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Abstract
Aims—To test iron-containing multiwalled carbon nanotubes (MWCNTs) as bifunctional
nanomaterials for imaging and thermal ablation of tumors.

Materials & Methods—MWCNTs entrapping iron were synthesized by chemical vapor
deposition. The T2-weighted contrast enhancement properties of MWCNTs containing increasing
amounts of iron were determined in vitro. Suspensions of these particles were injected into tumor-
bearing mice and tracked longitudinally over 7 days by MRI. Heat-generating abilities of these
nanomaterials following exposure to near infrared (NIR) laser irradiation was determined in vitro
and in vivo.

Results—The magnetic resonance contrast properties of carbon nanotubes were directly related
to their iron content. Iron-containing nanotubes were functional T2-weighted contrast agents in
vitro and could be imaged in vivo long-term following injection. Iron content of nanotubes did not
affect their ability to generate thermoablative temperatures following exposure to NIR and
significant tumor regression was observed in mice treated with MWCNTs and NIR laser
irradiation.

Conclusion—These data demonstrate that iron-containing MWCNTs are functional T2-
weighted contrast agents and efficient mediators of tumor-specific thermal ablation in vivo.
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Biomedical applications of nanomaterials will provide a valuable set of tools and devices for
both research and clinical purposes [1]. Among the diversity of investigational
nanomaterials, carbon nanotubes (CNTs) have attracted substantial attention due to a
combination of features that make them useful for biomedical applications. They can be
easily internalized by cells [2–4] and can therefore act as delivery vehicles for a variety of
molecules relevant to therapy and diagnosis of disease [5]. Moreover, their unique
combination of electrical, thermal and spectroscopic properties offers further opportunities
for advances in the detection, monitoring and therapy of diseases, especially cancer [6–12].

One promising application of nanomaterials for the treatment of disease has been as heat
transduction agents for laser-induced thermotherapy (LITT) of cancer [13]. LITT is a
thermal ablation technique that uses laser radiation to deliver energy to a target tissue, such
as a tumor, to induce heating above the thermal ablation temperature threshold of
approximately 55°C [13–15]. As a result of heating, protein denaturation, membrane lysis
and coagulative necrosis occur, leading to cell death. LITT offers many advantages over
other modalities of thermal therapy, such as radiofrequency (RF) or microwave ablation
[6,16–18]. These include the compatibility of fiber optic laser instruments with magnetic
resonance (MR) thermometry [19], which allows for precise monitoring of treatment
temperatures, ensuring effective treatment of the target lesion while limiting injury to
adjacent healthy tissue. By contrast, due to its instrumentation requirements, RF treatment is
largely incompatible with simultaneous MRI. Furthermore, the laser beam delivering the
near infrared (NIR) radiation can, in principle, be shaped to provide a relatively even fluence
distribution of irradiation to the tumor volume. Probes used for RF ablation are typically
point sources and do not possess such a degree of flexibility in shaping the treatment
volume.

Despite its advantages, the clinical utility of LITT has been limited by an inability to
consistently achieve thermoablative temperatures throughout the target lesion and to confine
treatment exclusively to the tumor. Earlier efforts to address these deficiencies involved
injecting tumors with light-absorbing dyes to promote tumor-specific heating; however, low
heat transduction efficiency has limited their use [20,21]. By contrast, nanoparticles can be
engineered as high-efficiency absorbers of tuned, laser radiation and promote the generation
of therapeutic heat, specifically in tumors where they have been injected [19]. We have
recently demonstrated that multiwalled carbon nanotubes (MWCNTs) heated by laser-
emitted NIR are effective agents for localizing LITT to a tumor site [19]. We also
demonstrated that MR thermometry could be used to assess temperature increase in tumors
and calculate the delivered thermal dose to that same tissue following MWCNT-mediated
LITT [19]. Development of a MWCNT that retains the ability to serve as a heat transducer
for LITT and also functions as an MR contrast agent would confer an additional advantage
by allowing the intratumoral distribution of the nanomaterial to be imaged prior to
treatment, facilitating pretreatment planning and image-guided therapy. In this article, we
tested whether MWCNTs that incorporate iron, a known MRI contrast agent, could be used
for this purpose.

The strategy of using iron-containing MWCNTs for simultaneous thermal therapy and MR
imaging was based on several considerations. First, we selected MWCNTs based on their
superior thermal ablation properties relative to single-walled carbon nanotubes (SWCNTs)
[19], which are also being explored as MR contrast agents [22]. Second, we used iron as the
MR contrast agent because iron is a well-known T2 contrast agent for MR imaging [23–28].
Third, we elected to entrap the iron within the MWCNT rather than place it on the surface to
avoid potential toxicities of surface iron, as well as to avoid potential interference of
covalent functionalization with the electrical and thermal properties of the MWCNT.
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In this article, we demonstrate that chemical vapor deposition synthesized MWCNTs entrap
iron in proportion to the mass of ferrocene present during synthesis and that such nanotubes
are effective MR contrast agents in vitro and in vivo. Furthermore, iron entrapment does not
interfere with MWCNTs efficacy as transducers for LITT. Use of a dual-modality
nanoparticle that is capable of being located by MRI and is also effective as a mediator of
LITT may overcome some of the drawbacks of traditional thermotherapy.

Experimental methods
Materials

Iron-containing MWCNTs were produced by pyrolysis of ferrocene onto silica substrates at
the Wake Forest University Center for Nanotechnology and Molecular Materials (NC,
USA). The synthesis apparatus consisted of a two-stage tubular quartz furnace: the first
stage was the preheater (maintained at 160°C) and the second was the growth oven
(maintained at 600–900°C). Ferrocene (60, 200, 400 or 600 mg) was dissolved in 10 ml of
xylene and the mixture was vaporized at 700°C. The ferrocene vapor was injected into the
preheater stage of the furnace using a syringe pump with a feed rate of 5 ml/h. Through the
thermal decomposition of ferrocene, iron catalyst particles were deposited on the furnace
wall and substrate surfaces, forming the base for MWCNT growth. Carbon vapor with
hydrogen as a carrier gas and a flow rate of 320 cm3/min was then introduced; the growth
time for MWCNT synthesis was approximately 1 h. During this synthesis, a small fraction
of iron particles become entrapped in the nanotubes. MWCNTs were collected from the
central portion of the oven growth zone and cleaned by ultrasonication in sulfuric and nitric
acid (3:1) for 20 h. Purified iron-containing MWCNTs were massed and suspended in saline
with 1% (wt/wt) pluronic F127 (Sigma, MO, USA) by sonication and imaged using a Philips
400 transmission electron microscope. Iron content was measured by Huffman Laboratories
(CO, USA).

Measurements of MR contrast properties of MWCNT dispersions
Multiwalled carbon nanotubes (prepared using 600, 400, 200 and 60 mg of ferrocene
catalyst) were dispersed in water containing Pluronic F127 (1% w/v) by horn sonication for
15 min. Next, the MWCNTs were diluted to final concentrations of 0.05, 0.06, 0.07, 0.08,
0.09, 0.1, 0.2 or 0.3 mg/ml in water, placed in a plastic holder, and their T2-weighted
contrast enhancement properties were assessed using a 1.5 T GE Signa® MR scanner. The
four preparations of MWCNTs were arranged in four rows with increasing concentration
from left to right. Figure 1A shows a coronal MR image of representative MWCNTs in
water. The modified spin echo pulse sequence was able to obtain a 1D projection image
from each individual row by exciting each row separately. To measure T2, 128 1D
projection images (field of view 32 cm, 128 points) were obtained from each slice. Each
projection image was acquired with a different echo time (TE), which varied logarithmically
from 14 ms to 14 s. The repition time (TR) was fixed at 15 s regardless of the TE. Total
acquisition time was approximately 30 min. For each MCWNT preparation, the 1D
projection images were concatenated together to form a TE time series. The time series for
each preparation was fit to a single exponential decay curve in Matlab (MathWorks, MA,
USA). After the TE for each MWCNT was measured, the relaxivity of each preparation was
determined by linear least squares fitting of the R2 (1/T2) as a function of the iron
concentration in each MWCNT dispersion (Figure 1B).

Cell culture
Murine renal carcinoma cells were a gift from Robert Wiltrout (National Cancer Institute,
MD, USA). Cells were grown in Roswell Park Memorial Institute media supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen, CA, USA). MDA-
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MB-231 human breast adenocarcinoma cells were obtained from the American Type Culture
Collection and grown in Dulbecco’s Modified Eagle’s medium supplemented with 10% fetal
bovine serum, penicillin/streptomycin, and L-glutamine (Invitrogen, CA, USA).

Animal handling
All animal studies were performed in compliance with the institutional guidelines on animal
use and welfare (Animal Care and Use Committee of Wake Forest University Health
Sciences) under an approved protocol. Female Nu/Nu mice were purchased from Charles
River Laboratories (MA, USA). Mice were housed in individually ventilated cages in groups
of five under specific pathogen-free conditions and were allowed access to food and water
ad libitum.

Kidney tumor animal model for tumor regression study
Murine renal carcinoma fragments were implanted into the right flanks of 12 female Nu/Nu
mice and mice were randomized into three groups: control, vehicle and MWCNT. Once
tumors reached a diameter of approximately 6 mm, 50 µl of a 2.0 mg/ml MWCNT600
solution was injected directly into tumors of the MWCNT group. Controls were injected
with an equal volume of vehicle. The next day, tumors of the vehicle and MWCNT groups
were irradiated using a 1064 nm NIR laser beam (IPG Photonics) at 3 W/cm2 (spot diameter
= 5.5 mm) for 30 s. The laser beam was directed at the center of each tumor. Tumor growth
was monitored with calipers and tumor volume calculated using the formula (4/3)π(x/2)(y/2)
(z/2).

Breast tumor animal model for MR T2 relaxation time measurement
Human breast adenocarcinoma cells, MDA-MB231 (American Type Culture Collection),
were grown to log phase in 15-cm tissue culture dishes (Corning Costar, Lowell, MA,
USA). Cells then were treated with trypsin-EDTA (Invitrogen), washed in phosphate-
buffered saline (Invitrogen) and resuspended at a concentration of 2 × 107 cells/ml in a 1:1
mixture of Matrigel (BD Biosciences, San Jose, CA, USA) and phosphate-buffered saline. A
total of 100 µl of the cell suspension was injected into the 4th inguinal mammary fat pad.
Tumor growth was measured over time using calipers. When the two largest perpendicular
diameters reached 8–10 mm, tumors were injected with the CNT suspension and imaged by
MR.

7T high-resolution 3D T2 maps scan in a 7T Bruker micro-MRI scanner
In vivo T2 measurements were performed using a 7T Bruker Biospin® MicroMRI scanner.
The scanner was equipped with a BGA-6S 60-mm inside diameter gradient and shim coil
(max gradient 1000 mT/m; Bruker Daltonics, MA, USA). Two breast tumor-bearing mice
were injected intratumorally with 50 µl of a 2 mg/ml suspension of MWCNT600 or nitrogen-
doped MWCNT (MWCNTN-Doped). Mice were anesthetized with isoflurane during the MR
scan. Tumor-bearing mice were positioned in a 35-mm Bruker quandrature birdcage volume
coil to acquire high-resolution and signal-to-noise ratio MRI images. MR images were
acquired using a multislice multiecho pulse sequence with slices positioned across the
mouse tumor with the following parameters: TE = 10, 20, 30 … 160 ms, TR = 2000 ms,
field of view = 3 × 3 cm, pixel size = 0.23 × 0.23 mm. A total of 16 MR images with
different TEs were fit into an exponential decay equation to generate the 2D T2 maps. Mice
were scanned using the T2 map MRI protocol described previously at five different time
points: before MWCNTs injection, after MWCNTs injection, after laser treatment (3 W/
cm2, 30 s, NIR with wavelength = 1064 nm), 1 h after laser treatment, 24 h after laser
treatment and 1 week post-treatment.
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Results
Iron content of MWCNTs can be controlled at manufacture

Synthesis of MWCNTs was accomplished by chemical vapor deposition with ferrocene as a
catalyst. During this process, iron particles are deposited in the nanotubes. These iron-
containing MWCNTs are hollow tube-like structures that consist of multiple concentric
layers of graphenic carbon with typical diameters in the range of 10–50 nm and length of
approximately 1000 nm. By introducing increasing masses of ferrocene (60, 200, 400 and
600 mg) during synthesis, we hypothesized that more iron would become entrapped in the
nanotubes. Although ferrocene is being investigated as an anticancer agent [29,30], some
concern exists regarding potential toxicity following chronic exposure to ferrocene [31,32].
Therefore, MWCNTs were washed by ultrasonication for 20 h in sulfuric and nitric acid
(3:1) following synthesis to eliminate iron contaminants on the outside, reducing any
potential toxic side effects and ensuring that the ferrocene would remain colocalized with
the MWCNTs. Analysis of the tubes by transmission electron microscopy (Figure 2) clearly
shows iron particles entrapped inside the tubes, with no evidence of iron particles observed
outside of the tubes. Inductively coupled plasma elemental analysis of the MWCNT
preparations confirmed that the amount of iron encased in the MWCNTs was linearly related
(r = 0.983) to the mass of ferrocene catalyst used during synthesis (Table 1). Throughout this
article, the four types of nanotubes produced by this method are labeled MWCNT60,
MWCNT200, MWCNT400 or MWCNT600 to indicate the mass of ferrocene present during
synthesis (Table 1).

MR contrast properties of iron-containing MWCNTs are related to their iron content
Next, we dispersed these four different preparations of iron-containing MWCNTs
(MWCNT60, 200, 400, 600) in water at increasing concentrations (0.05, 0.06, 0.07, 0.08, 0.09,
0.1, 0.2 and 0.3 mg/ml) and assessed their T2-weighted contrast enhancement properties
using a GE MR Signa HDx 1.5 T scanner. Analysis was conducted using an in-house
modified spin-echo pulse sequence and the relaxivity of each preparation was determined as
described in the ‘Materials and methods’ section. The efficiency of change in the relaxation
properties (R2) in tissue upon injection of a T2-weighted contrast agent is a function of the
concentration (M) of the effective superparamagnetic materials as described by Equation 1:

where (1/T2)total is the relaxation rate in the presence of a contrast agent, and (1/T2)0 is the
relaxation rate without the contrast agent.

Figure 1A shows a coronal MR image of MWCNTs produced using the lowest (MWCNT60)
and highest (MWCNT600) concentrations of iron in water. As shown in Figure 1B, R2
properties were dependent on iron content of the MWCNTs, with higher iron content
associated with increasing R2 relaxivity (r2 = 0.72).We tested the stability of contrast
enhancement by monitoring the T2 relaxation properties of a dispersion of MWCNT60.
MWCNT60 was diluted to final concentrations of 0.4, 0.3, 0.2, 0.1, 0.09, 0.08, 0.07, 0.06,
0.05 and 0.04 mg/ml and T2 relaxivities were measured periodically over 5 days. During
this time, some of the tubes sedimented and the nanotube concentration visibly increased at
the bottom of the tube and decreased at the top. Due to sedimentation of MWCNT60,
apparent R2 in the upper half of the tube fell from an initial value of 0.129–0.106 ms−1/mg/
ml by day 2, and further dropped to 0.062 ms−1/mg/ml by day 5. However, following mild
shaking to disperse the MWCNT60, the measured contrast enhancement (R2 = 0.128 ms−1/

Ding et al. Page 5

Nanomedicine (Lond). Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mg/ml) was virtually unchanged from the initial measurement prior to sedimentation,
indicating that imaging properties of MWCNTs are stable over time and may potentially be
used to monitor MWCNT concentration.

Iron content does not influence heating properties of MWCNTs following exposure to NIR
As we and others have previously reported, the ability of MWCNTs to act as thermal
ablation agents is dependent on their ability to induce a temperature increase following
stimulation with NIR radiation [13,19]. To determine if the heating property of the
MWCNTs was affected by the iron content of MWCNTs, we measured the temperature
increase of dispersions of MWCNTs with variable iron content following exposure to NIR.
We prepared 100 µg/ml suspensions of four different types of iron-containing nanotubes
(MWCNT60,200,400,600) in water, then exposed them to a Nd:YAG laser generating 1064 nm
NIR with a fluence of 3 W/cm2 for 30, 60 or 90 s. In parallel, we also tested
MWCNTN-Doped, which do not contain iron and which we previously demonstrated to be
effective heat tranducers for LITT [33]. Temperatures were measured directly by
thermocouple. As shown in Figure 3, all MWCNT types produced similar temperature
increases, regardless of iron content, increasing from 26°C to greater than 42°C after 30 s of
NIR exposure. Longer durations of irradiation resulted in even greater final temperatures,
but no significant differences were observed between nanotubes differing in iron content,
regardless of irradiation time.

Iron-containing MWCNTs are effective agents for tumor ablation
We previously demonstrated that injection of 100 µg of MWCNTN-Doped into a murine renal
tumor implanted on a mouse flank followed by 30 s of low-energy NIR exposure was
effective at preventing tumor growth and inducing long-term (>180 days) remission in 80%
of the treated mice [19]. Because MWCNT600 were the most efficient contrast agent of the
four types of iron-containing nanotubes tested (Figure 1), we next confirmed that
MWCNT600 were effective mediators for LITT of cancer in vivo using the same cancer
model and the most effective treatment parameters determined in our earlier study (Figure 4)
[19]. A total of 12 nude mice were inoculated with murine renal carcinoma tumor fragments
in the flanks. When the tumors reached an average diameter of 6 mm, the mice were
randomized into three groups (n = 4 per group): ‘untreated’, ‘vehicle and laser’ and ‘100 µg
MWCNT and laser.’ Tumors in the ‘vehicle and laser’ and ‘100 µg MWCNT and laser’
groups were injected with saline or 100 µg MWCNT600, respectively. Tumors in these
groups were then illuminated with NIR at 3 W/cm2 for 30 s and treatment-induced changes
in tumor volume were tracked by daily caliper measurements. The ‘untreated’ control group
received no intervention. The study was concluded 2 weeks post-treatment when the tumor
volume on the mice from the untreated and vehicle control groups exceeded the
predetermined 1000 mm3 threshold for humane euthanasia. Following treatment, tumors in
the untreated and vehicle control groups displayed exponential growth and achieved group
mean tumor volumes of 1248 mm3 (± 423) and 1393 mm3 (± 441), respectively. These
values were not statistically different (p = 0.681). By contrast, mice treated with the
combination of 100 µg MWCNT600 and NIR laser radiation had a significantly decreased
mean tumor volume (90 mm3 ±146) relative to untreated controls (p < 0.0025). Thus, iron-
containing MWCNTs are effective mediators of LITT in an in vivo model of cancer.

Laser treatment does not affect heating or MR contrast properties of iron-containing
MWCNTs

A potential advantage of MWCNTs as tumor ablative (and MR contrast) agents is their
ability to remain resident in the tumor tissue over time following therapeutic administration
[19]. This property may allow both multiple treatments and the collection of successive MR
images without the need for injection of new contrast agents. In order for this capability to
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be exploited, the thermal and MR properties of MWCNTs must remain stable following
multiple cycles of NIR exposure. To test this, we initially subjected suspensions of
MWCNTs to multiple cycles of laser treatment and measured temperature increases. The
heating properties of all MWCNT preparations remained stable after three cycles of heating
and cooling (Figure 5).

We then tested the effect of laser irradiation on contrast properties and stability of iron-
containing MWCNTs in vivo. Because image-guided LITT is used clinically for treatment of
breast cancer [34], we used an orthotopic mouse model of human breast cancer in these
experiments. Two nude mice were injected in the 4th inguinal mammary fat pad with the
human breast adenocarcinoma cell line, MDA-MB-231. To prevent these tumors from
undergoing complete remission following MWCNT-mediated LITT, we allowed them to
achieve a diameter of 8–10 mm before beginning treatment. Since the laser beam diameter
was only 5 mm, leading to partial but not complete tumor ablation, this model allowed for
repeated imaging of the treatment area. Baseline images of each tumor were collected using
a Bruker 7T micro-MRI scanner. Tumors were then injected with either 100 µg of
MWCNT600 or MR-invisible MWCNTN-Doped for direct comparison. Tumors were
reimaged by MR to determine the MWCNT distribution and then mice were treated by
image-guided LITT. The MR images show that the iron-containing MWCNTs were
distributed throughout the tumor volume, but only the area illuminated by the laser was
ablated, suggesting that MR imaging may be useful for accurately guiding such therapy
(Figure 6). The calculated T2 relaxation time of the tumor dropped from 61 ms prior to iron-
containing MWCNT injection to 22 ms after injection. By contrast, in the MWCNTN-Doped
treated mouse, the T2 relaxation time was calculated as 60 ms both before and after the
injection with nanoparticles, indicating that iron content is essential for this contrast
enhancement. Furthermore, iron-containing MWCNTs were clearly visible in the tumor at
10 min, 24 h and 1 week after LITT and the T2 relaxation time at the site of injection
remained near 20 ms for the duration of the study, indicating that MWCNT chemical
decomposition and migration is minimal up to 1 week after injection, and suggesting that
repeated treatment of the same site may be feasible using such nanotubes for image-guided
LITT.

Discussion
In an effort to improve heating efficiency and localization of LITT, several investigations
into the use of metallic and carbon-based nanomaterials as transducers of NIR have been
conducted [6,8,13,35–37]. Others have shown that SWCNTs that have been modified to
incorporate gadolinium-based MR contrast agents can be detected by MRI [22].
Furthermore, metal impurities trapped between bundles of SWCNT can also be detected by
MRI [22]. However, to our knowledge, no information on the MR contrast properties of
MWCNTs is available. As MWCNTs may have improved thermal ablation properties
relative to SWCNTs [19], we examined whether MWCNTs could be used for combined
MRI and nanoparticle-assisted LITT for cancer treatment. Since covalent functionalization
of CNTs may alter their electrical and thermal properties, reducing their effectiveness as
thermal ablation agents, we investigated strategies that would permit the incorporation of
known MRI contrast agents, such as iron, into the MWCNTs during the growth phase.
Chemical vapor deposition, which uses iron-containing ferrocene as a growth catalyst,
allows for the synthesis of MWCNTs with superparamagnetic iron entrapped within their
central lumen. Furthermore, iron oxide is a superparamagnetic material that enhances the
MR image contrast by shortening the T2 relaxation time of the tissue surrounding the region
into which it is delivered [23–28]. Although we did not directly test the magnetic properties
of the MWCNTs used in these experiments, others have suggested that iron-containing
CNTs possess magnetic properties [8,38]. Therefore, we developed iron-containing
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MWCNTs and tested their applicability for combined MWCNT-assisted/mediated LITT and
MR tumor imaging.

MRI-guided LITT is showing increasing promise as a technique for the treatment of a
variety of primary and secondary malignant tumors [39–42]. Yet, despite its efficacy in
well-selected patients, image-guided LITT is still far less frequently used than RF ablation
techniques due to an inability to generate sufficiently high, tumor-specific heating [43].
Typically, lasers used for LITT are tuned to the NIR spectrum due to an absence of
endogenous chromophores that absorb in this spectral region [44]. NIR can achieve tissue
penetration depths of up to 6 cm, sufficient to treat breast, prostate, skin and head and neck
cancers with an external laser source. However, precisely because of the inefficiency in
energy absorption at this wavelength, it is difficult to deliver laser energy sufficient to
generate thermoablative temperatures to depths beyond those considered superficial without
damaging the intervening tissue. Similarly, it is difficult to confine the treatment area for
large tumors (size >1 cm3) without causing considerable damage to neighboring tissue.
Therefore, development of nanomaterials capable of absorbing NIR and efficiently
converting it into heat to generate thermoablative temperatures following a brief exposure to
NIR can greatly expand the clinical use of LITT by confining the treatment to the area into
which the nanomaterial has been delivered.

We recently demonstrated that, compared with other nanomaterials, MWCNTs enable more
efficient conversion of NIR energy into heat, leading to durable tumor remission in mouse
models of cancer [19]. In the present study, we further demonstrate that when engineered to
contain iron, MWCNTs have favorable MR contrast enhancement properties, and that these
nanoparticles have potential for use as dual-modality agents for T2 MR contrast imaging and
MR image-guided LITT. MR images (Figure 6) show that MWCNTs injected into tumors
and treated with NIR remain at the injection site for at least 1 week following laser
irradiation. Thus, because the distribution of the MWCNTs can be monitored over time,
multiple or fractionated laser treatments could be targeted to the tumor as necessary without
the need for additional injections. This offers another advantage over RF ablation, which
requires direct insertion of the RF probe with each treatment. Furthermore, MRI provides an
accurate picture of the distribution of these efficient NIR transducers inside the tumor,
which is essential information for pretreatment planning and determination of laser
positioning.

Our previous studies indicate that in tumors injected with MWCNTs, temperatures of up to
70°C can be achieved at the site of nanotube injection following a 30-s exposure to NIR,
over 30°C greater than the temperature rise observed in the absence of MWCNTs [19].
However, in cases where the tumor volume exceeds the area of nanotube coverage, or
following incomplete treatment of a tumor such that the periphery continues to grow after
the initial treatment (as seen in Figure 6), careful treatment planning will be necessary to
ensure that if repeat treatments are applied, sufficient heat diffuses from the site of the
nanotubes to the tumor periphery to completely eradicate the tumor. Mathematical modeling
of heat transfer and MR thermometry will be essential tools in future investigations to
determine energy delivery parameters that optimize heat delivery to the treated area while
minimizing temperature increases in neighboring or intervening healthy tissue.

The potential toxicity of nanomaterials remains a concern for further clinical development.
As more information becomes available, it is clear that CNT exposure can lead to many
different toxicological outcomes depending upon characteristics of the material, including
size, shape, surface chemistry, surface charge and agglomeration state [45–47]. Although we
did not note any acute toxicity during our in vivo studies, more detailed toxicological,
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pharmacokinetic and pharmocodynamic analysis will be required. The ability to track iron-
containing MWCNTs by MR may offer considerable insight into their in vivo behavior.

Conclusion
Clinical application of nanoparticle-assisted LITT will require the use of a compatible
imaging modality to spatially define the margins of the target lesion, assess the distribution
of injected nanoparticles within the tumor, and ensure the appropriate thermal dose was
achieved in the target area. Here we demonstrate that iron-containing MWCNTs are
bifunctional nanoparticles, capable of being located by MRI and also effective as
transducers of LITT. This combined functionality allows these nanoparticles to overcome
some of the drawbacks of traditional thermotherapy. Refinement of the nanoparticle-
mediated, image-guided LITT introduced here may allow expanded clinical use of image-
guided LITT and improve therapeutic outcomes for cancer patients following such
treatment.

Future perspective
Interest in the biomedical application of nanotubes has stemmed not only from their unusual
physico–chemical properties, but from their potential to serve multiple functions
simultaneously. For example, in this article we suggest that iron-containing MWCNTs have
utility in the simultaneous imaging and therapy of tumors. Carbon nanotubes can also be
engineered to concurrently deliver genes, drugs, and imaging agents. Over the next 5–10
years, we envision the continued evolution and refinement of these materials. With
appropriate assessment of efficacy, biodistribution and toxicology, the potential for novel
clinical applications is high.

Executive summary

▪ Iron-containing multiwalled carbon nanotubes (MWCNTs) were generated
for combined tumor-specific thermal ablation and MRI contrast.

▪ Iron-containing MWCNTs were effective magnetic resonance contrast
agents; contrast enhancement was proportional to iron content.

▪ Iron-containing MWCNTs generated thermoablative temperatures following
exposure to near infared (NIR) radiation.

▪ MWCNTs retained their MR contrast properties following exposure to NIR
radiation and could be used to longitudinally track MWCNTs.

▪ Treatment of tumor-bearing mice with iron-containing MWCNTs and NIR
radiation led to a significant reduction in tumor burden.

▪ This is the first study to demonstrate the use of iron-containing MWCNTs as
bifunctional nanomaterials for the imaging and treatment of cancer.
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Figure 1. Magnetic resonance contrast properties of multiwalled carbon nanotubes are
dependent on their iron content
(A) Four different preparations of MWCNTs that differed in iron content were diluted to
final concentrations ranging from 0.05 to 0.3 mg/ml and imaged on a GE MR-Signa HDx
1.5T Scanner. MRI coronal images of MWCNTs fabricated using the highest (MWCNT600)
and lowest (MWCNT60) concentrations of iron are shown. Test tubes containing water with
different concentration of gadolinium were used as an asymmetric landmark (bottom row
first tube), as well as a reference for validating T2 measurements. (B) 1/T2 versus MWCNT
concentrations: MWCNT600 are more effective contrast agents than MWCNTs prepared
with lower iron concentrations as indicated by the steeper slope (R2 relaxivity) of the curve.
(C) R2 value of MWCNT preparations as a function of actual iron content of the MWCNT
preparations (Table 1). The data strongly indicate that increased iron content correlates with
improved contrast enhancement (r2 = 0.72).
MWCNT: Multiwalled carbon nanotubes.
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Figure 2. Transmission electron microscopy image of iron-containing multiwalled carbon
nanotubes
Representative image of multiwalled carbon nanotubes (MWCNTs) grown using 200-mg
ferrocene (MWCNT200). Iron is visible as dark spots located inside the tubes (arrow).
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Figure 3. Increase in temperature following near infrared radiation irradiation of multiwalled
carbon nanotubes is independent of their iron content
Iron-containing and N-Doped MWCNTs were suspended to a final concentration of 100 µg/
ml, exposed to near infrared (NIR) laser at 3 W/cm2 for 30, 60, 90 seconds. Temperature
was measured prior to NIR exposure and post NIR exposure. Data indicate the increase in
temperature over baseline following NIR treatment. Shown are means ± standard deviations
of triplicate samples.
MWCNT: Multiwalled carbon nanotube; N-Doped: Nitrogen-doped.
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Figure 4. Iron-containing multiwalled carbon nanotubes are effective tumor ablative agents
Tumor-bearing mice were divided into three groups (n = 4 per group). Tumors were injected
with either vehicle or 100 µg MWCNT600. Control mice received no further treatment;
MWCNT600 and vehicle group were exposed to a 1064 nm NIR laser for 30 s. Tumor
volumes were monitored over time and compared at the 14 day end point.
*Growth of tumors treated with the combination of MWCNT600 and laser was statistically
different from control (p < 0.0025, Student’s t-test).
MWCNT: Multiwalled carbon nanotube.
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Figure 5. Multiple rounds of laser treatment do not affect the ability of multiwalled carbon
nanotube preparations to induce an increase in temperature
Phosphate-buffered saline alone (control), MWCNTs of increasing iron content
(MWCNT60,200,400,600), or MWCNTN-Doped containing no iron were suspended at 100 µg/
ml and exposed to near infrared (NIR) laser for 30 s Temperature was measured prior to
NIR exposure and post NIR exposure. The preparations were allowed to cool to room
temperature and NIR exposure and temperature measurements were repeated for two
additional cycles. Data indicate the increase in temperature over baseline following NIR
treatment. Shown are means ± standard deviations of triplicate samples.
MWCNT: Multiwalled carbon nanotube; N-Doped: Nitrogen-doped.
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Figure 6. Magnetic resonance contrast properties of multiwalled carbon nanotubes are stable in
vivo
(A) Representative axial MR images of two breast tumors injected with either 100 µg
MWCNT600 or MWCNTN-doped and subsequently exposed for 30 s to NIR laser. Arrows
show the injection site. Images were collected at five timepoints: before injection,
immediately after injection, immediately after laser treatment, 24 h after laser treatment, and
7 days after laser treatment (laser power: 3 W/cm2, 1064 nm wavelength). (B) T2 relaxation
measurement of the tumor region was acquired using multislice multipulse sequence at the
five different time points described in (A).
A: Anterior; I: Inferior; L: Left; MR: Magnetic resonance; MWCNT: Multiwalled carbon
nanotube; N-Doped: Nitrogen-doped.
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Table 1

Iron content of multiwalled carbon nanotube preparations.

MWCNT type Mass of ferrocene catalyst used
during manufacture (mg)

Iron concentration%
(wt/wt)

MWCNT600 600 2.92

MWCNT400 400 2.05

MWCNT200 200 1.71

MWCNT60 60 1.26

MWCNT: Multiwalled carbon nanotube.
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