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Abstract. Photothermal therapy with assistance of nanoparticles offers a solution for the destruction of cancer cells
without significant collateral damage to otherwise healthy cells. However, minimizing the required number of
injected nanoparticles is a major challenge. Here, we introduce the use of magnetic carbon nanoparticles
(MCNPs), localizing them in a desired region by applying an external magnetic-field, and irradiating the targeted
cancer cells with a near-infrared laser beam. The MCNPs were prepared in benzene, using an electric plasma
discharge, generated in the cavitation field of an ultrasonic horn. The CNPs were made ferromagnetic by use
of Fe-electrodes to dope the CNPs, as confirmed by magnetometry. Transmission electron microscopy measure-
ments showed the size distribution of these MCNPs to be in the range of 5 to 10 nm. For photothermal irradiation, a
tunable continuous wave Ti: Sapphire laser beam was weakly focused on to the cell monolayer under an inverted
fluorescence microscope. The response of different cell types to photothermal irradiation was investigated. Cell
death in the presence of both MCNPs and laser beam was confirmed by morphological changes and propidium
iodide fluorescence inclusion assay. The results of our study suggest that MCNP based photothermal therapy is a
promising approach to remotely guide photothermal therapy.© 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI:
10.1117/1.JBO.17.1.018003]
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1 Introduction
Nanoscale objects are finding extensive use in combating cancer
via a comprehensive approach, namely drug delivery,1–3 photo-
thermal therapy,4,5 and detection of circulating cancer cells.6,7

The development of novel nanoparticles has led to a dramatic
increase in photothermal therapy as a minimally invasive treat-
ment modality for the treatment of cancer cells, bacteria, viruses,
and deoxyribonucleic acid (DNA) targeted with nanoparticles.
Photothermal therapeutic agents are usually developed to have
strong absorption around a selected wavelength to avoid the com-
petition of light absorption by native tissue chromophores that
will reduce the effectiveness of heat deposition within malignant
cells and increase non targeted injury to adjacent healthy tissues.
Carbon nanotubes8,9 and gold nanostructures, which are able to
overcome limitations of traditional dye-based photothermal mole-
cules, such as low absorption and photobleaching under laser irra-
diation,10 has shown good promise for photothermal therapy due
to their strong absorption in the visible and near-infrared (NIR)
regions on account of their surface plasmon resonance oscilla-
tions. While the toxicity of carbon nanotubes is still under
debate,11–13 change in shape of the gold nanorods due to heating
upon NIR irradiation may reduce their clinical efficacy in case of
repeated irradiation schedules. Although functionalization of
these nanoparticles is necessary for receptor-mediated internaliza-
tion into the cells for efficient delivery, for photothermal therapy,
internalization of nanoparticles is not a major requirement.
Enhanced permeation and retention (EPR) effect due to leaky

vasculature in tumor and poor lymphatic drainage can be a
major factor for retention of nanoparticles.14 Since vascular
pore size is generally few 100 nm (except in few cases where
it can be larger),14,15 size of nanoparticles need to be smaller
than the size of the renal excretion threshold. Further, nanostruc-
tures having large sizes lead to their rapid clearance by the
reticuloendothelial system upon intravenous injection.16 Unless
chemically functionalized, the randomly localized small
(<10 nm) gold and carbon nanostructures make it difficult to
be efficiently retained and heat the tumor region in a highly spe-
cific manner.

Magnetic nanoparticles are attractive due to the fact that they
can be captured and concentrated in target areas by an external
magnetic-field and therefore emerging as a viable technology
for in-vivo drug delivery.17 Recently, alternating and very
high magnetic-field in radiofrequency range have been
applied18–20 to cause effective absorption of the energy for ther-
apeutics purpose. However, no report exists on photothermal
therapy using magnetically localized photo-absorbing magnetic
carbon nanoparticles. Here, we report this hybrid approach to
magnetic-field-assisted photothermal therapeutics using mag-
netic carbon nanoparticles (MCNP) having a strong absorption
in NIR (700 to 1000 nm) biological window. It may be noted
that CNPs are less toxic than carbon nanotubes.21,22 The method
of irradiation of MCNPs with NIR continuous wave (cw) laser
beam is applied to photothermal treatment of variety of cancer
cells (human prostate cancer cells and human fibroblast sarcoma
cells). Application of external magnetic-field led to localization
of the MCNPs in the region of interest, which significantly
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reduced the required dose of the laser beam for achieving similar
therapeutic effects.

2 Materials and Methods

2.1 Synthesis of Magnetic CNP

MCNPs were synthesized at ∼4 kV in liquid benzene (Sigma
Aldrich) using the electric plasma discharge generated between
two iron electrodes in the cavitation field of an ultrasonic horn
(VCX 750, Sonics). The two Fe-electrodes were placed
∼0.7 mm apart and 1 cm beneath the ultrasonic horn. The ultra-
sonic horn was used at 600 W and 20 kHz in 100 ml of liquid
benzene. After ∼1 hour, black carbon powder was produced by
dissociation of benzene molecules leading to change in the color
of the liquid benzene. The powder was separated by centrifuga-
tion from the benzene, dispersed in ethanol, and dried in a
vacuum oven at 313 K. During the plasma formation, Fe-
electrodes erode and 1 to 2% of Fe gets embedded into the car-
bon matrix, making them magnetic.

2.2 Size and Structural Characterization of MCNP
by TEM

A high resolution transmission electron microscope (HRTEM,
H-9500, Hitachi) was used to study the particle size and struc-
ture of the MCNPs. The TEM samples were prepared by placing
one drop of the MCNP solution in distilled water onto a carbon
coated mesh copper TEM grid.

2.3 Measurement of Magnetization

The magnetic properties of MCNPs were measured by using a
vibrating sample magnetometer (VSM, Lakeshore) at room tem-
perature using an applied magnetic-field ranging from −15 kOe

to þ15 kOe. Magnetic measurements showed that the MCNP
powder sample is ferromagnetic with a low ratio of remnant
to saturation magnetization.

2.4 Absorption Measurement

Absorption measurements were made by a spectrophotometer
(Lambda EZ 210, Perkin-Elmer). MCNP powder was diluted
in D2O. The absorption of the MCNPs was measured in
D2O in order to avoid water absorption peaks in NIR. The
MCNP solution was ultra-sonicated for an hour before absorp-
tion measurement. The reference was taken with D2O solution
in a quartz cell of 1 cm path length and absorption spectrum of
the well-dispersed sample was measured over NIR wavelength
range (700 to 1000 nm). The sample was continuously diluted to
a final concentration of 28 μg∕ml so as to avoid scattering tail.

2.5 Cell Culture and Incubation with MCNPs

Human prostate cancer (PC3) cells and human fibroblast sar-
coma (HT1080) cells were routinely cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5%
fetal bovine serum (FBS). The cultures were maintained at
37°C in a 5% CO2 humidified atmosphere. For photothermal
treatment, cells were trypsinized, plated on glass coverslip-
bottom dishes and used after 24 hours of culturing. MCNPs
were added into culture media to a final concentration of

25 μg∕ml and incubated at 37°C in a 5% CO2 humidified atmo-
sphere for 3 hours before experiment. DMEM and FBS were
purchased from Lonza (MD, US). Trypsin was purchased
from Mediatech (Manassas, USA). All other reagents were
purchased from Fisher Scientific, except those specifically
mentioned.

2.6 MTT Assay

To determine cell viability, MTT (Biosynth International Inc.,
Switzerland) assay was used. Briefly, cells were trypsinized
and plated into 96-well plate and then were treated with
MCNPs with different concentration and incubation period.
MTT (25 μl, 5 mg∕ml), dissolved in PBS, was added into
each well. After 4-hour incubation at 37°C, MTT was removed
and 100 μl DMSO was added. The absorbance was measured at
570 nm wavelength and background at 650 nm wavelength was
subtracted.

2.7 NIR Laser Beam Irradiation and Cell Imaging

A schematic of the laser beam irradiation and imaging set up is
shown in Fig. 1. A cw Ti: Sapphire laser (Maitai HP, Newport
Spectra-Physics Inc.) beam in mode-lock off condition with a
wavelength tuning range from 690 to 1040 nm was directed
toward the sample through an inverted optical microscope
(Ti-U, Nikon). A 20X objective (MO, NA ¼ 0.5) was used
to focus the laser beam to diffraction limited spot for photother-
mal irradiation. The dichroic mirror 1 (DM1) combined the laser
beam and the beam from the excitation source. The dichroic mir-
ror 2 (DM2) reflects the excitation lamp light and transmits the
emitted fluorescence to the CCD. The emission filter (Em)
blocked the laser NIR wavelength. Bright-field and fluorescence
images were captured with exposure of 100 ms using a cooled

Fig. 1 Experimental set-up for photothermal irradiation. L: Ti: Sapphire
Laser; BE: Beam Expander; S: Uniblitz Shutter; P: Polarizer; Fl.: Fluor-
escence excitation source; Ex: Excitation Filter; Em: Emission Filter;
MO: Microscope Objective; CL: Condenser lens; DM1 and DM2:
Dichroic Mirrors; M: Mirror; HL: Halogen Lamp.
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CCD camera (Coolsnap ES, Photometrics Inc.) and processed
using ImageJ software. The exposure time (0 to 20 s) was con-
trolled by a mechanical shutter (S, Uniblitz).

Once magnetic-field is applied for few hours to localize the
nanoparticles on cells in the incubator, the petridish was placed
under microscope. Cells were stained with Calcein (1 μM, Invi-
trogen) at 37°C for 15 min before experiment. Propidium iodide
(PI, 5 μM) was added immediately before viewing under
inverted fluorescent microscope (Nikon Ti-U) using the 20X
objective. The laser beam power at the sample plane was mea-
sured using a power meter (PM100D, Thorlabs). The power of
the laser beam was varied (20 to 100 mW) by controlling the
angle of orientation of a Glan-Thompson polarizer (P) in the
beam path. The XY-scanning of the region of interest (to be irra-
diated by the laser beam) was achieved by controlling the motor-
ized sample stage movement. Live-dead assay was conducted to
determine viability of cells surrounding the irradiation zone.
Inclusion of Calcein and exclusion of PI, respectively, indicates
live and dead cell. PI is a membrane impermeable nuclear stain
which has characteristic red fluorescence. To irradiate the cells
under microscope with the laser beam while applying the mag-
netic-field simultaneously, suitable ring magnet can be used to
allow the optical path for optical imaging and irradiation.

2.8 Theoretical Calculation of the Local Temperature
Rise Photothermal Therapy

The local temperature rise as a result of the laser heating of
MCNPs was calculated on the basis of a numerical model.
The laser-heated MCNPs were assumed to be the only point
sources of heat on the cellular matrix. Evaporation of water
as a cooling mechanism was neglected. The temperature rise
in the cell was estimated by considering two concurrent pro-
cesses: heat generation in the MCNPs by absorption of the
laser beam and heat depletion into the surrounding media by
the process of conduction. Accordingly, these two processes
were modeled in spherically symmetric coordinates into the
Fourier heat equation,23

ρc

�
∂T
∂t

�
¼ k

r2
∂
∂r

�
r2
∂T
∂r

�
þ Qs; (1)

where T is the temperature (K), ρ is the cell density (kg∕m3),
c is the specific heat capacity of the cells (J kg−1 K−1), k is
the thermal conductivity of the cells and their medium
(Wm−1 K−1), t is the time (s), Qs is the heat-source
term (W∕m3) due to the MCNPs heated by the continuous
wave laser excitation and r is the radial distance (m) from
the heated MCNPs. Assuming that 100% of the
energy absorbed by the MCNPs is transferred to the sur-
roundings as heat, Using Beer–Lambert’s law: A ¼
− logð1 − Qs∕QÞ ¼ εcl, A: absorbance of the MCNPs; Q
is the incident laser power per unit volume (W∕m3) in the
focal spot, ε: extinction coefficient; c: concentration of
MCNP; l: path length), Qs becomes equal to the laser
power absorbed by the MCNPs per unit volume;

Qs ¼ Qð1 − 10−AÞ: (2)

Absorption of the laser energy directly by the cells was
neglected due to their extremely low absorption cross section

at NIR as compared to that of MCNPs. Further, the scattering
component of the extinction by 10 nm MCNPs was
neglected in comparison to their much higher absorption.
The thermal properties of the cells were derived follow-
ing the established relationships:24 c ¼ 4190ð0.37þ
0.63MWÞ J kg−1 K−1 and k ¼ 4190ð0.13 þ 1.36MWÞ
Wm−1 K−1 where MW is the water mass content of the
cells. Assuming a density of 1.3 × 103 kgm−3 for dry
cells, the density of the cells was estimated25 as
ρ ¼ ð1300 − 300MWÞ kgm−3. For a water mass content
of 70%, the values were thus: ρ ¼ 1090 kgm−3,
k ¼ 0.45 Wm−1 K−1 and c ¼ 3370 J kg−1 K−1.26 The ambi-
ent temperature To was set at 27°C. The heating control
volume (m3) for the calculation was based on the radius
of focal spot (R ¼ 1 μm) and path length l
(depth of focus ¼ 2πR2∕λ) of 8 μm.

The heat transport equation was solved by an explicit finite-
difference method given by

ρc

�
Tiþ1 j − Tij

Δt

�
¼ k

�
Tij−1 − 2Tij þ Tijþ1

ðΔrÞ2
�
þ Qs; (3)

where Δt and Δr are the characteristic time and distance
steps, and i and j are the corresponding indices. A stability
criterion23 for the finite-difference method is given by

Δt ≤
2ρcðΔrÞ2

K
; (4)

thus imposing a constraint on the value of Δt for a selected
value of Δr. A decrease in Δr affords a higher accuracy, but
at the expense of a quadratic increase in the number of time-
step computations. The distance step Δr was selected to be
1 nm, whereas Δt was evaluated (to be 40.8 ns) from the
limiting condition of the stability criterion.

3 Results and Discussion

3.1 Structural, Magnetic and Absorption
Characteristics of MCNPs

Figure 2(a) shows the HRTEM image of a cluster of carbon nano-
particles prepared at ∼4 kV using Fe-electrodes. The average size
of the nanoparticles was found to be in the range of 5 to 10 nm.
Further, the CNPs were found to be crystalline (Fig. 2(a)). Mag-
netic measurements (Fig. 2(b)) showed that the MCNP powder
sample is ferromagnetic with a low ratio of remanent to saturation
magnetization. This allowed the MCNPs in solution to be
attracted to an external magnetic-field (inset in Fig. 2(b), magnet
removed just before taking the picture). Absorption spectroscopic
measurements (Fig. 3(a)) of the MCNPs showed significant
absorption in the NIR region. Though 850 nm has strongest
absorption, the experiments were carried out at 720 and
800 nm due to the fact that our Ti: Sapphire laser was operating
more stably in cw mode (in mode-lock off condition) at these
wavelengths, and we wanted to verify if small change in
MCNP-absorbance has any distinct effect on photothermal effi-
cacy. Use of 850 nm is expected to enhance the effectiveness of
the method. The MCNPs are highly non-reactive due to their
crystalline structure (Fig. 2(a)) and stable in water as well as
physiological solutions for several months. The absorbance at
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800 and 720 nm was measured to be 0.0115 and 0.0095, respec-
tively. Using Beer–Lambert’s law (A ¼ − log I∕I0 ¼ εcl, A:
absorbance; ε: extinction coefficient, c: concentration of
MCNP; l: path length), the extinction coefficient at 800 nm
and 720 nm was estimated to be 0.411 ml:mg−1 cm−1 and
0.339 ml:mg−1 cm−1 respectively.

The temperature change in the immediate vicinity of the
heated MCNP was theoretically estimated for different
MCNP concentrations and shown in Fig. 3(b). As shown in
Fig. 3(b), the temperature of cell membrane in immediate vici-
nity of MCNPs was found to increase with laser irradiation time.
At laser irradiation wavelength of 800 nm and power of 50 mW,
the temperature rise is ∼40 K for a concentration of 1.4 ml:mg

as compared to only 8 K for 280 μg∕ml. The temperature rise
can be as high as 80 K for higher concentration (2.8 mg∕ml).
Further, the saturated peak temperature rise (Fig. 3(b)) was
found to increase linearly with the power of the laser beam.
The spatial distribution of temperature around the MCNP
(after 0.4 s irradiation) showed that the temperature decreases
with increasing distance from the MCNP center.

3.2 MCNPs Localized Over Cells Under External
Magnetic-Field

An assembly of Neodymium Iron Boron magnets was used to
introduce magnetic-field on to cells during incubation of cells
with MCNPs. The schematic of magnetic lines of force on
the MCNPs is shown in Fig. 4(a). The magnetic force near
the center of the magnet was measured to be much higher
than that at 5 mm away from the center using a Gauss meter.
Figure 4(b) shows the actual setup for concentrating the

MCNPs on cells in monolayer. Consequently, the concentration
of MCNPs at the tip (Fig. 4(c)) of the external magnet was
found to be significantly higher than that at 5 mm away from
the center of the magnet (Fig 4(d)) as well. Thus, the MCNPs
could be selectively concentrated using an external magnetic-
field, which can be extended to in-vivo applications for targeting
the MCNPs to the tumor region so that they can be irradiated
without damaging normal cells. Figure 4(e) and (f) show the bin-
ary images corresponding to (c) and (d), respectively. Converting
the bright-field images to binary images allowed estimation of
magnetic-field-assisted enhancement of nanoparticles’ concentra-
tion from the mean value (124 and 3 corresponding to image (e)
and (f)). The temperature simulation (Fig. 3(b)) shows that at
laser power of 50 mW, the temperature rise is ∼4 K for a con-
centration enhancement factor of 50 (1.4 mg∕ml) as compared
to only 8 K for enhancement factor of 10 (280 μg∕ml).

3.3 Cytotoxicity of MCNPs

To ensure that cw NIR laser beam does not induce photothermal
injury of cells without attached MCNPs, cells were irradiated
without MCNPs using a 720 nm laser beam at power of
92 mW up to 2 min. None of the cells (n ¼ 8 for HT1080
and n ¼ 6 for PC3 cells) were damaged at this dose as deter-
mined by propidium iodide exclusion assay. Figure 5 shows
bright-field and live-dead staining before (a) to (c) and after

Fig. 2 (a) HRTEM images of two MCNPs prepared at ∼4 kV using iron
electrodes, (b) Magnetization measured from the MCNP powder with a
VSM at room temperature. Inset shows accumulation of MCNPs to one
side of the bottle under external magnetic-field.
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laser irradiation (d) to (f) in absence of MCNPs. While retention
of Calcein (green fluorescence) indicates live cell, inclusion of
PI confirms cells being dead. These results demonstrate that the
used cw laser power does not elicit injury to cells without
MCNPs, thus provide high specificity.

As shown in Fig. 5(g), cytotoxicity of MCNPs (without laser
irradiation) with different concentration and incubation time
were determined by MTT assay. While higher concentration
of nanoparticles (250 μg∕ml) decreased the viability of cells
(p < 0.05), lower concentration (2.5 μg∕ml and 25 μg∕ml) of
MCNPs incubated for as long as 6 hr did not significantly
decrease the viability of cells. Therefore, we used 25 μg∕ml

of MCNPs for the magnetic-field-assisted photothermal therapy.

3.4 Photothermal Destruction of MCNP-Targeted
Cells

When cells, after three hours of incubation with MCNPs, were
irradiated using a 720 nm laser beam (92 mW), photothermal
effects were evident at this power level, even at much
lower exposure (0.2 s) than used for cells only (2 min,
Fig. 5(a)–(f), without MCNPs). Magnetic-field-assisted photo-
thermal destruction of targeted HT1080 cells using NIR laser
beam (92 mW, 0.2 sec) is shown in Fig. 6. Based on the
power level of the laser beam, laser-induced temperature rise
in presence ofMCNPs led to two distinct mechanisms of damage,
(i) bubble formation and (ii) direct membrane damage. It may be

noted that while bubble formation may not be the traditional
photothermal method for destroying tumor, use of pulsed laser
beam and absorbing nanoparticles for bubble formation has
shown potential for selective damage of cancer cells.27–29

Bubble formation near irradiation site initiated, which
expanded upon further exposure of the cw laser beam. Such dis-
ruptive events led to targeted destruction of cancer cells. While
power level below 48 mW did not induce bubble formation,
higher laser power induced bubble formation. At lower
power levels (<50 mW), bubble formation was observed only
in presence of cluster of MCNPs. The bubble formation caused
damage over a large number of cells around the irradiation spot.
Most of the cases, bubbles were formed immediately (<50 ms)
after laser irradiation (13 out of 15 cells, within 40 ms). This
indicates that induction of bubble is dependent on both laser
beam power and size of MCNP. However, bubble size increased
with increase in exposure time, and therefore, it determines the
number of cells damaged per point irradiation. It is important to
note here that the bubble formation, reported here, required only
a continuous wave laser beam as compared to pulsed beam
reported earlier.27,28

Fig. 4 Accumulation of MCNPs on cells under magnetic-field. (a) Sche-
matic showing magnetic lines of force on MCNPs; (b) Actual setup for
incubation of cells with MCNPs and external magnet; MCNPs accumu-
lation on cells (c) near center of the magnet; (d) 5 mm away from the
center. (e, f) Binary images of c & d respectively. All images are in same
magnification, scale bar: 100 μm.
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When lower dose (50 mW, 2 sec) of laser beam was applied
on MCNP-bound cells (Fig. 7(a)), the temperature rise due to
nanoparticles damaged the cell membrane, making the cell
dead without bubble formation. Scanning of the stage in a
XY region led to destruction of most of the cells in the scanned
area (Fig. 7(b) & (c)). Live-dead staining confirmed cell death in
laser-irradiated region at center of field of view marked by
square (Fig. 7(b)). Figure 7(c) shows destruction of cells in
the rectangular irradiation zone.

3.5 Power and Wavelength Dependent Efficiency of
Magnetic-Field-Assisted Photothermal Therapy

Induction of bubble using cw laser beam (92 mW, 0.2 sec)
indicates temperature rise larger than 100°C, which is in propor-
tion to the estimated temperature rise at 50 mW with MCNP

concentrated to 2.8 mg∕ml (Fig. 3). Since absorption coefficient
of MCNP has wavelength dependence with more absorption at
800 nm than at 720 nm, magnetic-field-assisted, wavelength-
dependent photothermal destruction of cells was examined.
Figure 8 shows the effect of power and wavelength of laser
beam on rate of cell death, indicated by appearance time of
PI fluorescence. With increase in laser power, the time required
for appearance of PI fluorescence decreased for both the
wavelengths. No significant wavelength dependence was
observed for exposure time (or dose) at higher power levels
(>50 mW). However, for power levels below 50 mW, the expo-
sure time to cause detectable damage was found to be signifi-
cantly lower for 800 nm as compared to 720 nm. The different
doses required for MCNP-assisted damage at different wave-
lengths suggest that 800 nm is more efficient for MCNP-assisted
photothermal therapy. It may be noted that these carbon

Fig. 6 Magnetic-field-assisted photothermal destruction of targeted HT1080 cells using bubble formed at high power cw NIR laser beam. Live-dead
staining (a) before laser irradiation and (b) after bubble formation. All images are in same magnification, scale bar: 50 μm.

Fig. 7 Magnetic-field-assisted photothermal destruction of targeted HT1080 cells using low power cw NIR laser beam. Live-dead staining (a) before
laser irradiation; (b) after irradiation in the region at center of field of view marked by square and (c) after irradiating the rectangular region. All images
are in same magnification, scale bar: 50 μm.
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nanoparticles are crystalline (as confirmed by high resolution
TEM and Raman spectroscopy) having a mixture of graphite
and diamond like structure. The photothermal properties,30

such as thermal conductivity, of these carbon nanostructures
are significantly higher (100–2000 W∕mK) as compared to
amorphous carbon nanoparticles (0.01–0.1 W∕mK). Compara-
tive studies are underway to evaluate the efficiency and wave-
length dependency of other magnetic carbon nanoparticles.
Since the power requirements were reduced significantly by
use of external magnetic-field, it is possible to apply laser
beam to a targeted region in-vivo for selective damage to
MCNP-attached cells.

Magnetic nanoparticles can be dispersed into suitable sol-
vents with proper surface coating, forming homogeneous sus-
pensions that can interact with an external DC magnetic-field
and be positioned to a specific area facilitating laser beam
assisted cancer therapy. Our hybrid approach of magnetic-
field-assisted photothermal therapy requires irradiation of
MCNPs with cw laser beam in NIR wavelength band, in
which biological tissue has least scattering and absorption.
Delivery and retention of nanoparticles into tumor tissue has
been considered as a problem in photothermal treatment. It is
difficult to prevent the diffusion of nanoparticles out of the tar-
geted area. Since the external magnetic-field increased retention
of the MCNPS in targeted region, binding to cancer cells in spe-
cific regions can be increased. By use of peptide or antibody
conjugation of MCNPs, even specific cell types can be targeted.
Once the magnetic nanoparticles coupled with antibodies are
forced to localize in the target tissues by external magnetic-
field just after injection, bioconjugation can help in binding
of the nanoparticles in specific cell type in the targeted region
and thus be retained in specific sites in-vivo so as to effectively
transform light into localized heat. The use of very small
MCNPs (5 nm) used in this study will allow better diffusion
of the nanoparticles into deep targeted tissue. Bubble formation
observed at low power of cw laser beam has distinct advantages
over use of femtosecond laser for photothermal therapy of tumor
cells.31 Beside being cost effective, the collateral tissue damage
will be expected to be minimal in case of cw laser beam as fem-
tosecond laser beam has a high peak power which can cause cell
damage.32 Based on absorption spectrum of different MCNPs,
specific NIR wavelength can be used to cause the most damage
as in our present case 800 nm and above is more effective as

compared to 720 nm. Future work includes use of peptide33

coated MCNPs to improve the efficiency of targeting prostate
tumor cells.

During the irradiation by a laser beam, a spatial temperature
gradient is expected to occur in the sample, and only the cells in
the area above a certain threshold temperature would be
damaged by the laser beam. In previous cases of photothermal
irradiation of cells (incubated with gold nanorods34 and shells35)
with collimated beam for few minutes, theoretical prediction34

as well as viability assay35 showed destruction of cells only
within the beam radius, suggesting little effect of heat diffusion.
In our case, the damaged (rectangular) region was also very well
confined to irradiated area (Fig. 7). Further, the photothermal
destruction effect occurred within few sec of irradiation. This
is due to the high intensity of laser beam used in our case as
compared to collimated beam and in agreement with the simu-
lation (Fig. 3), where the temperature rise at the beam focus was
found to saturate within 1 sec of irradiation. Factors such as heat
diffusion, laser intensity, exposure time, and the thermal proper-
ties of the sample will affect the size of the photothermal
destruction area, and clearly more analysis and comparison
of data with other photothermal agents34,35 will be required
for further characterization of the spatio-temporal destruction
process.

Though it is feasible to apply hybrid field (magnetic-field for
concentrating and light for photothermal effect) in superficial
organs and in small animals, it may find difficulties for real-
time clinical applications because of the complexities involved
in designing a high power focused magnetic-field, and the time
required to localize therapeutic levels of nanoparticles. Use of
Halbach cylinder36 will extend the penetration depth of the mag-
netic-field so as to allow reduction of time required for localiza-
tion in in-vivo condition. Once nanoparticles are localized in
deep seated organ sites, optical fiber can be used to deliver
NIR light for efficient photothermal therapy. Further, by use
of novel light beams (e.g., non-diffracting Bessel beams), deeper
penetration37,38 can be achieved as compared to conventional
Gaussian beams.

4 Conclusions
We demonstrated first use of external magnetic-field-assisted
accumulation of magnetic CNPs (with significant absorption
properties in the NIR spectrum of biological window) for photo-
thermal destruction of cells. Cell death in the presence of both
MCNPs and laser beam was confirmed by morphological
changes and propidium iodide fluorescence inclusion assay.
The increased retention of the carbon nanoparticles led to reduc-
tion of volume of nanoparticles required to be injected for
similar dose-dependent photothermal effect, thus providing a
method to reduce cytotoxicity. While use of very small
MCNPs (∼5 nm) will allow easy delivery into deep targets, bio-
conjugation of these MCNPs will further improve retention in
addition to external DC magnetic-field. The results of this study
suggest that external magnetic-field-assisted photothermal ther-
apy will significantly improve efficacy of the existing photother-
mal procedures.
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