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Multiwalled carbon nanotubes (MWNTs) have a very high absorbance in the near-infrared (NIR) region
of the electromagnetic spectrum. It is demonstrated that the temperature of MWNTs, measured using
infrared thermography during NIR laser irradiation, is much higher than that of other carbonaceous
materials such as graphite controls. Since most biological materials have a low absorbance in the same
region, carbon nanotubes could be used for selective photothermal hyperthermia of biological or
nonbiological systems. This study was performed to prove the concept of direct measurement of the
temperature distribution of carbon nanotubes when stimulated with laser irradiation. The maximum
temperature increase of MWNTs measured with a high-sensitivity infrared camera, continuously irradiated
with four 2.5-mW/650-nm lasers, was 7 °C vs a graphite control, while irradiation with a 390-mW/
1064-nm laser yielded maximum temperature increases of more than 100 °C above the graphite control.
The use of infrared thermography has allowed for specific data on laser-mediated heating kinetics of
MWNTs to be presented here for the first time to our knowledge. These results could prove very useful
in the design of selective photothermal processes of selectively destroying biological systems of interest.

1. Introduction

Carbon nanotubes (CNTs) are impressive structures that
can be made in single- and multiwalled varieties of various
lengths.1 Their small size and unique electrical properties
make them extremely attractive for a variety of applications
in science and engineering fields. One potential application
in life sciences that has attracted considerable interest is their
use in cancer treatment. CNTs have a high absorbance in
the near-infrared (NIR) spectrum, while biological tissues
do not.2–5 Specific optical absorbance data for CNTs has been
reported in literature for a variety of tube diameters, chirality,
and aggregation orientations and can vary depending on
preparation methods and suspension solvents used.6,7 Spec-
trophotometric data is difficult to acquire because CNTs are
not water soluble, so most efforts to measure absorbance
have included surface functionalization or use of an alterna-

tive solvent to dissolve the CNTs.2,6–9 The thermal conduc-
tivity of CNTs, determined both empirically and numerically,
over a wide range of values has been reported.10–15 Individual
CNTs have been shown to exhibit thermal conductivity as
high as a few kW/mK in the axial dimension with values
dropping below 100 W/mK for disordered porous films such
as the ones used in the present study.14,15 It is also
noteworthy that adding CNTs to composite materials has
been shown to significantly raise the thermal conductivity
of the material.16

Hyperthermia treatment of cancer cells with nanoparticles
(especially gold or other metals) has been demonstrated with
some promising results in the past few years.2,17 Gold
nanoparticles have been investigated for their use in photo-
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thermal ablation, but their peak absorbance lies within the
visible spectrum, thus making gold nanoparticles less than
ideal candidates for hyperthermic treatment.18–22 This short-
coming has been mitigated by the ability to tune the optical
properties of the nanoparticles by varying the thickness of a
gold layer over a silica core to create gold nanoparticles that
are absorbant in the NIR region.17 Optically tuned gold
nanoparticle heating has been successfully quantified in vivo
using magnetic resonance temperature imaging, which
extrapolates temperature values from the proton resonant
frequency shift.23

The heating of CNTs by electrical means (ohmic heating)
has been directly measured using scanning thermal micros-
copy.24 This technique has a very high resolution (lateral
resolution of 50 nm) but is subject to the same drawbacks
that traditional temperature measurement devices face and
might not be well suited to measure laser-induced heating
as the probe tip would interfere with the incident light beam
that has a diameter of <1 mm. Indirect quantification of CNT
heating during laser stimulation has been performed with a
traditional temperature probe submersed in a fluid with
soluble DNA conjugated single-wall carbon nanotubes.2

Wavelength-dependent double-walled carbon nanotube heat-
ing has also been investigated by measuring the laser power
required to heat suspensions in methanol to the vaporization
point.25 Laser-induced CNT heating has been quantified by
correlating Raman shift values with known temperature-
dependent shifts.26,27 Interestingly, CNT heating has been
shown to be powerful enough to ignite when CNTs are
combined with an iron catalyst.28,29

Several disadvantages of the current methods using
traditional thermocouple and thermistor temperature mea-
surement systems are as follows: (A) trade-offs between
fragility and temporal response (smaller, more fragile tem-
perature probes with less mass will more readily change
temperature with the environment, providing a faster response
time); (B) inconsistencies of thermal properties between the

probe tip and the sample being measured which affect the
local thermal field and convective and conductive heat losses;
(C) the devices and sample will likely have different optical
properties, and the probe may absorb the incident laser
radiation, introducing error; and (D) temperatures are only
measured at a single point, which is not ideal for measuring
samples that contain high temperature gradients which result
in an averaging effect and may not be suited for determining
maximum temperature.30 Infrared thermography, especially
at the microscopic level, can overcome these disadvantages
and has been used extensively to quantify temperature during
laser ablation to ascertain safety and dosing limits on
biological tissue.31–34 Additional advantages include high
temporal (as high as 1000 frames/s, usually 60 frames/s on
a progressive scan imager) and spatial resolution (as small
as 5 µm, usually 18 µm). Special techniques can be used to
increase both the spatial and the temporal resolution.

It is noteworthy that infrared thermography is a valid
method of measuring NIR irradiation as the excitation and
emission wavelengths are far apart (excitation 1064 nm,
measurement band 7.5-13 µm). This separation in wave-
length allows for NIR excitation and mid-IR measurement
with no overlap.

The present study was performed to experimentally
determine the feasibility of using a thermal imaging system
to quantify the heating capabilities of milligram-scale
preparations of multiwalled carbon nanotubes (MWNTs).
The information is important in estimating the necessary
dosage of laser light intensity in selective hyperthermia of
cancer and other cells and establishing infrared thermography
as a valid method to monitor this process. It also quantifies
the maximum CNT temperatures attainable due to laser
irradiation. Using this method successfully can significantly
reduce the time required to test viability of cells as it provides
a direct measurement of lethality without requiring time-
consuming culturing and staining methods to estimate
survival. The use of infrared thermography for temperature
measurement has allowed for specific data on laser-mediated
heating kinetics of CNTs to be presented here for the first
time to our knowledge.

2. Materials and Methods

2.1. Synthesis of MWNTs. MWNTs were prepared by rf
chemical vapor deposition on a Fe-Co/CaCO3 (2.5:2.5/95 wt %)
catalyst with acetylene as the carbon source. The catalyst was
prepared as follows: First, weighted amounts of metal salts
Fe(NO3)3 ·9H2O and Co(CH3COO)2 ·4H2O were dissolved into
distilled water under agitation. The pH of the solution was adjusted
to about 7.0 by dripping ammonia solution in order to prevent
release of CO2 when the carbonates contact the acids. Next, CaCO3

powder support was added to this solution after the metal salts were
completely dissolved. Then, the water was evaporated with a steam
bath under continuous agitation; the catalyst was further dried
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overnight at about 130 °C and further calcined at 500 °C to allow
release of the acetates and nitrates from the catalyst. The synthesis
was performed at 620 °C.

2.2. Microthermography of MWNTs Treated with 650 nm
Lasers. There is no standard methodology for microthermography.
Locating a sample and focusing can be difficult because the sample
and background will likely be at the same temperature and therefore
indistinguishable in the infrared image. Metal objects are helpful
for focusing because tiny imperfections often lead to a different
temperature than the bulk material. Metal objects, especially
polished ones, have a significantly different emissivity than the
sample, so locating the sample is easy even if the sample is the
same temperature as the metal. In this experimental setup, a small
brass metal stage was used to aid in positioning (horizontal plane)
and focusing in on the samples (vertical plane). The brass stage
was 0.15875 cm thick and had 0.3175 cm diameter holes punched
where the samples were loaded. The brass stage was fixed to a
thin (0.3175 cm) layer of polycarbonate. The polycarbonate and
brass stage were placed on an adjustable platform for precise
focusing (Figure 1).

To test the potential of the system at low power, shorter
wavelength lasers, four ordinary red laser pointers (model #90725,
Cen-Tech, Camarillio, CA) were used as they are readily available
and have an emission (650 nm) that is relatively close to the NIR
spectrum. The nominal power of the lasers was listed as 5 mW,
but measurements with a Newport Power Meter model 1815-C
(Newport Corp., Irvine, CA) showed that the actual power was 2.5
mW, resulting in a power density of 0.026 W/cm2. They are also
inexpensive and relatively nonharmful to biological systems at low
power. The laser pointers had a tripod for easy positioning and a
push button function for continuous activation. The four 650 nm
lasers were positioned on a rigid support frame around the sample
and aimed at the target prior to loading the MWNT test or graphite
control. The average laser spot size of 3.5 mm was verified with
photosensitive paper prior to each experiment. Once the lasers were
in place, the samples were weighed (Table 1) and loaded onto the
stage.

Images of the samples were acquired at 1 Hz and recorded to a
sequence file using a calibrated FLIR Thermacam SC500 thermal
camera (FLIR Systems, Inc., Boston, MA). The camera lens used
has a field of view (FOV) of approximately 4 × 6 mm with a
maximum resolution of 18 µm per pixel. Images were recorded
for 30 s prior to activation of the first laser, and each laser source
was activated at 1-min intervals so that at the end of 3 min and
30 s all of the lasers were operating. Images were recorded for an
additional minute with all of the lasers activated, the lasers were
turned off, and the sample temperature was allowed to equilibrate
(assuming there was a temperature increase). For data analysis,
FLIR Thermacam Researcher (FLIR Systems, Inc., Boston, MA)
sessions were embedded in Microsoft Excel (Microsoft Corp.,
Redmond, WA) where a Visual Basic Macro was used to extract
the maximum temperature values of the target area, which was
defined as the entire area inside the diameter of the brass stage.
These tests were performed in triplicate, and the averages of
maximum-recorded temperatures were plotted versus laser power.

2.3. Infrared Thermography of MWNTs Treated with a
1064 nm Laser. An imaging chamber was constructed so that the
external environment was shielded from laser irradiation. The
sample and laser (model DP-1064-1000K, Lasermate Group, Inc.,
Pomona, CA) were positioned and aligned inside this chamber
(Figure 1). An opening in the chamber allowed proper positioning
of the camera lens for viewing of the sample. The laser was
positioned 15.5 cm away from the sample at a 45° angle, and it is
coherent at this distance. The beam was not further manipulated
and has a Gaussian distribution with a 1/e2 value of 2 mm. The
max power delivered to the sample was determined to be 12.412
W/cm2 at a laser power of 390 mW using a Newport Power Meter
model 1815-C (Newport Corp., Irvine, CA). The measured power
levels disagreed with the nominal power levels (Table 2). The
measured values were assumed correct and are used in this study.
The laser was held in place by a steel bar that was bolted to the
focusing platform on which the samples rest. This allowed for easy
targeting of the sample by ensuring that the laser would strike the
sample at the same position, with the same spot size, in each
replicate test.

The samples were weighed and positioned on a polycarbonate
platform in the path of the laser. Samples were treated at five
different power levels (53, 130, 231, 320, and 390 mW, respec-
tively) for 30 s intervals. Thermal images were acquired and
processed as described above except that they were recorded on a
FLIR A40 infrared camera without the microscopic lens. The
normal temperature range setting for the camera was used (0-250
°C) for testing, but the extended setting for high temperatures
(150-500 °C) was used to measure the temperature of the MWNTs
exposed to maximum laser power. Graphite (Pentel of America
Inc., Torrance, CA) was used in parallel as a control since it is an
allotrope of carbon and geometrically presented as unrolled sheets
of graphene layers stacked in plane. Moreover, graphite was chosen
to illustrate how the specific orientation and rolling of the graphitic
sheets as present in the CNTs has an optical absorbance advantage

Figure 1. Autodesk Inventor drawing of the experimental setup. Only one
laser is shown, but for the 650 nm tests the four lasers were symmetrically
placed on all sides of the target area.

Table 1. Sample Numbers and Weights for the 650 and 1064 nm
Testsa

650 nm 1064 nm

sample
MWNT

weight (mg)
Graphite

weight (mg)
MWNT

weight (mg)
Graphite

weight (mg)

1 0.6 8.6 2.8 6.7
2 0.5 7.9 3.0 7.8
3 0.05 7.0 2.4 8.0

a Sample sizes for the 650 nm tests were chosen to fill the brass well
volume, whereas sample sizes for the 1064 nm tests were chosen to
ensure that the entire laser spot would strike the sample.

Table 2. Nominal and Measured Power Levels and Densities for the
650 nm Laser Pointers and the 1064 nm Laser

nominal (mW) measured (mW) power density (W/cm2)

650 nm
5 2.5 0.026

1064 nm
250 53 1.687
300 130 4.137
350 231 7.352
400 320 10.185
450 390 12.412
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over other carbon allotropes, resulting in improved thermal
capabilities, with better electron-phonon interaction at the level
of CNTs vs graphene.35 Tests were performed in triplicate with
fresh samples. The maximum and average temperature of the
treatment area (which was the same for both tests and controls)
were extracted and averaged.

3. Results and Discussions

The MWNTs treated with the 650 nm laser irradiation
showed a modest 6-7 °C increase over the graphite control
and a 10 °C increase over baseline (Figure 2). This small
increase is encouraging given the very low power of the
lasers (5 mW, indicated; 2.5 mW, measured, each). Exami-
nation of infrared images clearly indicates the heating of the
MWNTs, while the temperature increases for graphite shows
only a slight change (Figure 3). The maximum temperature
follows a linear relationship with the power level of the laser
used. The heating of the CNTs was typically localized in
the top of the image, as this was the direction of the incident

lasers. This trend was not seen in the graphite samples as
they more readily conformed to the stage (they were aligned
in parallel and did not protrude over the brass stage) and
did not prevent the laser from targeting the entire sample.
The small variations in the temperature distribution could
also be attributed to imperfect direction and alignment of
the four lasers toward the target.

The MWNTs treated with the higher power 1064 nm laser
showed a much larger increase in temperature. During the 390
mW treatments, the target areas maximum temperature was at
or above the 265 °C limit of the camera’s normal recording
range (Figure 4). These temperatures are significantly higher
compared to the maximum temperature recorded for graphite
of 160 °C at 390 mW. The temperature follows a linear increase
for the graphite starting with the 53 mW of power. However,
for the MWNTs the linearity is more difficult to infer due to
saturation of the camera sensor at the high temperatures. From
the three measurements within the range of the camera (only
one replicate of the 231 mW power level exceeded the detection
limit) it seems that the increase is also linear (Figure 4). During
similar tests with the camera detection range set to 150-500
°C, the 390 mW treatments reached approximately 305 °C. Such
a variation in the temperature measurements can be explained
by the random orientation of the MWNTs in the sample
(presenting itself as a porous surface to both the laser beam
and the infrared camera), affecting the absolute thermal
conductivity and the possible variation in the sample thickness,
which is known to affect the optical absorption of laser radiation
by the MWNTs.15

The average target temperatures were also significantly
higher for MWNTs than for graphite (Figure 4). In this case,
the linearity of average temperatures with the power level
is obvious for both MWNTs and the graphite control. Plotting
the temperature increase versus time reveals that the MWNTs
reached their maximum temperature much faster than the
graphite (Figure 5). The increase in average temperature for
both MWNTs and graphite was approximated by a first-order
equation as a function of time using the least-squares method

(35) Samsonidze, G. G E. B.; Saito, R.; Jiang, J.; Dresselhaus, G.;
Dresselhaus, M. S. Phys. ReV. B 2007, 75, 155420/1.

Figure 2. Average maximum temperature increase above baseline of
MWNTs and graphite vs power while being treated with four 650-nm/2.5-
mW laser sources in succession (mean ( std).

Figure 3. Infrared images before (a and c) and during laser treatment (b
and d) with four 650-nm/2.5-mW lasers. Images are of MWNTs (a and b)
and graphite (c and d) with the target area inside circle.

Figure 4. Maximum and average temperatures in the target area of MWNTs
and graphite as a function of laser power level. Graphite exhibited much
lower temperatures than the MWNTs. The asterisk (*) indicates that the
actual temperatures of the MWNTs were above the camera detection limit
of 265 °C, causing the maximum temperature to be the same for the 231,
320, and 390 mW power levels, thus resulting in a slight error for the average
temperature values.
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with a coefficient of determination of 98%. Other equations
tested for goodness of fit, including hyperbolic, polynomials,
and power functions of time, yielded lower coefficients of
determination using the least-squares analysis. The time
constants for the first-order equation in the case of MWNTs
was determined to be approximately 1 s, three times smaller
than for the graphite control, illustrating the speed with which
the MWNTs heat in the presence of laser light. By
comparison, using other methods for temperature measure-
ments, such as dissolving them in water, requires a long time
lag for the water to heat prior to measuring its temperature
(2 min to reach 75 °C).2 Other CNT stimulation methods,
such as radiofrequency, achieved heating rates of only 7 K/s
at 600 W of power compared to the rate of more than 100
K/s in this study at only 53 mW of power.36 This extremely
rapid increase in temperature indicates that the kinetics of
laser absorption is ideal for photothermal ablation applica-
tions due to its high photon-phonon interaction in the CNTs
during laser irradiation compared to other types of electro-
magnetic energy excitation.

The thermal properties of CNTs, including their specific
heat, thermal conductivity, and thermopower, strongly
depend on the phonon dispersion relations and the phonon
density of states since for 3D crystalline graphite and 2D
graphene layers, from which CNTs are derived, the dominant
contribution to the heat capacity comes from the phonons,
while the electronic contribution is so small that it can be
essentially neglected.37 Each CNT is excited to the electronic
excited state, followed by a rapid relaxation to the ground
state with an effective electron-phonon conversion of the
absorbed photon energy into thermal energy. Because of the
very fast heat diffusion time, thermal energy rapidly diffuses
along the CNT wall and then to the medium inside and
outside of the wall. Because the low-frequency phonons for
an isolated CNT have different characteristics from 2D/3D
graphite and especially differences in the low-frequency
phonon density of states, we expect the specific heat for the
CNTs to have a different temperature dependence than that

for a 2D/3D graphite. Thus, the laser pulse simultaneously
heats most of the MWNT’s multiple absorbing carbon layers
and most of the individual MWNTs in clusters considering
MWNT’s specific optical properties with dominant scattering
and diffraction phenomena compared to optically nontrans-
parent conventional particles like carbon nanoparticles.

The infrared images of the MWNTs and the graphite reveal
the spatial heating patterns (Figure 6). The bright regions
in the images represent the hot spots, while the dark regions
represent colder temperatures. The highest sustained temperature
achieved during the experiments was 330 °C with the 1064
nm laser set at full power (1 W, not presented in graphs), which
resulted in the melting of the polycarbonate stage and some of
the MWNTs becoming embedded (Figure 7). The maximum
temperatures reached during these tests were lower than
previously reported in laser heating of CNTs as measured by
correlation to Raman shift values of known temperature
changes.26,27 These differences are difficult to interpret due to
differences in laser intensity, wavelength, CNT structure, and
pressure (one of the studies was performed in a vacuum, where
much higher temperatures are observed).

Measurement of the spatial and temporal temperature
distribution in MWNTs using infrared thermography stimu-
lated with laser radiation has advantages over other methods
as it is extremely fast, does not interfere with the absorption
of laser light, and was able to determine maximum and
average temperatures of samples in a repeatable, dose-
dependent manner in real time. The thermographic approach
was also beneficial as it does not interfere with the sample
temperature distribution or with conductive and convective
heat losses from the sample.

The results presented in this work can be explained by the
laser radiation interaction with the electronic and phononic
structure of the carbon materials. In the optical absorption
process presented in this work, the MWNTs were found to reach
much higher temperatures compared to the graphite particles.
These measurements can be explained by the unique electronic
structure and density of states in CNTs that are different than
in graphite as well as due to the much higher reflectance of the
graphite.38,39 The thermal effects in CNTs can be mainly

(36) Gannon, C. J.; Cherukuri, P.; Yakobson, B. I.; Cognet, L.; Kanzius,
J. S.; Kittrell, C.; Weisman, R. B.; Pasquali, M.; Schmidt, H. K.;
Smalley, R. E.; Curley, S. A. Cancer 2007, 110, 2654.

(37) Dresselhaus, M. S.; Eklund, P. C. AdV. Phys. 2000, 49, 705.
(38) Dresselhaus, M. S.; Dresselhaus, G.; Saito, R.; Jorio, A. Annu. ReV.

Phys. Chem. 2007, 58, 719.

Figure 5. Maximum temperature vs time for the 53 mW treatment of the
MWNTs with the 1064 nm laser.

Figure 6. Infrared images before (a and c) and during laser treatment (b
and d) at a power intensity of 320 mW for MWNTs (a and b) and graphite
(c and d) with the target area inside the circle (scale bars in the lower right
corners are 4 mm). MWNT temperatures exceeded the 265 °C limit for the
normal range of the infrared camera.
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explained by the heat generated during the multiphonon
processes involved in the recombination of the electron-hole
pairs generated by the laser radiation. In graphite, the thermal
conductivity, which is dominated mostly by the phonons, is
limited typically by the size of the structural crystallites with
the thermal conductivity increasing with the temperature of the
sample.10,14 The presence of large-size crystallites in CNTs
could indicate a potential higher 1-D thermal conductivity of
the CNTs compared to graphite. Therefore, heating of CNTs
exposed to laser irradiation is mostly explained by the heat
transfer from the highly excited electrons to the crystalline
structure due to the electron-phonon scattering effects and the
lower CNT absorbance compared to that of graphite.36 Given
these considerations, the laser heating of CNTs is strongly
dependent upon the laser wavelength and laser power per unit
of surface.

Because CNTs are extremely hydrophobic, surface function-
alization is normally employed to permit dispersion in aqueous
media and can also serve as a method for targeting specific
cells.2,40,41 CNTs can be either covalently or noncovalently
functionalized with a wide range of substances including
polymers, surfactants, nucleic acids, and antibodies.2,40,41 Stud-
ies have been conducted to investigate the toxicology of CNTs
in mammalian cells, and the general consensus is that CNTs
are not extremely toxic at low levels and that surface function-
alization further reduces the level of toxicity.42,43 Further studies
need to be conducted to evaluate the specific cellular uptake of
functionalized CNTs in mammalian and human cells as well
as the in vitro effect of targeted NIR laser-induced thermal
ablation. In this case, there is potential for the functionalized
CNTs to nonspecifically bind to unintended targets, increasing
the potential for heating of nontarget cells and organs. The
MWNTs used in this study were found to reach extremely high
temperatures that would be highly detrimental to biological
tissues. Studies have shown that temperatures above 40 °C are
sufficient for hyperthermia due to protein denaturation and
temperatures above 85 °C induce conformational changes in
DNA and RNA.44–46 Such temperatures would be extreme to

use, even in a hyperthermia treatment, and would not likely be
achieved in cellular experiments where CNT concentrations
would be much lower. Tests on cells that have targeted
biological tissues containing nanoparticles with lasers (808 nm)
have used a similar power density to those used in this test of
3.5-4 W/cm2.2,17,23 At the power levels tested in this study,
the power densities were 1.687, 4.137, 7.352, 10.185, and
12.412 W/cm2. From the results presented here, it appears that
that the MWNTs studied would be able to provide the necessary
increase in NIR absorption to facilitate selective hyperthermia.

4. Conclusion

This study demonstrated for the first time that infrared
thermography is an appropriate tool for measuring temper-
ature changes in bulk CNT samples during laser treatment.
It was shown that both high- and low-power lasers are
sufficient to irradiate CNTs and produce a quantifiable
temperature change. The measurement method demonstrated
numerous advantages over the traditional measurement
techniques and was able to identify and quantify temperature
maximums not previously reported. These temperature
changes should be biologically significant in the case of
targeted hyperthermia of cancer and other cells. CNTs
compare favorably to gold nanoparticles in their requirement
for low laser power to generate appreciable temperature gains
and remain a viable agent for targeted photohyperthermia.
While there are reported concerns about the toxicity of CNTs
and their use in biological systems, they are not as cytotoxic
as some other carbon-based molecules.47,48 As with most
substances that can be detrimental to cell viability, there is
likely a tolerable amount of CNTs that will cause little
damage. The results demonstrated here suggest that a
tolerable dosage of CNTs may be sufficient to act as an
efficient agent of photothermal therapy.
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Figure 7. Aggregates of MWNTs that have been heated with a 1 W 1064 nm laser for 4 min shown at 20× magnification (a), and the corresponding high-
and low-resolution TEM images of nonirradiated samples (c and b, respectively).
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