Chapter 4
Potential of Carbon Nanotubes for Cancer Cells
Thermolysis in an RF Exposing Field

M.V. Shuba, S.A. Maksimenko, G.Ya. Slepyan, and G.W. Hanson

Abstract We study the effective dielectric permittivity and relative absorption rate
for suspensions of singlewall carbon nanotubes (SWCNT) in the radiofrequency
and microwave ranges. We show a strong influence of the carbon nanotube length
and conductivity, as well as host media conductivity, on the energy absorption
enhancement in SWCNT-based suspensions. The presented results show the
possibility for realization of a high thermal contrast of the SWCNT-based agents
for medical imaging and cancer cells thermolysis in the radiofrequency and micro-
wave ranges.
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4.1 Introduction

Recent studies on the use of carbon nanotubes (CNTs) as thermal contrast agents for
cancer cells thermal destruction in a radiofrequency field [1] as well as for the
microwave detection and treatment of breast cancer [2, 3] have demonstrated a
promising potential of CNT-enhanced low-frequency electromagnetic treatment of
deep tissues. In this area, researchers face a set of biomedical and biochemical
problems such as citotoxicity of CNTs, their solubility, selective embedding of
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CNTs into malignant cells, their degradation and/or removal from tissues after
treatment, etc. (see review articles [4] and Refs. [5-9] in addition to [1, 2]). Leaving
biomedical aspects for a separate analysis, in the present paper we report the
physical model of the radiofrequency field absorption by carbon nanotubes embed-
ded in a conductive host, initially developed in [10-12]. We theoretically study the
effective dielectric parameters of single-wall carbon nanotube (SWCNT)
suspensions in the frequency range from 1 MHz to 60 GHz. For optimization of
possible future experiments on the realization of high electromagnetic energy
absorption enhancement, we investigate the influence of different parameters —
frequency of incident radiation, SWCNT length and conductivity, and also host
conductivity — on the SWCNT absorption enhancement in the conductive host,
since the conductivity of the living cell components varies in a wide range. As an
example [13], for liver cells the conductivity of cytoplasm is about 0.5 S/m while
the conductivity of nuclear and mitochondrial material approaches 5 S/m. First
measurements of the rf permittivity and electrical conductivity of biocompatible
electrolyte SWCNT - based colloids has been reported in Ref. [14].

4.2 Theoretical Consideration

Let us consider the effective dielectric parameters of a SWCNT suspension in the
microwave and radiofrequency ranges. For low volume fractions of SWCNT
inclusions in a host medium we shall apply the Waterman-Truell formula adopted
to estimate the relative permittivity of SWCNT suspensions [15],
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where w = 2nf and f are angular frequency and frequency of the electromagnetic
field, respectively; ¢, is the complex relative permittivity of the host medium;
¢y = 8.85 x 1072 F/m; the function N;(L) describes the density number of
SWCNTs of type j, length L, and radius R;; the factor 1/3 in Eq. 4.1 is due to the
random orientations of the SWCNTSs; «;(w,L) is the axial polarizability of an
isolated SWCNTs of type j that can be calculated using the integral equation
technique described in Ref. [11]. As it has been shown in Ref. [15], the axial
polarizability of all metallic tubes depends slightly on the nanotube radius, there-
fore we do not take variations in radius into account and, instead, we model all
metallic SWCNTs as being of a single type.

To evaluate the enhancement of electromagnetic energy absorption due to
additional SWCNTs in the solution, we introduce a relative absorption rate
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where P, and P, are the powers dissipated in the SWCNT suspension and in a pure
suspension without SWCNTs, respectively.

If the host is a lossy medium, then large intensity of the scattered field leads to
large absorption in the host. In order to calculate dissipation of the scattered field in
the host we introduce a cylindrical cell with the radius R.; > R and the length
equal to the nanotube length L; the cell volume is V. = nR2,,L. The SWCNT is
located inside this cell on the cell axis. According to Ref. [2], we introduce a
normalized absorption cross section A of a SWCNT in a lossy surrounding [11]
when the external field is polarized to SWCNT axis,

Pw_P0w+Pc
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where P,, is a power dissipated in the host medium of the cell; P, is the power
dissipated in the cell without a SWCNT; P, is a power dissipated in the SWCNT
itself, Io = 0.5|\/aw/1io||Eo|* cos(p) is the intensity of the incident field,
¢ = arg[,/&,], Eo is the amplitude of external field, and § = 27RL is the area of
the SWCNT surface. The method for calculation of dissipated powers P,,, Py, and
Py, is presented in Ref. [11]. For sufficiently large R..; the value of A is almost
independent of the cell volume.

4.3 Numerical Results

For illustrative results, we have considered three types of suspensions: (i) the
suspension comprising only identical metallic zigzag (15,0) SWCNTSs (m-suspen-
sion); (ii) the suspension comprising only identical semiconducting zigzag (14,0)
SWCNTs (s-suspension); (iii) the suspension comprising the mixture of identical
(14,0) SWCNTs and identical (15,0) SWCNTs (ms-suspension), where the ratio of
the density of metallic SWCNTs (m-SWCNTs) to the density of semiconducting
SWCNTs (s-SWCNTs) has been taken to be equal to 1/2. The volume fraction of all
the considered SWCNT suspensions has been taken as 5.7 x 107>, that
corresponds to 150 mg/L. mass fraction of (15,0) SWCNTs for m-suspension.

Although we make calculations for a composite of zigzag SWCNTs, all the
presented results are true for composites with SWCNTs of different chirality.
This follows from the fact that the axial surface conductivity [Eq. (24) in Ref.
[16]] and axial tube polarizability [Eq. (2) in Ref. [15]] are practically the same
for all types of metallic SWCNTSs, whether chiral or achiral, of identical radius
and length. The conductivity of small radius (1-3 nm) semiconducting tubes in the
microwave and radiofrequency ranges does not depend on the chirality, because
it is determined mostly by the impurity of doping mechanisms in SWCNTs.
Therefore, we shall describe the semiconducting SWCNTs with only one type —
zigzag (14,0) SWCNTs with effective conductivity g, (see below).
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In all calculations the conductivity ag,, of m-SWCNTs has been taken using
the Drude-law [16] with electron relaxation time t = 2 x 10~'% s, which is close
to the value 7 = 3.3 x 107! s obtained in Ref. [15]. As it has been shown in Ref.
[11], the absorption parameters of m-SWCNTs in a conductive host do not
change substantially with the increasing 7 from 2 x 10~'* s to larger magnitudes.
The value of s-SWCNT conductivity ¢, can be varied in a wide range with
variations in the technological method of SWCNTSs preparation and purification,
because it strongly depends on SWCNT impurity doping. If not otherwise
mentioned, we shall suppose g; = 0.0015,,.

For example, at frequency 10 MHz the axial surface conductivity of metallic
(15,0) and semiconducting (14,0) zigzag SWCNTSs have been taken respectively as
om =146 x 1072 +i1.84 x 107 Sand 6, = 1.37 x 107 +i1.72 x 102 S.

We shall demonstrate our numerical results in the radio and microwave
frequency range from 1 MHz to 60 GHz. In all calculations the dispersion law for
the host permittivity is taken as for a saline solution according to the Cole-Cole
relaxation function:

e(0) —g(c0) oy
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The parameters of Eq. 4.4 have been taken from the measurement data in Ref.
[14] for saline solution: g(oc) = 4.5, & = 0.02, &(0) = 76, 7,, = 8.11 x 1071% 5,
oy 1s the host conductivity, which is supposed to be constant in the chosen
frequency range.

The mechanisms of radiofrequency electromagnetic energy dissipation for both
s-SWCNTs and m-SWCNTs embedded in a nonconductive and conductive host
have been considered in Refs. [10] and [11], respectively. The theoretical model of
the effective parameters of SWCNT-saline suspensions given in Ref. [12] describes
precisely the experimental results of Ref. [14].

Figure 4.1 shows the space distribution of the intensity enhancement factor
&= |E|*/|Eo)* of a m-SWCNT with the length L =2 pm (Fig. 4.1a) and
L = 0.2 um (Fig. 4.1b), when m-SWCNT is exposed to electromagnetic field at
frequency 10 MHz and polarization vector to be along SWCNT axis; E and Ey
is the amplitude of the scattered and incident electric fields, respectively. The
m-SWCNT is aligned parallel to the z axis of a cylindrical coordinate system
(p,z,¢), whose origin (z = 0, p = 0) is collocated with the nanotube geometrical
center. As the scattered field is symmetric in relation to the plane z = 0, only the
right half of the m-SWCNT is shown in Fig. 4.1. Near the left half of the tube
the distribution of £ is the same.

Due to the edge effects a large surface density of electric charge concentrates
near the SWCNT edges. This charge induces an electric field with a large radial
component, resulting in strong field intensity enhancement outside the SWCNT.
Thus, SWCNTSs can concentrate electromagnetic energy near the SWCNT surface
and, therefore, enhance power absorption in the conductive host. Let us note, that
the field is concentrated stronger near the longer tubes (compare Fig. 4.1a and b).
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Fig. 4.1 The constant-value lines of the intensity enhancement factor £(p, z) in the vicinity of the
right half of metallic (15,0) zigzag SWCNTs with length L = 2 pm (a) and L = 0.2 um (b).
The right half of the SWCNT is shown by the thick black line. The relative dielectric constant
of the host is ¢, = 76 — 917i (o,, = 0.5 S/m). The frequency is f = 10 MHz

As the conductivity of the components of a living cell vary in a wide range, we
shall analyze the energy dissipation in SWCNT suspensions at different host
conductivities g,,. Figure 4.2 shows the dependence of the effective relative per-
mittivity & on the host conductivity o, for different SWCNT suspensions. As
shown in Fig. 4.2, at frequency 10 MHz the m-SWCNTs contribute strongly to the
value of ¢, in a wide range of host conductivity, whereas the contribution of s-
SWCNT is strong only at a small value of g,,.

We define a critical host conductivity as the conductivity of the host medium for
which the real part of SWCNT polarizability Re[o] is 10% smaller than Re[o] at zero
host conductivity, i.e., when Re[o]| _ @ = 0.9Re[«]|, _,. So o' ~ 0.005 S/m
and o‘(v )~ 2 S/m for s- and m- suspeﬁsmn in Fig. 4.2, respectlvely Generally, we
can define two regions of the host conductivity, which are characterized by different
behavior of the SWCNT polarizability. In the region of low host conductivity

(cr)

ow<oy' we have Relees]| _ o ~ Re[seﬁc]lgv:0>Re[8w] that is explained by a

0y <0y,
slight influence of the host medium on the SWCNT polarizability. In the region
of high host conductivity 6,>0'") the value Re[e,] decreases with the value o,
increasing. Such behavior of effective permittivity can be explained by the screen-
ing effect in a SWCNT embedded into the strongly conductive host. At high
host conductivity the charge separation occurs not only in the SWCNT but also in
the conductive host near the carbon nanotube surface, resulting in diminishing the
effective field inside the carbon nanotube and, consequently, in diminishing
the SWCNT polarizability. Let us note that (i) critical host conductivity O'EV 7) for
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Fig. 4.2 The real (a) and imaginary (b) part of effective permittivity ¢, of SWCNT suspension
versus the host liquid conductivity a,,. The calculation was made for m-suspension (solid line),
s-suspension (dashed line), and ms-suspension (dotted line) at mass SWCNT fraction 150 mg/L
and frequency 10 MHz. L = 1| um. The dash-dotted lines correspond to the parameters of pure
host media without SWCNTSs

s-SWCNT is smaller than the value o*,(f,"') for m-SWCNT, i.e. the value aEfr>
increases with the increase of CNT conductivity; (ii) the value o' decreases
with the increase of SWCNT length or the decrease of incident field frequency.

Figure 4.3 shows the relative absorption rate 0 for different types of SWCNT-
suspensions versus host media conductivity. As shown in Fig. 4.3, the rate of energy
dissipation in the s-suspension (m-suspension) at 10 MHz and ,, = 0.01 S m~' is
about 4.5 (2.6) times larger than for host liquid without SWCNTSs. Thus, at small
values of surrounding conductivity o, the energy dissipation is stronger for
suspensions with semiconducting SWCNTs than for suspensions with metallic
SWCNTs. The same tendency is illustrated in Ref. [1] for the case of a non-
conductive host.

Figure 4.4 shows the frequency dependence of the real (Fig. 4.4a) and imaginary
(Fig. 4.4b) parts of effective relative permittivity &, for different types of
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Fig. 4.3 The relative absorption rate 6 for m-suspension (solid line), s-suspension (dashed line)
and ms-suspension (dotted line) versus the conductivity o,, of host media at frequency 10 MHz and
mass SWCNTs fraction 150 mg/L. Carbon nanotube length is L = 1 pm
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Fig. 4.4 Frequency dependence of the real (a) and imaginary (b) parts of effective relative
permittivity & for m-suspension (solid line), s-suspension (dashed line) and ms-suspension
(dotted line) and pure host media without SWCNT (dash-dotted line) at mass SWCNT fraction
150 mg/L and host conductivity g,, = 0.5 S/m. The length of SWCNTs is L = 1 um
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Fig. 4.5 Frequency dependence of the relative absorption rate 6 for m-suspension (solid line),
s-suspension (dashed line) and ms-suspension (dotted line) at the host conductivity g,, = 0.5 S/m
and SWCNTs mass fraction 150 mg/L. The length of SWCNTs is L = 1 pm

SWCNT-suspensions at host conductivity ¢,, = 0.5 S/m. As shown in Fig. 4.4, the
contribution of m-SWCNTs (s-SWCNTs) to effective permittivity is large (small)
in the considered frequency range. Here we define a critical frequency f,, as the
frequency, which divides two electromagnetic regimes and can be found from the
expression for SWCNT polarizability Re[o]|;—, = 0.9Re[o] |r—o- For m-suspension
in Fig. 4.4 we have f., = 2 GHz.

In the range of f<f, Re[e]| oy, Re[ey]| f:0>Re[ew}, that corresponds to
quasistatic regime — the real part of m-SWCNT polarizability is the same as in
electrostatic case at f — 0. In the range of f>f,., — dynamical regime — the value
Re[e.s] decreases with the frequency increase. Let us note that the value f.,
increases with the CNT length L decrease or SWCNT conductivity increase. In
the dynamical regime at f >f,, the effect of near field enhancement in SWCNT and
the screening effect in SWCNT bundles and MWCNT (see Ref. [11]) become less
significant, i.e. the electromagnetic field penetrates deeper inside the SWCNT-
bundle and MWCNT, resulting in the increase of electromagnetic absorption
cross-section of these particles.

Figure 4.5 shows the frequency dependence of relative absorption rate 6 on
different types of SWCNT suspensions. As shown in Fig. 4.5, the value 0 for m- and
ms-suspensions is constant in a wide frequency range f<1 GHz. At frequency
4 GHz the value 6 has a wide peak, which occurs due to the inhomogeneous host
medium frequency dispersion. At frequencies higher than 4 GHz the value 0
decreases due to being in the dynamical regime, which is accompanied by a
decrease of the near-field enhancement in metallic SWCNTs.

Figure 4.6 shows the real (Fig. 4.6a, d) and imaginary (Fig. 4.6b, e) parts of the
effective relative permittivity &, and the absorption coefficient y (Fig. 4.6c, f) for
different types of SWCNT suspensions at different frequencies. As shown in
Fig. 4.6, the values Im[e.z] and y increase with the SWCNT length increase both
at 10 MHz and 1 GHz. The value Re[e.4] has a non-monotonic dependence on L
with the maximum, which occurs at critical length L. (at f =1 GHz,
Lo, =0.6 pm and L., =4 um for s-suspension and m-suspension, respectively).
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Fig. 4.6 The real (a, d) and imaginary (b, e) part of effective relative permittivity e, and
absorption coefficient (c, f) [y = 27'chm[(£ej7) ?)/e, ¢ is light velocity in vacuum] for m-suspen-
sion (solid line), s-suspension (dashed line) and ms-suspension (dotted line) and pure host liquid
without SWCNT (dash-dotted line) versus nanotube length L, at mass SWCNT fraction 150 mg/L,
host conductivity g,, = 0.5 S/m and frequencies f = 10 MHz (a, b, ¢) and 1 GHz (d, e, f). The
conductivity of s-SWCNT g satisfies the ratio g; = 0.035,,, where g, is the conductivity of m-
SWCNT of the same radius at relaxation time 1 =2 x 107% s

The value L., is the characteristic length, which defines the boundary of two
different regimes of SWCNT interactions with electromagnetic radiation: (i) at
L<L,, the depolarizing field in SWCNT is strong due to the finite length effects (ii)
at L>L,, the influence of SWCNT edges is sufficiently small and the effective field
(which induces current on the SWCNT) is close to the incident field. The value L.,
increases (i) with the frequency decreasing and (ii) with SWCNT conductivity
increase or (iii) with the host conductivity decrease. Therefore the value L., for
m-suspension is larger than the value L., for s-suspension.
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Fig. 4.7 Normalized absorption cross section A for s-SWCNT (a, ¢) and relative absorption rate
(b, d) for s-suspension versus SWCNT conductivity o, at different host conductivity
o, = 0.01 S/m (solid line), o, =0.05S/m (dashed line), o, =0.5S/m (dotted line),
o,y = 5 S/m (dash-dotted line). The length of s-SWCNT is L = 1 um. The value o, is normalized
on the conductivity ¢,, of metallic SWCNT of the same radius: g,, = 1.72 x 107> 4+ i2.16 x
10~° S at 10 MHz and o, = 1.72 x 1073 4+i2.16 x 10~7 S at 1 GHz

Let us also note that according to Fig. 4.6e, f, at frequency 1 GHz and nanotube
length L = 0.1-1 pm the s-suspension absorbs better than m-suspension.
Absorption cross-section of s-SWCNTs strongly depends on their conductivity o,
and for non-conductive host at o, = aﬁmax) the value of A has the maximal
value [10].

Figure 4.7 shows the normalized absorption cross section A for s-SWCNT
(Fig. 4.7a, c) and relative absorption rate 0 (Fig. 4.7b, d) for s-suspension versus
nanotube conductivity o, at different ranges of host conductivity and different
frequencies. As shown in Fig. 4.7a, c, the value of oy,xdepends on frequency:
™) — 0.0016,, at f = 10 MHz and ¢™™ = 0.087,, at f = 1 GHz; here o, is
defined in the caption of Fig. 4.7. The value oi(vmax) increases with frequency f
increasing and SWCNT length L decreasing. Moreover, at high host conductivity
the maximum in the dependences of A(oy) and 0(ay) is absent (see Fig. 4.7).
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4.4 Conclusions

We have analyzed the effective parameters of SWCNT-based suspensions. We
have shown that a small amount of SWCNTSs (volume fraction of 5.7 x 107°) can
enhance radiofrequency energy absorption more than 200% even in high conduc-
tive liquids. We show a strong dependence of absorption enhancement factor on the
nanotube conductivity, nanotube length, host media conductivity and frequency
range. The presented results show the possibility of realizing high thermal contrast,
SWCNT-based agents for medical imaging technologies and cancer cells
thermolysis in radiofrequency and microwave ranges.
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