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Thermal death of cancerous cells may be induced by radiating single-walled carbon nanotubes (SWNTs)
selectively attached via functionalization to the targeted cells. A distribution of SWNTs inside cancerous
cells, on their surface, or in the inter-cellular fluid may occur during this treatment process. This work
applies a random walk algorithm to calculate the effective thermal conductivity of an idealized biological
fluid containing SWNTs. The thermal resistance at the interface between the SWNTs and their surround-
ings is incorporated to make predictions that are required for developing an overall approach to cancer-

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Single-walled carbon nanotubes (SWNTs) have excellent elec-
trical, thermal and mechanical characteristics [1-3]. Of particular
promise are recent findings that SWNTSs can transport various mol-
ecules across the cellular membrane without cytotoxicity [4-6].
Quite notably, a test of carbon nanotubes administered to mice
intravenously in the form of a water solution (0.5 g/l of SWNTs
and multi-walled carbon nanotubes (MWNTSs) in water) indicated
that such carbon nanotubes may be safe to use in the body [7].
Functionalized carbon nanotubes can circulate in the blood of live
animals and can be removed from the blood system through pro-
cessing in the kidneys and excretion in urine [7].

Kam et al. [8] suggested that if SWNTs can be selectively inter-
nalized into cancer cells with specific tumor markers, the near
infrared radiation (NIR) to the nanotubes in vitro can then selec-
tively trigger thermal cell death without harming normal cells. An-
other option is to attach functionalized nanotubes on the surface of
cancer cells using proteins that attach selectively to the membrane
of malignant cells (Fig. 1(a)). In current practice, radiation cannot
selectively target individual tumor cells and, thus, normal cells
within the radiation field suffer damage, leading to potentially seri-
ous side effects. However, the radiation can be controlled by using
internal images to guide focused beams. Controlled cell destruction
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could be achieved by functionalized SWNTs that attach selectively
to cancerous cells. (For example, exposure of phosphatidylserine
occurs on the surface of cancerous cells, but not on the surface of
healthy cells [9]. Appropriately functionalized nanotubes could
therefore be attached at a high concentration on the surface of such
cells. Another example is that SWNTs can be selectively internal-
ized by cells labeled with folate receptor tumor markers [10].
Kam et al. [8] demonstrated that SWNTs exhibit very high optical
absorbance in the NIR regime where biological systems are trans-
parent with a laser of wavelength /. = 808 nm. While biological sys-
tems are transparent to 700-1100 nm NIR [11], the SWNTs with
appropriate diameter absorb strongly in this window [12] and they
can potentially be used for optical stimulation inside or outside
living cells to afford various useful functions. Continuous NIR
radiation can cause cell death because of excessive local heating
of SWNTs in vitro. The efficient in vitro excitations of SWNTs de-
pend on their chirality, orientation and quantity to obtain en-
hanced biological effects [8].

In order to understand how best to develop this technique, it
will be necessary to model the uptake and subsequent dissipation
of heat in the system. This will require knowledge of the thermal
conductivity of the cancer cells when loaded with SWNTs, of the
normal cells, and of the inter-cellular fluid. The transfer of heat
from NIR-stimulated SWNTs to the surrounding biological fluid
(like blood) is affected by the thermal boundary resistance that ex-
ists at the interface between SWNTs and any medium in contact
with the SWNTs. The thermal properties of SWNTs in blood, for
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Nomenclature
Ac surface area of a SWNT, cm? Ken thermal conductivity of the SWNT, W/mK
Bi nanoscale Biot number Kese effective thermal conductivity, W/mK
C blood density, g/cm? L length of a SWNT, cm
Ce thermal equilibrium factor Lc characteristic length, cm
Cm sound velocity in blood, m/s Rpq thermal boundary resistance, m? K/W
G specific heat of blood, k]/kg K Ve volume of a SWNT, cm?
D diameter of a SWNT, nm
Dy thermal diffusivity of blood, cm?/s Greek symbols
fo-on probability of a walker moving into the SWNT phase At time increment, ns
fonb probability of a walker crossing into the blood A wavelength, nm
Kb thermal boundary conductance, MW/m? K o blood density, g/cm?
Ky, thermal conductivity of the blood, W/mK o standard deviation, cm

example, are characterized by an effective thermal conductivity of
the SWNTs that accounts for the intrinsic thermal conductivity of
the SWNTs as well as the thermal boundary resistance of the
SWNT-blood juncture, instead of the nominal thermal conductiv-
ity. The goal of this study is to investigate the role of thermal
boundary resistance on effective thermal conductivity of SWNTs
dispersed in aqueous environments, such as those characteristic
of biological fluids. Even though the SWNTs in the system de-
scribed above will be transferring heat to possibly different parts
of a cell in addition to the inter-cellular fluid, the assumption that
the thermal resistance to heat transfer will be close to that for
aqueous solutions is justified by the fact that over 50% of the blood
is water and that most of a cell is water. Since there is not, to the
authors’ knowledge, other data available that can differentiate
the thermal resistance between SWNTs and components of a cell,
the present study will be valuable in enabling future modeling of
specific irradiation approaches.

2. Simulation methodology

The random walk algorithm developed by Duong et al. [13,14]
for conductive heat transport is applied. This off-lattice Monte Car-
lo algorithm is an improvement of previous computational models
[15,16] and has been validated with experimental data for SWNT-

Z 40

polymer composites [13]. The nanoscale Biot number, Bi, can be
defined:

_ KpalLc
- I<CN (1 )

where average SWNT thermal conductivity, Kcy=~3000 W/m K
[14]; thermal boundary conductance between the SWNT and the
blood, Kyq = 5-12 MW/m? K (Table 2) and the characteristic length,
Lc can be calculated by:
Ve DL D

LC*AC*Z(D+2L)*2(%)+4 @
where V. is the SWNT volume; A. is the SWNT surface area; D is the
SWNT diameter and L is the SWNT length. Applying the L and D val-
ues of Table 1 in Eq. (2) and substitution of Eq. (2) into Eq. (1) yields
the Biot number, Bi = 1.0-2.4 x 10~%, With the length scale equal to
the SWNT length, e.g., L = 1.0 um, the characteristic length L. may
be defined to be equal to the SWNT length L. Substitution of the
SWNT length L into Eq. (1) also yields the very small Biot number,
Bi=1.7-4.0 x 1073,

Apparently the Biot number in the study system is vanishingly
small and the SWNT thermal conductivity, Kcy, is several orders of
magnitude larger than the thermal conductivity of the matrix sur-
rounding the SWNTSs. Therefore, the model employs a uniform dis-
tribution of thermal walkers inside each SWNT, which is
equivalent to the assumption of an infinite thermal conductivity
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80 .

M\\& i

\
WY ]

604 28\
W
i

204

20

Fig. 1. (a) An illustration of a cancerous cell with SWNTs attached to the surface (not to scale). Realistically, there will also be SWNTs in the fluid medium between cells as
well as some attached to healthy cells. (b) A model of 60 SWNTs in the blood. The SWNT-blood system shown here is a realization of the case of randomly oriented SWNTs

with a weight fraction 0.10% and L/D = 40.0.
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Table 1
Properties of the human blood and parameters used in the simulations.

Human blood

Density, p (g/cm?) [33]* 1.325
Thermal conductivity, K, (W/m K)[33]* 0.52
Specific heat, G, (kJ/kg K) [33]* 3.75
Sound velocity, C, (m/s) [34]* 1603

Simulation parameters

Computational cell size (nm?) 100 x 100 x 100 300 x 100 x 100

Aspect ratio, L/D 40 120
Number of walkers 90,000 90,000
Time increment, At (ns) 0.0025 0.0025
SWNT diameter, D (nm) 2.40 2.40
Thermal equilibrium value, Gy 0.25 0.25

¢ The data here is the average of previous works [33,34].

of the SWNTs relative to the matrix and to the absence of thermal
gradient inside the SWNTs. Fig. 1 is a conceptual diagram of the
SWNTs concentrated around a cell and the configuration of the
SWNTs in the simulation. The modeling focuses on the effective
thermal properties of SWNTSs in the blood medium that is critical
in predicting the effectiveness requirements of the SWNT function-
alization. The computational domain is a cube (96 x 96 x 96 bin®)
or a rectangle (288 x 96 x 96 bin?) depending on the aspect ratio
L/D and having SWNTs dispersed into a fluid that has macroscopic
properties equal to those of blood. The computational domain is
heated from one surface (the x=0 plane) with the release of
90,000 thermal walkers distributed uniformly on that surface.
The walkers exit at the surface opposite to the heated plane. The
cell is periodic in the other two directions. The computation of
the effective transport coefficients is based on the simulation of
the trajectories of the walkers traveling through a computational
cell for a long enough time. The adequacy of the number of walk-
ers, and of the size of the computational domain, for the calculation
of the effective thermal conductivity has been discussed elsewhere
[14]. The temperature distribution is calculated from the number
of walkers found in each bin. The walkers move through the fluid
by Brownian motion [17] whose model has been used successfully
to simulate heat transfer due to diffusion in the case of convective
flows [18-20]. The Brownian motion in each space direction is sim-
ulated with random jumps that each walker executes at each time
step. These jumps take values from a normal distribution with a
zero mean and a standard deviation

G = /2D At 3)

Table 2

5593

where Dy, is the thermal diffusivity of the blood and At is the time
increment.

Once a walker in the blood reaches the interface between the
blood and a SWNT, the walker will move into the SWNT phase with
a probability fi,_cn, Which represents the thermal resistance of the
interface and will stay at the previous position in the matrix with
a probability (1—f,.cn). Similarly, once a walker is inside a SWNT,
the walker distributes randomly within the SWNT due to the high
SWNT thermal conductivity with a probability (1—fcn.p) at the end
of a time step, and will cross into the blood with a probability fcn-p.
The carbon nanotube thermal conductivity is treated as effectively
infinite. With this approximation in the model, the aspect ratio of
the nanotube becomes important as higher aspect ratios (longer
nanotubes) amplify the effect of this assumption of relative con-
ductance of the SWNTs vs. the matrix. Thermal boundary resis-
tance thus becomes appropriately emphasized at the SWNT-
matrix interface. In this latter case, the walker moves first to a ran-
dom point anywhere on the surface of the SWNT and then moves
with a normal distribution into the matrix. The thermal boundary
resistance is the same for the walker coming in and out the SWNTs
and for SWNT walls and ends. The thermal resistance is the same
when a walker moves from one phase into the other, but this does
not mean that f,.cn =fcnp. In thermal equilibrium, the average
walker density within the SWNTs should be equal to that in the
surrounding fluid. As the walkers can leave anywhere on the sur-
face the next time step, the exit probability fcn.p must be weighted
so that the flux of walkers into the SWNTs equals that going out
when they are in equilibrium. The weight factor depends only
upon geometry, and to maintain equilibrium the two probabilities
are related as

oA

T fon )

Jeno =G

where ¢ is the standard deviation of the random jump in the blood
and C; is the thermal equilibrium factor. The thermal equilibrium
factor C; of the SWNTSs used in this work has been determined by
numerical trial and error [13] to be 0.25. The purpose of the C; is
to recover a length scale in the problem (i.e., A./V¢) that is lost when
the thermal walkers are assumed to be uniformly distributed inside
the SWNTs, instead of moving with random steps obtained from a
normal distribution.

The calculation of the effective conductivity is simplified by sim-
ulating heat transfer with constant heat flux through the domain
with hot and cold opposite planes releasing ‘hot’ and ‘cold’ walkers

Ratio of effective thermal conductivity of SWNTs-in-blood normalized by the thermal conductivity of pure blood with constant heat flux and different SWNT length. Thermal

boundary resistances are employed from those for water suspension.

Weight fraction of SWNTs [wt.%] No. of SWNTs L/D = 40

Thermal boundary resistance, Ryq [10~7, m? K/W]
(thermal boundary conductance, Kyq [MW/m? K])

I/D=120
Thermal boundary resistance, Rpq [10~7, m? K/W]
(thermal boundary conductance, K,q [MW/m? K])

2.0 (5) 0.84 (12) 2.0 (5) 0.84 (12)
Probability fy-cn Probability fy_cn
0.0025 0.006 0.0025 0.006
SWNTs perpendicular to the direction of heat flux
0.05 31 0.971 0.970 1.001 0.999
0.075 46 0.957 0.958 1.000 0.998
0.1 60 0.940 0.943 0.993 0.998
Random orientation Quasi-random orientation
0.05 31 0.988 1.003 1.096 1.217
0.075 46 0.982 1.004 1.133 1.307
0.1 60 0.977 1.006 1.170 1.371
SWNTs parallel to the direction of heat flux
0.05 31 1.021 1.073 1.102 1.240
0.075 46 1.032 1.109 1.144 1.342
0.1 60 1.042 1.143 1.189 1.422




5594 H.M. Duong et al./International Journal of Heat and Mass Transfer 52 (2009) 5591-5597

(carrying negative energy), respectively. More details about the
random walk algorithm can be found in Duong et al. [13,14].

Further assumptions in the model are that SWNTs are dispersed
without forming bundles and the transfer of heat is passive (i.e.,
the thermal conductivity or the density of the fluid does not
change during the process). Furthermore, the functionalization of
the SWNTs is taken into account by varying the thermal boundary
resistance values (f,.cy changes) as far as the heat transfer behavior
is concerned. The transfer of heat from the SWNTs to the cell sur-
face (see Fig. 1) is expected to happen by conduction only, since the
fluid between the nanotubes and the cell is expected to be station-
ary relative to the cell and the nanotubes.

Heat transfer, as described above, was studied in a computa-
tional cell containing 2.40 nm-diameter SWNTs [21] with different
lengths. Typical diameters, D, of experimentally available SWNTs
are 1.0-1.5 nm, when they are grown by laser-furnace [22] and
arc-discharge [23] growth techniques, and are 0.7-3.0 nm when
grown by CVD techniques [24-26]. The length, L, of ‘as-grown’
SWNTs is usually longer than several micrometers, but it can be
shortened to several hundreds of nanometers through purification
and dispersion processes. Hence, the aspect ratio L/D could be as
high as 1000. Choosing the proper aspect ratio L/D for the simula-
tions is essential, as the computational domain cell and the simu-
lation time are limited. Based on the effective medium theory [13],
the effects of the aspect ratio on the effective thermal conductivity
are negligible once L/D is larger than a critical value. According to a
numerical investigation utilizing the algorithm implemented here,
Duong et al. [27] found that L/D = 120 is large enough to assume
that larger L/D will not have a significant effect on the results. In
the simulations conducted herein, aspect ratios of L/D =40 and
120 were chosen, and the SWNT diameter was set to be
D =2.40 nm. Depending on the weight fraction of SWNTs, the num-
ber of SWNTs in the cubic cell varied from 31 to 495. The model of
60 SWNTs in blood with a weight fraction of 0.1% and L/D =40 is
shown in Fig. 1. The SWNTs were either randomly dispersed, per-
pendicular or parallel to the direction of heat flow (i.e., the x-axis)
with random locations of SWNTs in all cases.

The exact thermal resistance of the SWNT-blood interface is
difficult to predict, and it depends strongly on the chemical compo-
sition of the fluid surrounding a SWNT. Since over 50% of blood is
in fact water, and since the fluid environment inside cells is essen-
tially an aqueous environment, we assume that the interfacial
resistance to heat transfer will be that of a SWNT-water interface,
or, at least, it will have a value very close to that. Maruyama et al.
[28] conducted molecular dynamic simulations to calculate the
thermal boundary resistance between a (10, 10) SWNT and water.
The simulated SWNT contained 192 water molecules inside its hol-
low space. The thermal boundary resistance, R,q was estimated to
be 2.0 x 1077 m? K/W (corresponding to a thermal boundary con-
ductance, Kpq = 5 MW/m? K). Huxtable et al. [29] used picosecond
transient adsorption to measure the interface thermal conductance
of carbon nanotubes suspended in surfactant micelles in water.
Their experimental results showed that the interface thermal resis-
tance was 0.84 x 1077 m?> K/W (Kpq =12 MW/m?K). Since the
enhancement of effective thermal conductivities was relatively
small for these reasonable thermal boundary resistances and rea-
sonable weight fractions of SWNTs, we further studied a range of
low thermal resistance, Rp,q=0.005, 0.010, 0.025 and 0.250
[1077 m? K/W] (Kuq = 2000, 1000, 400 and 40 MW/m?K, respec-
tively). The weight fraction of SWNTs was determined to be in
the range of the weight fraction reported in experiments of stabi-
lizing nanotube suspensions with proteins [7,8,30] and above
(0.1 wt.%, 0.5 wt.% and 1.0 wt.%). These values could be appropriate
for concentrated SWNTs on the surface of a cell. Since the exact
configuration of the SWNTs when they are attached to a cell sur-
face is not presently known, and since there is a strong possibility

that SWNTSs can be oriented in preferential directions, the simula-
tions have covered the case that the heat flux is parallel or perpen-
dicular to the SWNT axis, as well as the case of random SWNT
orientation relative to the heat flux direction.

3. Results and discussion
3.1. Thermal boundary resistance equivalent to water suspension

A summary of parameters used in the simulations is given in Ta-
ble 1. The effective thermal conductivity of SWNTs in blood is
shown in Fig. 2 using the two different thermal boundary resis-
tances reported for SWNTs and water (Rpq=0.84 x 107 and
2.0 x 1077 m? K/W or Kyq = 12 and 5 MW/m? K, respectively), with
different weight fractions of SWNTs (0.005, 0.0075, 0.100 wt.% or
31, 46 and 60 SWNTs), different orientation (SWNTs are parallel
and perpendicular to heat flux or dispersed randomly), and differ-
ent SWNT length (L/D = 40 and 120). The matrix probabilities, fi,_cn
are calculated to be 0.0025 and 0.0060 using the acoustic mis-
match theory [31]

4
foon = DCCRoa (5)

(2) /D =40
—— Kyy = 12 MW/mK
[ — O- = Kyg = 5 MW/m’K

——
——

O Parallel
A Random
O Perpendicular

==
Perpendicular

0.9

0 0.05 0.1
Weight fraction of SWNTSs (Wt%)

(b) /D = 120
| —8— Kyg = 12 MW/m’K

1.4 B
— O = Kyg = 5 MW/mK

Parallel

0 0.05 0.1
Weight fraction of SWNTs (wt%)

Fig. 2. Effective thermal conductivities of differently oriented SWNTs as a function
of weight fraction of SWNTs at (a) L/D = 40 and (b) L/D = 120. The thermal boundary
resistance is assumed to be equal to that of water. For each value of thermal
boundary resistance and weight fraction of SWNTs, the thermal conductivity is the
average of three simulation runs with different random distributions of SWNT
locations. The L/D=40 SWNTs are allowed to be oriented within 90° of the
horizontal axis (Random), and the L/D =120 SWNTs are allowed to be oriented
within 30° of the horizontal axis (quasi-random).
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where p is the blood density; C is the blood specific heat and Cy, is
the velocity of sound in blood.

The simulated ratio of effective thermal conductivities to the
pure blood is summarized in Table 2. For the shorter SWNTs in
Fig. 2a, the effective thermal conductivity is almost linearly pro-
portional to the weight fraction of SWNTs. This result suggests that
the weight fraction is very small so that effect of each SWNT can be
independent. The ‘parallel’ and ‘perpendicular’ curves show the
maximum and the minimum thermal conductivity of the SWNT-
blood systems. The effective thermal conductivity is smaller than
the conductivity of pure blood when the SWNTs are perpendicular
to the heat flow. This is because the walkers need to stay within
SWNTs until they will have a chance to come-out by the probabil-
ity inversely proportional to the thermal boundary resistance. The
reduction of effective thermal conductivity is observed even for
randomly dispersed SWNTs at larger thermal boundary resistance
values for L/D = 40 in Fig. 2a. The effective thermal conductivities
are larger for longer SWNTs as shown in Fig. 2b. The dependency
on the SWNT weight fractions is no longer linear within 0.1 wt.%
for L/D = 120. Because of the length of SWNTs, effective thermal
conductivity increases for randomly dispersed case even with large
thermal boundary resistance.

By controlling the functionalization of SWNTs, the orientation of
SWNTs outside the cancer cells could be controlled. Therefore, the
thermal conductivities of the SWNTs in the blood can reach a max-
imum if the dispersed SWNTs are oriented parallel to the heat flux.
The simulation results show that for up to 0.1 wt.% of the SWNTs
the thermal conductivities of SWNTSs perpendicular to the heat flux
are less affected by thermal boundary resistance. The effective ther-
mal conductivities are lower than that of the pure blood, and de-
crease when the weight fraction of SWNTSs increases. When short
SWNTs are dispersed randomly in the blood, the thermal conduc-
tivities are not enhanced much - the maximum conductivity is in-
creased by only 0.6% at 0.1% of weight fraction of SWNTs (Fig. 2a).
This can be explained because the quantity of SWNTSs is small and
the thermal boundary resistance values used is high, so that the
walkers cannot cross into the SWNTs and travel faster. The effective
thermal conductivity can be significantly enhanced only when the
SWNT orientation can be controlled. For example, when the SWNTs
are parallel to the heat flux, the effective thermal conductivity is en-
hanced by 14% at 0.1 wt.% SWNTs in the fluid for L/D = 40. On the
other hand, effective thermal conductivity for ‘random’ is similar
to ‘parallel’ for longer SWNTs (L/D = 120).

Table 3

5595

3.2. Smaller thermal boundary resistance and larger weight fraction of
SWNTs

As the thermal conductivity of the randomly distributed SWNT-
blood system is not significantly affected by 0.1 wt.% of the SWNTs
over the above thermal boundary resistance range (Rpq = 0.84 x
1077 and 2.0 x 1077 m? K/W or Kpq = 12 and 5 MW/m? K), we con-
ducted a systematical study with lower values of the thermal
boundary resistance, as shown in Table 3. The thermal boundary
resistance between the SWNTs and the blood may be reduced by
better controlling the SWNT functionalization processes. Table 3
shows the ratio of the effective thermal conductivities of SWNTs-
in-blood divided by the conductivity of pure blood with constant
heat flux. For each kind of SWNT orientation in the computational
cell, and each value of thermal boundary resistance and weight
fraction of SWNTs, the thermal conductivity presented is the aver-
age of three simulations, each of which conducted with a different
distribution of SWNTs in the computational cell.

The effective thermal conductivity of the SWNT-blood system
increases when the thermal boundary resistance decreases. The
dependence of effective thermal conductivities on thermal
boundary resistance is plotted in Fig. 3 for 0.1 wt.% SWNTs. With
increasing thermal boundary conductance, effective thermal
conductivities monotonically increase.

Fig. 4 shows the effective thermal conductivities for smaller
thermal boundary resistances, Rnq=0.25 x 107 and 0.01 x 10~/
m?2 K/W or Kpq =40 and 1000 MW/m? K. With the longer SWNT
(L/D=120) in Fig. 4b, the effective thermal conductivities of the
SWNT-blood system are almost the same for the case in which
SWNTs are perpendicular to the heat flux and greater for the cases
in which SWNTs are dispersed randomly and parallel to the heat
flux due to heat transfer along the SWNT axis. With the same ther-
mal boundary resistance and the same L/D ratio, weight fraction,
and dispersion pattern of SWNTs, the random jump of walkers in
the heat flow direction is less (meaning worse heat transfer) for
SWNTs perpendicular to the heat flux, higher for the random distri-
bution of the SWNTs, and maximum for the SWNTSs parallel to the
heat flux, as expected. With the same thermal boundary resistance
and the same L/D ratio, the ratio of the maximum and the mini-
mum thermal conductivity increases when increasing the weight
fraction of SWNTs. With the same weight fraction and the same
L/D ratio, this effective thermal conductivity ratio decreases if the
thermal boundary resistance increases.

Ratio of effective thermal conductivity of SWNTs-in-blood normalized by the thermal conductivity of pure blood with constant heat flux and different SWNT length. Systematic

study for smaller thermal boundary resistances and higher weight fraction of SWNTs.

Weight fraction of SWNTs [wt.%] No. of SWNTs  L/D =40

Thermal boundary resistance, Rpq [10~7, m? K/W]
(thermal boundary conductance, Kyq [M W/m? K])

I/D =120
Thermal boundary resistance, Ryq [10~7, m? K/W]
(thermal boundary conductance, Kyq [M W/m? K])

0.250 (40)  0.025 (400) 0.010 (1000) 0.005 (2000)  0.250 (40)  0.025 (400) 0.010 (1000)  0.005 (2000)
Probability fi_cn Probability fy-cn
0.02 0.2 0.5 1 0.02 0.2 0.5 1
SWNTs perpendicular to the direction of heat flux
0.1 60 0.94 0.97 0.90 1.02 0.99 1.00 1.00 1.00
0.5 275 0.79 0.87 0.97 1.10 0.76 0.85 0.96 1.10
1 495 0.66 0.77 0.94 1.19 0.62 0.74 0.93 1.21
Random orientation Quasi-random orientation
0.1 60 1.1 1.72 2.07 2.29 1.87 3.46 412 448
0.5 275 137 2.94 3.77 4.30 2.90 5.68 7.06 7.92
1 495 1.57 3.62 4.79 5.53 3.41 6.84 8.57 9.70
SWNTs parallel to the direction of heat flux
0.1 60 1.49 3.51 4.72 5.53 2.16 4.84 6.26 7.15
0.5 275 2.59 7.22 10.14 12.41 3.74 9.31 12.76 15.08
1 495 3.13 8.90 12.78 15.77 4.46 11.37 15.83 19.01
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Fig. 3. Dependence of normalized effective thermal conductivities of randomly or
quasi-randomly dispersed SWNTs on thermal boundary conductance. Weight
fraction of SWNTs is 0.1 wt.%. Orientation of SWNTs are random for L/D = 40 and
quasi-random for L/D = 120.
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Quasi
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Fig. 4. Normalized effective thermal conductivities of differently oriented SWNTs
as a function of weight fraction of SWNTs at (a) L/D=40 and (b) L/D=120.
Relatively small thermal boundary resistance and higher weight fraction of SWNTs
were examined. For each value of thermal boundary resistance and weight fraction
of SWNTs, the thermal conductivity is the average of three simulation runs with
different random distributions of SWNT locations. The L/D = 40 SWNTs are allowed
to be oriented within 90° of the horizontal axis (Random), and the L/D = 120 SWNTs
are allowed to be oriented within 30° of the horizontal axis (quasi-random).

Simulation results also show that the thermal conductivity of
the SWNT-blood system is smaller than the conductivity of pure
blood when the SWNTs are perpendicular to the heat flow and
the thermal boundary resistance is high. The presence of SWNTs
having very high thermal boundary resistance in the domain inhib-
its heat transfer (or prevents the walkers traveling forward) in the
computational cell. This causes the effective thermal conductivity
to be reduced. Once the thermal boundary resistance is very small
(fo-cn = 1.0), the heat walkers can cross the SWNT-blood interface
easily and travel faster along the SWNT radius. So the thermal con-
ductivities increase once the SWNT weight fractions increases in
this case as in Table 3. Fig. 5 shows the thermal conductivities of
SWNTs dispersed randomly in the blood with different thermal
boundary resistance and different L/D ratios. The large increase
of effective thermal conductivities for longer SWNTs is apparent
from Fig. 5.

The effective thermal conductivity, Keg, is still much lower than
that calculated by the modified Maxwell theory for non-spherical
inclusions, even in the case of heat transfer with SWNTSs oriented
parallel to the direction of heat transfer [32]. The thermal conduc-
tivity of 0.1 wt.% of SWNTs (thermal conductivity in the range
1750-6600 W/m K) in the blood can be calculated to be between
~48.0 and 179.5 W/m K, while the maximum thermal conductivity
from the simulation is ~3.7 W/m K (i.e., ~7.2 times greater than
that of the pure human blood, as shown in Table 3 for SWNTs
aligned parallel to the direction of heat flux). The higher effective
thermal conductivity of SWNT-blood system can reduce the im-
pulse time and may not damage the normal cells as the radiation
has not been controlled well currently.

4. Conclusions

This study computed the effective thermal conductivities of
SWNTs dispersed in an aqueous solution representing blood over
a range of thermal boundary resistance and SWNT weight frac-
tions. It was found that the effective thermal conductivity of
SWNTs in blood is much lower than the value estimated from
the Maxwell theory, when taking account of the existence of a
thermal boundary resistance. The maximum and minimum possi-
ble thermal conductivity has been determined, according to the
orientation of the dispersed SWNTs in the biological systems. Even

° —e— L/D=120 —O—-L/ID=4
Kpg (MW/EK)
& 2000
L O 1000
A 400

0

Kot / Kp
&)

Weight fraction of SWNTs (wt%)

Fig. 5. Normalized effective thermal conductivities of randomly or quasi-randomly
dispersed SWNTs as a function of weight fraction of SWNTs at different L/D ratios.
Orientation of SWNTs are random for L/D = 40 and quasi-random for L/D = 120. For
each value of thermal boundary resistance and weight fraction of SWNTs, the
thermal conductivity is the average of three simulation runs with different random
distributions of SWNT locations.
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though the analysis presented applies more directly to SWNTs at-
tached externally to the cell membrane, the effective conductivi-
ties calculated here for the case of random SWNT orientation
could be used in cases of SWNTs internalized into cells, since the
fluid environment within cells is aqueous. Given the distribution
profiles of SWNT in cancerous and healthy cells, and in any encom-
passing medium, we can in the future calculate how energy depos-
ited by NIR will be dissipated in the tissue. This may allow the
process to be optimized to do maximum damage to cancer cells
and minimum damage to nearby healthy tissue. As no data exists
for the thermal boundary resistances (Rpa-swnr-ceil VS Rbd-swNT-plasma)
in the actual systems, they may have different values. For the
purposes of the first calculations for heat transfer from SWNTs in
biological fluids, the two thermal resistances are assumed to be
equal. The numerical model has the flexibility to consider different
thermal boundary resistances and to take such difference into
account in future work.
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