed when the gel concentration further

ecreases to 1% and 0.5%, respectively. It is clear that from the
olid bars representing the pixel index number shown in Fig. 5,
he dependence of the pixel index number on the gel concentration
s reversed. The nanoparticle concentration inside the disk de-
reases by 25% when the gel concentration is lowered from 4% to
%. Similarly, when the gel concentration is lowered from 4% to
.5%, the decrease in the concentration of the nanoparticles is
ore than 63%.
Figure 6 illustrates the effect of nanoparticle concentration of

he ferrofluid. Two nanoparticle concentrations of the ferrofluid
3.9% and 5.8%� are commercially available from the company.
sing the same injection amount and injection rate, the ferrofluid
ith a higher magnetic particle concentration �5.8%� should con-

ain more nanoparticles in the injected solution. It is not a surprise
o see that both the pixel index number and the disk diameter are
igger in the images using the 5.8% ferrofluid than that using the
.9% ferrofluid. The pixel index number only changes slightly
rom one ferrofluid concentration to another �84 versus 92�, im-
lying more concentrated nanoparticles surrounding the injection
ite when higher ferrofluid concentration is used. Due to increased
umber of nanoparticles in the injected amount with the 5.8%, the
isk span also increases from 13.3 mm using the 3.9% ferrofluid
o 17.7 mm with the 5.8% ferrofluid.

Discussion and Conclusions
Nanoparticle transport in tissue is a complicated process that

nvolves nanofluid flow in the extracellular matrix of tissues, con-
ection and diffusion of the particles in the fluid phase, deposition
f the nanoparticles on the solid structure, and particle agglom-
ration. The complex heterogeneous structure of tissues and the
eformation and breakage of a tissue induced by injection add
dditional difficulty in understanding the nanoparticle transport
ehavior during an injection. Due to the opaque nature of tissue
nd the insufficient techniques for characterization of nanoparticle
oncentration distribution, the understanding of nanoparticle
ransport in tissue remains limited.

Tissue equivalent phantom gels have been used in the past to
tudy drug delivery in a tissue, considering that a gel is composed
f a solid matrix with pores. The gel concentration and solidifica-
ion temperature can be adjusted to mimic transport properties of
arious tissues, including tumors. One limitation of using gel to
tudy nanoparticle transport in tumor is the homogeneous struc-
ure in comparison to the complicated tumor morphology hetero-
eneity and the different thresholds for the occurrence of pressure-
nduced breakage. Another limitation is the absence of vasculature

ig. 6 Variations of the pixel index number and the disk span
ffected by the magnetic particle concentration in the injected
errofluid
n gels. However, gels are semitransparent porous materials and

11003-4 / Vol. 133, JANUARY 2011
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can provide visualization of drug spreading in drug delivery study.
In the current investigation, using gel provides an easy way to
identify the locations of the temperature sensors used in the SAR
measurements. In principle, the local average SAR distribution
depends on the number of nanoparticles per unit volume. There-
fore, the comparison between the heating experiments and the
microCT quantification can be used to establish a correlation be-
tween the SAR magnitude and the local nanoparticle concentra-
tion. Although CT has been used to visualize ferrofluid in the
tissue in previous studies �6,7�, the CT images were only a quali-
tative method to verify the total volume of the ferrofluid after
injections. To the best of our knowledge, the current study is the
first to establish quantitative relationship between the SAR and
the microCT pixel index number, which is proportional to the
local nanoparticle density.

The distinctive disk shape of ferrofluid spreading observed in
the obtained 3D images suggested that they may be due to the
delicate nature of the gel. Unlike real tissue, which can sustain
sufficiently high pressure elevation without breakage, gels typi-
cally have a very low tolerance to pressure rise. It is highly pos-
sible that the disk shape obtained in experiments is a direct result
of a tearing created by the injection needle. Once a crack is
formed, the ferrofluid driven by the injection pressure tends to
move along the vertical plane to further create a disk shaped cav-
ity with its main axis along the vertical direction, as shown in Fig.
2. This explains the observation of a nearly uniform nanoparticle
concentration within the disk. We also consider that the nanopar-
ticles do not simply fill up the crack, rather, particle convection
and diffusion have appreciable contribution to the spreading of
ferrofluid in gels. Driven by the elevated infusion pressure, con-
vection, diffusion, and deposition of the nanoparticles also occur
in the porous gel structure adjacent to the cavity. Our observation
and analysis were consistent with a previous work done by
Nicholson �25� and Nicholson and Sykova �26� in the tissue en-
vironment. It suggested that the ferrofluid forms a cavity in the
tissue that expands with further injected amounts and infiltrates in
the extracellular space. Our results agree with the above predic-
tion except for the time taken for the diffusion to occur, which
may be attributed to the presence of blood perfusion in the tissue
environment in their study.

The combined mechanism of nanoparticle transport by forma-
tion of a cavity at the injection site and particle convection and
diffusion on the boundary can explain the ferrofluid spreading
patterns observed in the experiment. For example, when doubling
the injection volume of the ferrofluid, the increased injection
amount causes formation of a larger cavity near the injection site
and extended injection duration. The larger boundary area and
longer injection time may facilitate particle convection and diffu-
sion, thereby, leading to a larger disk span and a reduced average
particle concentration, as shown in Fig. 4. Another observation is
that the particle concentration in the disk region increases with the
gel concentration while the disk span exhibits opposite trend. This
can be explained by the deformation properties of gels of different
concentrations. Typically, gels of low concentrations are easier to
break and are more prone to deformation under the infusion pres-
sure. They also have larger pores that not only impose less resis-
tance to ferrofluid but also make particle penetration easier. With
these properties, injection in softer gels tends to create larger cav-
ity and the effect of convection and diffusion are more pro-
nounced. The enhanced infiltration of the particles in the gels
causes a large ferrofluid spreading region and reduces the average
particle concentration.

The experiment with different ferrofluid concentration suggests
that the concentration can substantially affect the spreading vol-
ume. We consider this observation a strong proof of the substan-
tial contribution of convection and diffusion to nanoparticle trans-
port in gels. In the absence of convection and diffusion, ferrofluids
of different concentration should produce the same spreading vol-

ume if other injection parameters, such as volume, injection rate,
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nd gel properties, remain the same. However, the significant in-
rease in the spreading volume for ferrofluid of higher concentra-
ion demonstrates that it is convection and diffusion that cause
nhanced particle spreading in the gel. This is consistent with the
easurements in a previous study �12� that the heat generation

ate did not increase by 100% when the particle concentration was
oubled.

In conclusion, our studies have shown the feasibility of using a
igh resolution microCT imaging system to obtain the 3D nano-
article concentration distribution induced by directly injected
anoparticles in the gel. Although the particle spreading patterns
n the gel may not be directly applied to real tissue, we believe
hat the current study lays the foundation to use microCT imaging
ystems to quantitatively study nanoparticle distribution in opaque
umor. The quantification of the relationship between the pixel
ndex number and the nanoparticle concentration based on heat
ransfer experiments in this study will further help understand the
istribution of the volumetric heat generation rate induced by
anoparticles. The investigation of nanoparticle transport pattern
n gels suggests that convection and diffusion are important

echanisms for nanoparticle transport in porous structures. Our
ong term goal is to enhance treatment planning for the required
hermal dose at each injection site in nanoparticle hyperthermia.
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