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Abstract: Carbon nanotubes are a material with excellent properties, which result in a wide range
of possible applications, from electronics to medicine. This paper presents the investigation of the
possibility of Fe-MWCNTs’ application as heating agents for targeted thermal ablation of cancer cells,
which could lead to the development of an innovative cancer treatment method. The article describes
the process of synthesis of multi-walled carbon nanotubes filled with iron (Fe-MWCNTs) and provides
an examination of their magnetic properties. Fe-MWCNTs were synthesized by catalytic chemical
vapor deposition (CCVD). Relevant properties of the nanoparticles in terms of functionalization for
biomedical applications were exploited and their magnetic properties were investigated to determine
the heat generation efficiency induced by exposure of the particles to an external electromagnetic
field. The reaction of the samples was measured for 40 min of exposure. The results showed an
increase in sample temperature that was proportional to the concentration.

Keywords: multi-walled carbon nanotubes filled with iron (Fe-MWCNTs); chemical vapor
deposition (CVD); hyperthermal ablation of cells; radiofrequency (RF) electromagnetic field

1. Introduction

Due to their unique chemical, mechanical, electrical, and magnetic properties, carbon
nanotubes have found wide applications in many industries and are a promising material
to be used for many innovative solutions. Among others, carbon nanotubes can potentially
be used as electrode materials in next-generation electrochemical cells or in electron tech-
nologies in next-generation computers [1]. They can be beneficially used in environmental
protection due to their ability to remove dioxins that are present in chemical, medical, or
municipal wastes [2]. Carbon nanotubes are also increasingly used as fillers for polymer
composites. Such composites are characterized by improved mechanical properties, high
electrical conductivity, and resistance to various deformations [3]. An interesting applica-
tion of carbon nanotubes can be their use as “nanocontainers” [1]. Numerous free spaces
enable carbon nanotubes to be filled with various chemical compounds. This, in turn, raises
the possibility of using them in space technology, as 1 gram of carbon nanotubes can store
as much as 20 dm3 of hydrogen [4].

Very interestingly and at the same time, the most studied application of carbon nan-
otubes is their use in electronics [5,6]. In new generation computers they can play a very
important role in magnetic memory, which will contribute to much faster data processing
and storing than if silicon blades were used [5,7]. It is possible to construct new-generation
transparent electronics based on 1D metal oxide nanowires [6]. Another application of car-
bon nanomaterials are active fibers with electro-optic functionalities, which are promising
building blocks for the emerging and rapidly growing field of fiber and textile electron-
ics [8]. Moreover, using carbon nanotubes we are able to construct a flat-walled display in
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which this material displaces molybdenum tips. Such a display is able to replace liquid
crystal and plasma screens, which will be associated with an image with about a thousand
times better resolution [9]. Due to the presence of micro- and macropores, we can also
use them to produce supercapacitors [10]. It was found that carbon nanotubes exhibit the
phenomenon of so-called Coulomb blockade [11]. The repulsive interaction that occurs
between the electrons prevents more than one additional electron from being delivered to
the nanotube at the same time. Due to this effect, it is possible to construct single-electrode
transistors that have very high sensitivity. A carbon nanotube transistor operating at room
temperature has already been successfully constructed in which a single electron causes a
transition to the conduction state [12–14]. This leads to a significant reduction in radiated
heat, making it possible to build future processors that are significantly faster than current
ones. Other examples of the wide use of carbon nanotubes in electronics include: micro-
cathodes, hyperlinks made of two connected nanotubes, illumination devices, or quantum
resistors [1,13,14].

Another promising application area of carbon nanotubes could be medicine. Using
carbon nanotubes, it will be possible to control the human body’s response to various
external stimuli, as well as stimulate the heart muscle, so the material could help save
lives [15,16]. In addition, single-walled nanotubes that are filled with appropriate liquids are
used as medicine dispensers. It is possible to fill nanotubes with a medicinal substance and
after appropriate modification of their surface with functional groups they are recognized,
e.g., by cancer cell receptors, to transport this substance directly to the diseased area [16,17].
The carrier penetrates the cell and inside the cell the drug is released [16–18]. Surface
modifications of carbon nanotubes can give nanotubes a number of applications in medical
diagnostics, for example, attachment of a fluorescent dye to the surface of the nanotube
and appropriate functionalization can contribute to the creation of biosensors that detect
diseases and disorders at a very early stage. In combination with targeted therapy, it may
provide the possibility of simultaneous monitoring of the effects of a given therapy [19].

Another highly innovative and extremely significant application of carbon nanotubes,
which is directly related to the subject of this article, could be to use them to selectively
destroy cells (particularly cancer cells). For this purpose, CNTs filled with a ferromagnet
(e.g., iron) are delivered, in a similar way to drug delivery systems, to diseased cells [20].
The nanotubes are then heated externally by thermal ablation which causes the temperature
of the cell to rise and the cell to die from the excess heat [21,22]. In this way, only diseased
cells can be destroyed without acting invasively on the rest of the body [20–24]. Exposure
of the cells to temperatures greater than 42 ◦C caused cell death, because above this
temperature proteins coagulate [25,26].

The research objective was to investigate the possibility of developing carbon nan-
otubes, which could be used in thermal ablation of cancer cells, after proper functionaliza-
tion. The article describes the examination of the behavior of MWCNTs filled with iron in
an RF field. The novelty of the research lies in the development and demonstration of an
original method that can bring science significantly closer to solving a problem related to
cancer treatment.

2. Materials and Methods

The research involved several stages. Firstly, the material was produced using an
electrothermal method, then the material was purified and prepared for further testing. The
material was then characterized and its iron content examined using thermogravimetric
analysis. The next stage was the samples’ preparation for temperature rise studies. The
process diagram is shown in Figure 1.
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Figure 1. The examination stages diagram.

2.1. Synthesis of Fe-MWCNTs

Multi-walled iron-filled carbon nanotubes were synthesized by catalytic chemical
vapor deposition (CCVD) [19,27]. The synthesis process was carried out in a three-zone
furnace, which allowed independent temperature control of each zone. A quartz tube was
placed inside the furnace to act as a reactor in which the synthesis of Fe-MWCNTs took
place. Inside the reactor, a silicon wafer was placed in the deposition zone, on which the
nanotubes were deposited. The Si wafer was placed in the middle of the third temper-
ature zone (deposition zone). The system was also equipped with a system supplying
carrier gases—Ar (1 SLPM, Standard Liter Per Minute, 1 SLPM = 1.68875 Pa·m3/s) and H2
(0.2 SLPM), and a precise system dosing the reaction substrate—Medima S2 pump. The
reaction substrate was a ferrocene-xylene mixture (concentration 0.2 g/mL). Ferrocene
was the source of iron, which was the ferromagnetic filling of the nanotubes and at the
same time was the catalyst of the reaction. Xylene from Chempur and ferrocene from
Sigma-Aldrich (U.S. company, Burlington, MA, USA) were used to prepare the solution.
The solution was dispensed at a rate of 16 mL/h. The temperature in the evaporation zone
was 175–325 ◦C, and in the deposition zone it was 750–850 ◦C [19,27].

These CNTs were purified thermally and chemically with a 5M solution of hydrogen
chloride in order to remove the catalyst residues and amorphous carbon-based impurities.
The iron content when examined was around 15% (Figure 2). The content was measured
using thermogravimetric analysis (TGA) and then the remaining material was examined
on the SEM-EDS examination. The result of TGA analysis shows also that fabricated
CNTs were mostly multi-walled CNTs. Obtained material was also examined with XRD.
According to the results, the iron content of CNTs consisted of α-Fe and γ-Fe phases. The
presence of the α-Fe and γ-Fe phases was revealed by the observation diffraction peaks
corresponding to the 111 reflection of γ-Fe and to the 110 reflection of α-Fe, respectively.
The iron content was estimated to be 68% of the γ-Fe phase and 32% of the α-Fe phase.
Fe3C was not observed in the samples.
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Figure 2. Thermogravimetric analysis of CNTs.

2.2. Experimental Setup

In order to investigate the heating quality of Fe and Fe-MWCNTs and to determine
their magnetic properties, measurements of the temperature rise of magnetic fluids after
exposure to an electromagnetic field of three frequencies (110.2 kHz, 168.5 kHz, and
329 kHz) were carried out. The studies were designed to compare the results using different
concentrations in different suspensions.

The first step of the process was the CNT sample preparation. In each sample, three
ingredients were mixed together: CNTs, Sodium Lauryl Sulfate (SLS/SDS), and distilled
water. The ratio of substrates of each sample and their concentrations are presented in
Table 1. The ratio of CNTs to SDS should be approximately 1:2. The mixture of these
3 ingredients was then put in an ultrasound machine for 30 min. The ultrasound influence
(combined with SDS) aimed to obtain a dispersion of CNTs in the sample. After half an
hour, the sample was left for some time to cool down to room temperature. The last step
was the insertion of the prepared sample into the nanotherics magneTherm, setting of
appropriate parameters—frequency, voltage and current—and measurement using the
SoftSens program.

The samples of magnetic suspension in Eppendorf were placed in polystyrene thermal
insulation in a specialized heating device. All measurements were performed in a constant
parameter environment with an initial measurement temperature of 25 ◦C. In addition,
all temperature measurements were performed using a fiber optic temperature sensor to
reduce the influence of the electromagnetic field on the temperature measurements. The
exact location of the test samples is shown in the figure below (Figure 3).

The preparation of all samples of CNTs used for the examination is shown in Table 1.
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Table 1. The ratio of components in samples with CNTs.

Sample No. CNTs (mg) SDS (mg) Distilled Water (mL) Concentration
CNTs to H2O (mg/mL) Frequency (kHz)

1 15 30 4.0 3.75 110.2
2 15 30 2.0 7.50 110.2
3 15 30 1.0 15.00 110.2
4 15 30 0.5 30.00 110.2
5 15 30 4.0 3.75 168.5
6 15 30 2.0 7.50 168.5
7 15 30 1.0 15.00 168.5
8 15 30 0.5 30.00 168.5
9 15 30 4.0 3.75 329.0
10 15 30 2.0 7.50 329.0
11 15 30 1.0 15.00 329.0
12 15 30 0.5 30.00 329.0
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3. Results

Firstly, the measurements were conducted at the frequency of 110.2 kHz. As the legend
on the right of Figure 4 shows, four samples of different concentrations were considered.
One can observe that the highest temperature rise was obtained in the case of sample no. 4
of the highest concentration from the four considered.

The observation drawn from the plots is that the tendency of temperature change
was directly proportional to the concentration. With the increasing concentration, the
temperature change also rises. It is clearly visible that it occurs respectively, as could be
expected. Samples in the concentration of 3.75 mg/mL gain a temperature rise of only
0.5 ◦C. In the case of 7.5 mg/mL, the temperature change is higher and equals 1.5 ◦C. For
15 mg/mL, it was almost 3 ◦C and for the highest concentration of 30 mg/mL, the change
was equal to approximately 5 ◦C.

Figure 5 depicts measurements in the frequency of 168.5 kHz. Similarly to Figure 4,
four measurements were conducted (four different concentrations).
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The same as at the frequency of 110.2 kHz, a higher concentration proved to gain a
higher temperature. The heating of the sample in the concentration of 3.75 mg/mL did not
result in almost any higher temperature, its temperature again rose by only a half-degree
Celsius. For the sample of 7.5 mg/mL, the temperature was equal to around 2 ◦C. In the
case of 15 mg/mL, it was around 3 ◦C. For the highest concentration of 30 mg/mL, the
temperature rise was around 4.8 ◦C. The sample with the highest concentration also had
a relatively quick change during the first 25 min. The same situation occurred for the
concentration of 15 mg/mL, but for a shorter time period of 15 min.

Figure 6 shows the heating progression for the frequency of 329 kHz. Again, samples
of the four concentrations are used in measurements.

This specific graph shows a time frame of 55 min. Thanks to that, further behavior can
be observed. Worth noting is sample no. 12 of a concentration of 30 mg/mL. It exhibited
the best heating properties compared to the other three samples. The tendency of direct
proportionality between temperature change and time also occurs for this frequency. It is
interesting that when comparing samples of concentrations 7.5 mg/mL and 15 mg/mL, the
sample of lower concentration had a larger heating rate for the first 7 min. After that time,
the sample of lower concentration flattens a bit, while the plot of the other keeps increasing.
The sample with the concentration of 3.75 mg/mL heated up by approximately 1 ◦C and the
sample of 7.5 mg/mL by approximately 2.3 ◦C. For 15 mg/mL, the rise was around 3.5 ◦C.
In the case of 30 mg/mL, the temperature change equals almost 6 ◦C. An observation worth
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mentioning is the trend of three of the plots—30 mg/mL, 15 mg/mL, and 3.75 mg/mL.
As can be seen, these plots after reaching their peaks start to decrease. Nonetheless, these
maximum values are reached in different time periods for each of the concentrations.
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Below (Figure 7), all of the results obtained from measurements were gathered together.
However, only the maximum values were depicted in order to show which sample proved
to be the most efficient.
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4. Discussion

The main aim of this work was an observation of the behavior of CNTs when influ-
enced by a radiofrequency electromagnetic field and possibly finding the best conditions
for the greatest heating rate. All the measurements had the most similar conditions as
possible each of the times. Sometimes due to the observed heating rate, the measurements
were shorter, hence various time periods in graphs.

The highest result obtained from all of the conducted tests was sample no. 12, which
had a temperature increase of 6 ◦C. It was a sample of a concentration of 30 mg of CNTs per
1 mL of water in an electromagnetic field at a frequency of 329 kHz. The conditions of this
measurement confirmed the original and most instinctive assumption. It was assumed that
when the nanoparticles of iron inside the CNTs are the material that heats up, so with its
higher concentration, the temperature change will also increase. Exactly as presumed, the
higher concentrations of CNTs in the samples proved to gain larger temperature change.
In all three EMF frequencies, the best results were obtained for the highest concentrations.
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However, the concentrations were entirely dependent on the amount of components in each
sample. Even though further increasing the concentration would logically provide better
results, the main problem would be consistency. There were two attempts at preparing
samples of a concentration of 60 mg/mL. Unfortunately, they were so dense that proper
mixing of the components to obtain even distribution was very troublesome. Due to
that, the measurements conducted on those two samples were not reliable enough. The
general pattern of behavior was that the higher the concentration, the more the temperature
increased. The three best temperature changes were obtained from samples with the
concentration of 30 mg/mL in all three frequencies, giving a temperature rise of 6 ◦C for
the highest frequency, 5 ◦C for the lowest, and 4.8 ◦C for the middle frequency.

The second variable was the frequency of EMF influencing the sample. A logical
assumption was that the higher frequency would induce a higher heating rate, which was
also proven to be true. All of the tested frequencies brought to some extent satisfying
results. The higher frequency always had the highest heating rate. Interestingly, in the case
of the two lower frequencies, the results were not always as expected. Firstly, the difference
between the temperature changes was much smaller than when comparing two higher
frequencies, but that is a result of only 58 kHz in frequency difference, while for the other
pair the frequency was almost doubled. Secondly, the trends for lower frequencies were
not always constantly above one another.

The results obtained correspond with literature [28] conclusions considering the main
assumptions, but also there is a slight inconsistency of the heating rate of CNTs when
influenced by the electromagnetic field. Nevertheless, there were also tests including
heating of iron nanoparticles alone [29] and those proved to be very successful in a very
short time. This means the effectiveness of such therapy has potential and should be
more efficient when modified correctly. However, it is worth noting that when using the
iron nanoparticles alone, their concentration was 100%, while in the case of CNTs used
in these measurements, the content of iron examined on TGA was only 15%. This leads
to drawing a conclusion that CNTs with a higher content of iron should be produced for
more satisfying results. Unfortunately, the process of synthesis of CNTs is so complex that
finding adequate conditions for the production of perfect CNTs is basically impossible.
Luckily, their functionalization and modification give hope for some enhancements in
that matter, especially since the first and most important requirement when applying it in
human therapy is its biocompatibility and non-toxicity.

Even though the temperature in the results might not seem to increase significantly,
one could conclude that 6 ◦C at certain conditions could be almost enough. One has to take
into consideration that this compound is ultimately planned to be injected into the human
body. Therefore, the starting temperature would be the human body temperature, which
equals 36.6 ◦C. When heated to 42–43 ◦C, the cells get closer to the coagulation threshold.

5. Conclusions

The main problem encountered during the experiments so far has been found to be
the uniform dispersion of the iron-filled carbon nanotubes. Before each measurement, each
sample was mechanically dispersed. However, the physical properties of CNTs affected the
rapid deposition of particles, which may have affected the results. Nevertheless, the results
provide valuable information and a good reference for future research. One of the goals
is to develop an effective dispersion method to further investigate the heating properties
of the suspension at a given concentration and to begin cell line studies. In this phase, it
will be necessary to estimate the number of nanocarriers used in the therapy to effectively
destroy cells and to determine the exact field parameters used in the proposed method.

In conclusion, the results of this research have proven that with the increasing concen-
tration of CNTs and increasing frequency, the heating rate increases as well. Unfortunately,
it was mostly quite low or even non-existent in some of the trials. One also must take into
account that the optic sensor used in the measurements was so sensitive, that its slightly
improper placement could alter the final result to some extent. Nonetheless, the results
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have proved that this method possesses a potential for such therapy with CNTs as the
temperature of the samples was increasing. Unfortunately, some of the measurements have
shown that the heating rate has its limits. In some cases, the temperature reached its maxi-
mum and started to decrease, despite unchanged conditions, which means that probably
each type has its limitations that possibly could be neglected when improved. Another
problem is that there is no standardization concerning the process of synthesis or specific
composition or content of compounds. Therefore, considering that the application of CNTs
in medicine could be the future of cancer treatment, first, there have to be general standards
that could be applied by every laboratory and research center for further investigation.

The work aimed at producing ferromagnetic nanoparticles encapsulated in carbon
nanotubes, making them safe for medical applications due to the external carbon. The
produced material was examined with the XRD studies, in the research a spectrum corre-
sponding to iron was registered. The presence of the α-Fe and γ-Fe phases was observed.
Due to the limited time available, it was not possible to go into the subject of disposing of
the γ-Fe phase. α-Fe is widely considered to be one of the most promising magnetic phases
that can be encapsulated internally within CNTs in the form of continuous nanowires.
Fortunately, the XRD examination showed the presence of this phase and consequently this
confirms the existence in the sample of magnetic iron filling the carbon nanotubes. Work
on improving the material, and to obtain more of the α-Fe phase as the content of carbon
nanotubes, is currently in progress.

The results obtained during this experiment provide valuable information which
is a good reference for further research. In future experiments, an effective method for
dispersing of iron powder in solvent should be verified. Achieving this goal will allow
for a detailed characterization of the heating properties of the suspension. Based on this
knowledge, it will be possible to determine the field parameters necessary for the therapy.
Successful completion of this phase is essential and opens the door to in vitro studies. In
this phase, the amount and concentration of nanoparticles suspended in the biocompatible
solution must be determined and the exposure parameters well defined to focus on the
response of the cells to the heating medium.
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