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Abstract

This paper presents the results of an experimental and computational study of the

effects of laser-induced heating provided by magnetite nanocomposite structures

that are being developed for the localized hyperthermic treatment of triple-negative

breast cancer. Magnetite nanoparticle-reinforced polydimethylsiloxane (PDMS) nano-

composites were fabricated with weight percentages of 1%, 5%, and 10% magnetite

nanoparticles. The nanocomposites were exposed to incident Near Infrared (NIR)

laser beams with well-controlled powers. The laser-induced heating is explored in:

(i) heating liquid media (deionized water and cell growth media [Leibovitz L15+]) to

characterize the photothermal properties of the nanocomposites, (ii) in vitro experiments

that explore the effects of localized heating on triple-negative breast cancer cells, and

(iii) experiments in which the laser beams penetrate through chicken tissue to heat up

nanocomposite samples embedded at different depths beneath the chicken skin. The

resulting plasmonic laser-induced heating is explained using composite theories and heat

transport models. The results show that the laser/nanocomposite interactions decrease

the viability of triple-negative breast cancer cells (MDA-MB-231) at temperatures in the

hyperthermia domain between 41 and 44�C. Laser irradiation did not cause any observed

physical damage to the chicken tissue. The potential in vivo performance of the PDMS

nanocomposites was also investigated using computational finite element models of the

effects of laser/magnetite nanocomposite interactions on the temperatures and thermal

doses experienced by tissues that surround the nanocomposite devices. The implications

of the results are then discussed for the development of implantable nanocomposite

devices for localized treatment of triple-negative breast cancer tissue via hyperthermia.

K E YWORD S

hyperthermia, laser-induced heating, PDMS-magnetite nanocomposites, triple-negative breast
cancer

Received: 5 January 2022 Revised: 23 March 2022 Accepted: 8 June 2022

DOI: 10.1002/jbm.b.35124

J Biomed Mater Res. 2022;110:2727–2743. wileyonlinelibrary.com/journal/jbmb © 2022 Wiley Periodicals LLC. 2727

 15524981, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.b.35124 by E
gyptian N

ational Sti. N
etw

ork (E
nstinet), W

iley O
nline L

ibrary on [08/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:wsoboyejo@wpi.edu
http://wileyonlinelibrary.com/journal/jbmb
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbm.b.35124&domain=pdf&date_stamp=2022-07-07


1 | INTRODUCTION

The increasing incidence of cancer1–3 has stimulated the development

of alternative therapies that reduce the side effects associated with

cancer treatment.4–7 Breast cancer is one of the most common dis-

eases in women across the world.8 In the case of women in develop-

ing countries, breast cancer is the second leading cause of cancer

mortality.8,9 There is, therefore, a need for improved methods for the

detection and treatment of breast cancer.

Conventional treatments that have been explored include surgery,

chemotherapy, radiotherapy, hormonal therapy, and so forth.10–12

However, these techniques are associated with severe side

effects.12–14 Furthermore, although the surgical removal of the solid

tumors may be effective for the removal of well-defined and accessible

primary tumors located within non-vital tissues, surgical resection is less

suitable for the treatment of small and less well-defined tumors

and metastases, or tumors embedded within organs.15 Residual tumor

tissues are also left behind in most cases after cancer surgery.

Since these residual tumors may evolve ultimately into metastatic

tumors,16 there is a need for alternative approaches to the treatment of

residual tumor tissue that is left behind after surgical removal of breast

tumor tissue. This has stimulated several research groups to develop

implantable devices for localized cancer drug release17–19 or the hyper-

thermic heating of breast cancer cells/tissues.13,20–24 The latter include

heating by resistive Joule heating,23 inductive heating,24–27 and plasmo-

nic heating by laser beam interactions with gold,28 silver,29,30 and cop-

per nanoparticles.31

Nanomaterial-mediated hyperthermia has been studied with differ-

ent energy sources such as radio-frequency and microwave, focused

ultrasound, infrared lasers, and visible light lasers29 (visible light lasers

are associated with surface plasmon resonance (SPR) effects that make

them better candidates for hyperthermic treatment of deep-seated

tumors29). In most cases, many of the prior studies have focused on

laser interactions with Au, Ag, and Cu nanoparticles.29–32 However,

more recently, magnetite nanoparticles (MNPs) have been shown to be

promising agents for photothermal heating under near-infrared irradia-

tion (NIR) conditions.29–35

PDMS is inert, highly biocompatible and structurally stable in

the tissue environment.36 It is also a thermally stable biomaterial

that exhibits little viscosity changes upon changes in temperature.

These are in addition to its corrosion resistance and flexible prop-

erties.36,37 Hence, this work examines the effects of laser-induced

heating of magnetite-reinforced PDMS nanocomposites for

hyperthermia (41–44�C).26,38–41 The PDMS nanocomposites

(NCs) were molded and the effects of MNP content on the photo-

thermal properties of the NCs under in vitro conditions were then

investigated. First, the laser-induced heating effects of the various

nanocomposites are explored in deionized water and cell culture

growth media. The effects of laser-induced nanocomposites heat-

ing on MDA-MB-231 triple-negative breast cancer cell line are

then elucidated in in vitro studies of cell viability (alamar blue

assay and live/dead cell double fluorescence staining) and the

quantification of heat shock protein release from stressed cells.

The ability of the laser beam to penetrate through chicken tissue

to heat up PDMS nanocomposites samples (placed at different

depths beneath the chicken skin) is also explored.

Furthermore, in an effort to investigate the in vivo perfor-

mances of the nanocomposites and its thermal profile, a three-

dimensional finite element model (3D FEM) was also developed.

The predictions from the FEM model are then validated before

discussing the implications of the results for the use of MNP

reinforced PDMS nanocomposites in the localized treatment of

triple-negative breast cancer.

2 | MATERIALS AND METHODS

2.1 | Materials

PDMS Sylgard 184 silicone elastomer kit was procured from Dow

Corning Corporation (Auburn, MI), while magnetite (iron oxide;

Fe3O4) nanopowder (high purity, 99.5%, 15–20 nm size range) was

purchased from US Research Nanomaterials (Houston, TX). The

combination of the PDMS and MNP powder were mixed for the

fabrication of the polymer nanocomposite samples. All of the che-

micals were used in the as-received condition. Human triple-

negative breast cancer cell line (MDA-MB-231) was obtained from

the American Type Culture Collection (Manassas, VA). Leibovitz

L15 medium, fetal bovine serum (FBS), penicillin/streptomycin anti-

biotic, 0.25% trypsin–EDTA, and DMEM/Ham's F12 medium (1:1)

were procured from Thermo Fisher Scientific (Waltham, MA). All

other cell culture reagents were procured from Thermo Fisher

Scientific, unless otherwise stated.

2.2 | Fabrication and physicochemical
characterization of PDMS-magnetite nanocomposites

The MNPs were mixed with PDMS to obtain nanocomposites con-

taining 1, 5, and 10 wt% of MNPs. Initially, the base kit of the PDMS

elastomer was mixed with the curing agent at a weight ratio of 10:1.

The mixture was then stirred to obtain a uniform mixture after which

the powdered MNPs were added. The resulting mixtures were stirred

and poured into molds (100 mm � 15 mm Petri dishes) before degas-

sing at room temperature (approximately 25�C) to remove trapped air

bubbles. This was done for 30 min at a pressure of approximately

25 mmHg in a vacuum oven. Finally, the cast PDMS-MNP mixtures

were cured for 4 h at 60�C in the vacuum oven to produce the PDMS

nanocomposites.

The nanocomposites were carefully removed from the molds and

characterized using Fourier transform infrared (FTIR) spectroscopy

and scanning electron microscopy (SEM). The FTIR spectra of the

samples were obtained from an FTIR spectrometer (IRSpirit, Shi-

madzu, Kyoto, Japan) from an average of 128 scans at a resolution of

2 cm�1 over the wavenumber range from 400 to 4000 cm�1. The sur-

face morphology of the PDMS nanocomposites was observed under a

2728 ONYEKANNE ET AL.
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Phenom G1 Scanning Electron Microscope, equipped with a backscat-

ter electron detector, at an accelerating voltage of 5 kV.

2.3 | Laser-induced heating of the PDMS-
magnetite nanocomposites

The PDMS nanocomposites were cut into 5 mm � 5 mm � 5 mm

cubes and the laser-induced heating experiments were carried out

using the set-up summarized in Figure 1. This consisted of a Photon

3W Dental Diode Laser (Zolar Technology and Manufacturing, Missis-

sauga, ON, Canada) emitting a near infrared laser light beam

(λ = 810 nm). The laser beam was transmitted through a fiber optic

cable to the tip of a cylindrical probe before propagating into the sam-

ples placed in plastic cuvettes (4 cm high � 1 cm wide). The distance

between the tip of the probe and the cuvette was set at 2 cm to

achieve a laser spot size of 1 cm on the samples. In initial experiments

to characterize the photothermal properties of the nanocomposites,

the samples (5 mm � 5 mm � 5 mm) were immersed in either 1 ml of

deionized water or 1 ml of cell growth medium (Leibovitz L15+

medium) in the cuvette and exposed to the 810 nm laser beam for

20 min. The laser beam propagated through the nanocomposites and

interacted with the MNPs to generate heat leading to a gradual tem-

perature rise. The temperature distributions across the nanocomposite

samples and the surrounding liquid media (deionized water and L15+

medium) were recorded every minute using an infrared (IR) thermal

camera (FLIR E4 Thermal Imaging Camera, FLIR Systems, Wilsonville,

OR). After 20 min of heating, the laser beam was switched off and

the cooling temperature values were recorded at 30 s intervals.

The maximum temperature values were used to plot the heating and

cooling temperature profiles of the samples. We experimented with

laser powers of 0.6, 1.0, 1.5, and 2.0 W to optimize the laser

powers capable of generating temperatures in the hyperthermia

domain (41–44�C). Plain PDMS (without MNPs) was treated under

the same conditions above as controls, and all samples were subjected

to one laser-induced heating cycle.

2.4 | Biological characterization

2.4.1 | Cell culture

The human triple-negative breast cancer (MDA-MB-231) cells were

grown in Leibovitz L15 medium supplemented with 10% FBS,

100 IU/ml penicillin, and 100 μg/ml streptomycin (referred to as

L15+ medium) in T75 flasks. The flasks were then incubated in a

humidified incubator set at 37�C (without CO2). Upon reaching 80%–

90% confluence, the cells were detached using the 0.25% trypsin–

EDTA solution and sub cultured in fresh T75 flasks at a passage ratio

of 1:4. MDA-MB-231 cells between passages 6 and 7 were harvested

at 80%–90% confluence and used for the cell viability, live/dead cell

double staining, and heat shock protein release studies described

below.

2.4.2 | Cell viability studies

To assess the effect of the laser-induced heating of the PDMS nano-

composites on the viabilities of the MDA-MB-231 cells, the nanocom-

posites (and plain PDMS) were immersed in 1 ml of L15+ medium

containing 100,000 cells in the cuvettes and heated with a 0.6 W laser

beam for 30 min under aseptic conditions in a biosafety cabinet. Cells

only without nanocomposites (i.e., 100,000 cells in 1 ml L15+

medium in the cuvette) were also exposed to the 0.6 W laser for

30 min as a control (herein referred to as “cells + heating”). The
nanocomposite and plain PDMS samples were also immersed in

the 1 ml cell suspension in L15+ medium for 30 min as controls

(herein referred to as “soaked sample controls”). Prior to the

experiments, the samples and the cuvettes were sterilized with

70% ethanol and rinsed 5� with phosphate-buffered saline.

The laser power of 0.6 W resulted in temperatures in the

hyperthermia domain (41–44�C). After the laser heating, the nano-

composites were removed from the cuvettes and the cells (in the

L15+ medium) were transferred into sterile ventilated tubes and

F IGURE 1 A schematic of the
setup for the laser heating of the
PDMS-MNP nanocomposites

ONYEKANNE ET AL. 2729
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incubated at 37�C (without CO2) for 12 h. Untreated cells

(i.e., 100,000 cells in 1 ml L15+ medium) were also transferred into

ventilated tubes and incubated at 37�C (without CO2) for 12 h to

serve as the baseline (herein referred to as “cells only”). Subse-
quently, cell viability was assessed indirectly by measuring the met-

abolic activities of the cells using the alamar blue assay (Thermo

Fisher Scientific, Waltham, MA), which relies on the conversion of

the nonfluorescent resazurin into a highly fluorescent resorufin by

metabolically active cells.

The tubes were centrifuged at 900 rpm for 5 min and the super-

natants were transferred into separate tubes to be used for the heat

shock protein release studies (described below). The cell pellets were

then resuspended in 0.4 ml of L15+ medium containing 10% of the

alamar blue reagent and incubated at 37�C (without CO2) for 3 h.

Afterward, 100 μl aliquots were transferred into a black 96-well plate

(Thermo Fisher Scientific) and the fluorescence intensities of the sam-

ples were measured using a 1420 Victor 3 multi-label plate reader

(Perkin Elmer, Waltham, MA) at 544/590 nm (excitation/emission). To

isolate the effects of hyperthermia-induced cell growth inhibition

from sample-induced inhibition, the readings from the “soaked sample

controls” were subtracted from the corresponding readings from the

heated samples to obtain corrected fluorescence intensities for each

sample. The corrected fluorescence values were then used to calcu-

late the percentage cell growth inhibition due to laser-induced hyper-

thermia using Equation (1).

% Growth Inhibition¼ 1�FIsamples

FIcells

� �
�100 ð1Þ

where, FIsamples is the fluorescence intensity of the samples and FIcells

is the fluorescence intensity of the untreated cells.

2.4.3 | Live/dead cell staining

Live and dead cells were visualized after the laser-induced heating

of the nanocomposites to assess the effects of hyperthermia on

the cells. The cells were stained using a live/dead cell double

staining kit (Sigma-Aldrich, St. Louis, MI) that consisted of non-

fluorescent solutions of acetoxymethyl ester of calcein (Calcein-

AM) and propidium iodide (PI) for the simultaneous fluorescent

labeling of live (green) and dead (red) cells. Calcein-AM permeates

live cell membranes and gets hydrolyzed into a green fluorescent

calcein product whereas PI only passes through damaged dead cell

membranes and interacts with the DNA double helix to generate

red-fluorescent PI-DNA complexes. Following the same procedure

as the cell viability studies, the cell pellets obtained were resus-

pended in 20 μl of an assay solution (comprising of calcein-AM, PI

and PBS) that was prepared according to the manufacturer's

instructions. The cell suspension was incubated at 37�C for

15 min, placed on a glass slide, and covered with a coverslip. Live

and dead cells were then imaged using an Eclipse Ts2R fluores-

cence microscope (Nikon, Tokyo, Japan).

2.4.4 | Heat shock protein release

The amounts of the heat shock protein HSP70 released from the cells

into the L15+ medium after exposure of the cells to the laser-induced

hyperthermic temperatures were quantified using the Human HSP70

ELISA kit (Thermo Fisher Scientific, Waltham, MA) according to the

manufacturer's instructions. This was carried out to investigate

whether the MDA-MB-231 triple negative breast cancer cells were

stressed by the laser-induced hyperthermia conditions, resulting in

decreased cell viabilities.

Briefly, 50 μl of the supernatants obtained after centrifugation at

900 rpm for 5 min (see the procedure under cell viability studies) were

first incubated with 50 μl of Sample Diluent in the ELISA microplate

wells at room temperature (approximately 25�C) for 2 h on an orbital

shaker. About 50 μl of L15+ medium was also incubated with 50 μl

Sample Diluent in blank wells. This was followed by serial incubations

(approximately25�C) with 100 μl Biotin-Conjugate Solution (1 h on

orbital shaker), 100 μl Streptavidin-HRP Solution (30 min on orbital

shaker), and 100 μl TMB Substrate Solution (30 min in the dark). The

microplate wells were washed 5� with the Wash Buffer between the

steps.

Finally, 100 μl Stop Solution was added to the wells and the

absorbance of each well was measured at 450 nm using the 1420

Victor 3 multi-label plate reader. Readings from the blank wells were

subtracted from the sample wells to obtain corrected absorbance

values. The amounts of the HSP70 protein in the wells were then

interpolated from a standard curve generated from HSP70 protein

standards.

2.5 | Laser-induced heating of the PDMS
nanocomposites in a chicken model

The ability of the NIR laser beam to penetrate tissue and heat

nanocomposite samples buried in the tissue was investigated

using a chicken model. Chicken was selected due to the close-

ness of the emissivity coefficients (ε) of chicken (ε ≈ 0.95)42,43

and human skin (ε ≈ 0.98).44 Chicken thighs were purchased

from a local supermarket. The skin around the area of interest

(away from the bones) was lifted up to expose the flesh under-

neath. Approx. 1 cm diameter incisions were made on the flesh,

and the tissue was cut out to create grooves. The nanocompo-

site samples were then buried in the grooves at depths of 2 and

8 mm beneath the skin and covered with the cut-out tissue fol-

lowed by the skin.

Subsequently, the effect of laser penetration through the tissue

was studied by focusing the laser beam with different powers (0.6,

1.0, and 3.0 W) on the skin directly above the buried nanocomposite

samples. The laser probe was clamped vertically 2 cm above the skin

to create a spot size of 1 cm. The laser beam was applied for 20 min,

and increases in the surface temperature emanating from the laser-

induced heating of the nanocomposites buried in the tissue were

monitored with the IR thermal camera.

2730 ONYEKANNE ET AL.
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2.6 | Statistical analysis

Unless otherwise stated, the results are reported as mean ± standard

deviation for three independent trials (n = 3). Differences in photo-

thermal and biological properties between the PDMS-MNP nanocom-

posite groups were analyzed using one-way ANOVA with post hoc

Bonferroni tests using IBM SPSS Statistics 25 package. The differ-

ences were considered significant at p-values less than .05.

3 | MODELING

The model system that was explored in this work consists of a laser

source with a fiber optic delivery system (Figure 1). This was connected

to an 810 nm near infrared laser light source with an intensity of

104 Wm�2:45 The light was transmitted through the fiber optic system to

the active tip surface of the cylindrical probe before propagating through

the polymer nanocomposite/tissue model. As the light propagates through

the PDMS nanocomposite, it is absorbed by the MNPs embedded in the

PDMS matrix. The resulting photothermal heating results in heat diffusion

from the MNPs to the surrounding breast tissue via the PDMS matrix.

This raises the temperature of the surrounding residual tumor cells/

healthy breast tissue above the normal body temperature of 37�C. In this

way, the surrounding residual tumor cells are killed/inhibited.

In this study, the computational model explored the effects of

laser illumination on water and the nanocomposite device, heat diffu-

sion, and thermal damage on the breast tissue. The tumor was ideal-

ized as a sphere with a diameter of 2 cm. It was also assumed that the

initial tumor was removed by lumpectomy. A spherical nanocomposite

was inserted into the region of the removed tumor in the breast. The

breast tissue was also modeled as a semi-ellipsoidal block with long

and short axes diameters of 32 and 30 cm, respectively. The PDMs

nanocomposite (implanted into the cavity in the breast tissue) was

modeled using spherical geometries.

3.1 | Heat diffusion model

The heat diffusion equation is used to obtain the heat distribution

within the device and surrounding media. The temperature

distribution in solids, due to an external heat source, used in this work

was determined from the Fourier heat conduction equation. The heat

was assumed to be generated from the absorption of laser light.

Hence, the governing equation is given by46:

ρCp
∂T
∂t

¼r�λrTþQ ð2Þ

where, ρ kgm�3
� �

is the density, Cp J kg�1 K�1
� �

is the specific heat

capacity at constant pressure, λ Wm�1 K�1� �
is the thermal conduc-

tivity, T Kð Þ are temperature and Q Wm�3
� �

is the heat source term,

which varies for the different domains of the model and is obtained

using the linear superposition of multiple heat source terms. The heat

sources in the nanocomposite domain, QPNC and tissue domain, Qtissue

are given by:

QPNC ¼ μaφ r
!
,t

� �
NTCabsφ r

!
,t

� �
ð3Þ

Qtissue ¼ μaφ r
!
,t

� �
ð4Þ

where, φ r
!
,t

� �
Wm�2
� �

is the laser light fluence rate, μa m�1
� �

is the

tissue, water, or polymer absorption coefficient, NT is the total num-

ber of MNPs per unit volume and Cabs m2
� �

is the absorption cross-

section of MNP which is given as Cabs =4πr2oQabs
45 and ro and Qabs

are the absorption efficiency and radius of the MNP, respectively. The

laser light fluence rate of the optic fiber and the diffusion coefficient

of the medium is defined as.47

φ r
*
,t

� �
¼
Po exp �μeff r

* �bn� �
4πDr

ð5Þ

where, r
!
is the position vector, P0 is the laser power, and bn is the nor-

mal vector showing the direction in which the laser beam travels. μeff

and D are the effective attenuation coefficient and the diffusion coef-

ficient of the medium, respectively, which are defined as:

μeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3μa μaþμ0s
� �q

ð6Þ

D¼ 1

3 μ0sþμa
� � ð7Þ

where, μa is the absorption coefficient and μ0s is the reduced scattering

coefficient, defined as:

μ0s ¼ 1�gð Þμs ð8Þ

where, μs is the scattering coefficient and g is the anisotropy factor,

which accounts for the effects of directional dependent scattering. In

this study, the parameters for PDMS and MNPs used are stated in

Table 1.

TABLE 1 Polydimethylsiloxane and magnetite nanoparticle
parameters used for the simulations

Parameter Value Ref.

PDMS: Density, ρ 0.97 kg m�3 [80]

PDMS: Heat capacity, Cp 1.46 kJ kg�1 K�1 [80]

PDMS: Thermal conductivity, λ 0.15 W m�1 K�1 [80]

PDMS: Absorption coefficient, μa 0.988 m�1 [81]

MNP: Density, ρ 5180 kg m�3 [82]

MNP: Heat capacity, Cp 0.671 kJ kg�1 K�1 [82]

MNP: Thermal conductivity, λ 6.0 W m�1 K�1 [82]

ONYEKANNE ET AL. 2731
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For biological media, the Pennes model48 modifies Equation (2)

by including the effects of heat generation due to constant blood per-

fusion, Qp, and metabolic heat, Qm. In this study, Qp is defined as:

Qp ¼ ρbCbωb Tb�Tð Þ ð9Þ

where, ρb, ωb s�1
� �

, Cb and Tb are the density, blood perfusion rate,

specific heat capacity, and temperature of blood, respectively. Qm

Wm�3
� �

is the metabolic heat, which is defined in Table 1.

The boundary conditions for Equation (2) in a breast phantom are

heat transfer by convection between the top surface of the breast

phantom and air, bn � krTð Þ¼ h � Text�Tð Þ; where the heat transfer

coefficient, h¼3:5W �m�1 K�1, Text = 20
�
C; and continuity,bn � λ2rT2�λ1rT1ð Þ¼0 on the internal boundaries. The initial temper-

ature in all the domains of the model was set to the normal body tem-

perature of 37�C.

The effective thermal and physical properties of the nanocompo-

sites were estimated using the rule of mixture theories.49 These give:

ρ¼ vaρaþ 1�vað Þρb ð10Þ

k¼ va
ka

þ 1�vað Þ
kb

� ��1

ð11Þ

where, subscripts “a” and “b” denote MNPs and PDMS matrix for the

density, ρ, thermal conductivity, k, and specific heat capacity, C,

values, respectively. Due to pronounced changes in blood perfusion,

the thermal conductivity of living tissue can increase with increasing

temperature.50 The temperature-dependence of blood perfusion and

thermal conductivity for breast tissue can be expressed as51–55:

V Tð Þ¼ωb
1þ exp

� T�45:0ð Þ2
12:0

 !
ifT ≤45:0

�
C

2, ifT >45:0
�
C

8><>: ð12Þ

k Tð Þ¼ k0 1þ0:0028 T�293:15Kð Þ½ � ð13Þ

where, k0 is the thermal conductivity at 293.15K. The values of all of

the parameters that were used in the simulation are summarized in

Table 1.

3.2 | Finite element modeling of temperature and
thermal dose

Finally, in an effort to model the potential effects of actual breast

geometries, a breast phantom model (Figure 2) was used to simulate

the potential effects of laser illumination on breast-like geometries.

The schematic in Figure 2 shows a model with a long axis diameter of

12 cm and a short axis diameter of 5 cm. A 1 cm cubic cavity was

F IGURE 2 Schematic of a breast phantom with a long axis diameter of 12 cm and a short axis diameter of 5 cm. A 1 cm cubic cavity
illustrates a region containing the nanocomposite, which is assumed to be located at 1.5 cm from the surface of the breast. The laser beam size is
not drawn to scale. (B and C) Breast phantom mesh for FEM modeling

TABLE 2 Tissue parameters used for the simulations

Parameter Value Ref.

Tissue: Absorption coefficient, μa 2.2 m�1 [47]

Tissue: Scattering coefficient, μs 12,200 m�1 [47]

Tissue: Anisotropy constant, ɡ 0.9 [47]

Tissue: Density, ρ 1000 kg m�3 [47]

Tissue: Heat capacity, Cp 3400 J kg�1 K�1 [47]

Tissue: Thermal conductivity, λ 0.587 W m�1 K�1 [47]

Heat convection constant 3.5 W m�2 K�1 [47]

Blood: Specific heat capacity, Cb 1080 kg m�3 [83]

Blood: Density, ρb 1000 kg m�3 [83]

Blood: Specific heat capacity, Cb 4200 J kg�1 K�1 [83]

Blood: Perfusion rate 0.002 s�1 [60]

Blood: Thermal conductivity, λ 0.39 W m�1 K�1 [83]
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inserted to enable the insertion of the PDMS nanocomposite struc-

tures at a distance of 1.5 cm from the surface of the breast. The con-

centration of the MNPs in the PDMS nanocomposite devices

10�5 MNPs/ml was used to control the maximum temperature that

was reached after the 30 min of laser illumination.

The temperature profile is generally used to describe the size of

lesions predicted by numerical models.56 However, in many cases, the

temperature does not correlate well with histological measurements

from actual tissue.56 Hence, several investigators57–61 have used the

concept of a “thermal dose” to assess the relative effectiveness of

tumor hyperthermia treatment. In this study, we used a method devel-

oped by Sapereto et al.,62 which describes protein inactivation rate at

different temperature and time intervals, thereby expressing the ther-

mal dose as a cumulative equivalent minute of exposure at 43�C

(CEM43) using the formula:

CEM43 ¼
ðtf
0
R 43�T tð Þ½ �dt ð14Þ

where, tf is the treatment duration and R is the factor to compensate

for a 1�C temperature change. This has a value of 0.233 when the

temperature as a function of time T tð Þ represents the actual applied

temperature of the target tissue, which is less than 43
�
C or 0.428

otherwise.63

To numerically study the effect of MNPs on the heat absorption

behavior of the nanocomposite structures, finite element analyses

(FEA) of pure PDMS and nanocomposite with 5% MNPs were per-

formed using the commercial software Abaqus for different laser

powers. Assuming that the scattering process dominates absorption,

the optical diffusion approximation can be used to obtain the light

fluence rate φð r!Þ W
m2

� �
within the device for a continuous wave

F IGURE 3 Fourier-transform
infrared spectra of plain PDMS and
PDMS nanocomposites with varying
weight fractions (1%, 5%, and 10%) of
magnetite nanoparticles

F IGURE 4 Backscattered SEM images of (A) plain PDMS, (B) PDMS_1% MNP, (C) PDMS_5% MNP, and (D) PDMS_10% MNP

ONYEKANNE ET AL. 2733
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Gaussian laser beam.47 3D models of the cubic device and media with

the dimension of 0.5 and 2 cm, respectively, were built in Abaqus.

Standard 8 node linear heat transfer elements were used to mesh the

geometry.

Heat convention is modeled by applying surface film condition

with film coefficient equal to 30 W
m2 K

� �
and uniform sink temperature

equal to 25�C to the boundaries of the media. This value is chosen in

a way that the best agreement between the numerical and experimen-

tal results is achieved. For simplicity, the heat convection coefficient

is considered constant and similar for all sides of the boundary.

As the temperature increases, steam exits from the cuvette, and heat

loss will increase from the top side and will cause a deviation in the pre-

dicted numerical results with respect to the experimental results. The ini-

tial temperature of the device and the media is considered to be 37�C.

The transient heat transfer step is applied to solve the problem. Total

analysis time is considered to be 30min. The laser heat source is applied

for the beginning 20min and removed for the remaining 10min of the

analysis. The model is run for laser powers of 0.5, 0.6, 1.0, 1.5, and 2W

for pure PDMS and nanocomposite with 5% MNPs.

The in vivo predictions of the temperature profile on the breast phan-

tom and thermal damage were also obtained using a commercial FEM

package (COMSOL Multiphysics 5.5, COMSOL, Inc., Burlington, MA). The

geometrical model that was used in our study is shown schematically in

Figure 2. This is similar to that used by Reynoso et al.47 for modeling gold

nanoparticle-mediated heating. The device was assumed to be inserted

into the breast tissue within a cavity created after the tumor is surgically

removed, which was modeled as a semi-ellipsoidal block with 12 and 6 cm

major and minor axis, respectively (Figure 2A,B). The total analysis time of

35 min consisted of 30 min of heating and 5 min of cooling. The simula-

tions were carried out for laser powers of 0.6 W and PDMS nanocompo-

sites with 5% of MNPs. Similar approaches were also used to predict the

temperatures and the thermal dose/damage associated with the model

experiments in the chicken tissue. The parameters of the tissue that were

used for the simulations are summarized in Table 2.

F IGURE 5 Plots of temperature as a function of time at laser powers of (A) 0.6 W, (B) 1.0 W (C), 1.5 W, and (D) 2.0 W for PDMS
nanocomposites with 0%, 1%, 5%, and 10% MNPs in water
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4 | RESULTS

4.1 | Physicochemical properties of the PDMS-
magnetite nanocomposites

The FTIR spectra obtained for the plain PDMS and PDMS-MNP nano-

composites are presented in Figure 3. The spectra exhibited peaks at

787 cm�1 associated with CH3 rocking and Si C stretching in

Si CH3 and at 1010 cm�1 due to Si O Si stretching. There were

also peaks at 1275 and 2962 cm�1 corresponding to CH3 deformation

in Si CH3 and asymmetric CH3 stretching in Si CH3, respectively.
64

MNP signature corresponds to 668–526 cm�1 peaks.

Figure 4 shows backscattered SEM micrographs of the PDMS-

MNP nanocomposites that were obtained to gain an insight into the

nanoparticle distribution within the PDMS nanocomposites. The results

show the dispersion of MNPs and magnetite nanoclusters within the

PDMS matrix (Figure 4). The microstructure of the three PDMS nano-

composites (1%, 5%, and 10% MNP) show non-homogeneous distribu-

tions of the nanoparticles. Nanoparticle agglomeration was observed in

the PDMS nanocomposites reinforced with 5% and 10% weight frac-

tions of MNPs. Some evidence of microcracking in the PDMS matrix

was also observed, with the incidence of microcracking increasing with

increasing weight fraction. These results show that the nanoparticles

were not well dispersed throughout the polymer matrix.

4.2 | Photothermal properties of the PDMS-
magnetite nanocomposites

Figure 5 shows the temperature changes that occurred during the

heating and cooling PDMS-MNP nanocomposites in water. With

the exception of plain PDMS, the temperatures generally increased

F IGURE 6 Plots of temperature as a function of time at laser powers of (A) 0.6 W, (B) 1.0 W, (C) 1.5 W, and (D) 2.0 W for PDMS
nanocomposites with 0%, 1%, 5%, and 10% MNPs in L15+ culture medium
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with increasing duration of laser/material interactions. The

photothermally-induced temperature rise also increased with

increasing laser power between 0.6 and 2.0 W after 20 min of laser

irradiation. At low laser powers (0.6 W), the interactions of the

laser light with the MNPs did not generate sufficient heat to distin-

guish between the different weight fractions of MNPs in the nano-

composites. However, the differences in the MNP content were

generally observed at increased laser powers where the laser/MNP

interactions generate heat relative to the amount of nanoparticles

present in the nanocomposites.

Laser illumination with a power of 0.6 W resulted in maximum

temperatures that were largely in the hyperthermic domain (41–44�C)

for the polymer nanocomposite samples, while laser powers of 1.5

and 2.0 W gave rise to maximum temperatures far above the hyper-

thermia domain (in the so called “necrotic/ablation” domain). After

turning off the incident laser beam following 20 min of heating, the

nanocomposites and the surrounding liquid medium generally cooled

rapidly (within 6 min) back to 37�C.

The changes in temperature induced by laser/nanocomposite

interactions in the L15+ medium are presented in Figure 6A–F. The

trends in the temperature profiles were similar to those presented for

the PDMS-MNP nanocomposites immersed in water (Figure 5). How-

ever, the magnitudes of the temperature changes were somewhat dif-

ferent due to differences in the thermal properties of the water and

the L15+ medium.

4.3 | Comparisons of temperature measurements
with predictions of temperature profiles in water

A comparison of the measured and predicted temperature changes

obtained from the magnetite-reinforced PDMS nanocomposites

reinforced with 5 wt% of magnetite is presented in Figure 7A,B for

composites immersed in water. The measured temperatures of the

magnetite reinforced PDMS nanocomposites increased with

increasing laser power for composites reinforced with 5 wt% of

MNPs. The measured temperatures also decreased with increasing

time, upon the removal of the incident laser illumination. Further-

more, the trends in the measured and predicted temperature

changes were very similar during the heating and cooling stages.

This is shown in Figure 7B in which the predictions from the finite

element model are compared with the temperature measurements

obtained from the computational modeling. This has been reported

previously in our work.59

F IGURE 7 Comparison of (A) experimental data with (B) numerical predictions of the temperature profiles of the PDMS and PDMS-MNP
nanocomposite devices in water at different laser powers

F IGURE 8 Effects of laser heating of the PDMS-MNP
nanocomposites at 0.6 W for 30 min on the viability of MDA-MD-
231 triple-negative breast cancer cells as measured by the percentage
alamar blue reduction. Error bars represent the standard deviation for
n = 3. *p < .05
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4.4 | Effects of laser-induced heating in L15+
medium on cell viability

The studies in the L15+ medium also enabled us to study the effects

of the laser-induced temperature changes of the cell viability. The

results of the alamar blue assay study are presented in Figure 8. The

percentage alamar blue reduction was plotted against the weight frac-

tion with two controls (cells only and cells + heat). The results show

that there is a significant reduction in cell viability compared with the

cell only controls (by about 35%) in the case of hyperthermic heating

due to laser interactions with PDMS nanocomposites reinforced with

5 or 10 wt% MNPs. However, there was no significant reduction in

the case of laser interactions with pure PDMS or PDMS reinforced

with 1 wt% of MNPs.

Live/death staining was done to visualize the quantitative view of

life and death cells as shown in the cell viability (Figure 8). This is seen

in Figure 9 as more cell deaths are seen where there is a significant

reduction of alamar blue (5% and 10%) as presented above.

Further evidence of the effects of heat is also apparent from the

detection of heat shock proteins (HSPs) resulting from stress-induced

cell death due to the localized heating around the nanocomposites.

The results of the heat shock protein assay are presented in

Figure 10. The heat associated with hyperthermia induces heat stress

on tumor cells, which causes the release of heat shock protein as ear-

lier reported.65,66 This suggests that the decrease in cell viability

observed above after localized heating (Figure 8) can be attributed to

the effects of heat stress/shock due to increased HSP expression that

results in a decrease in cell viability.

4.5 | Chicken model

Beyond the in vitro experiments discussed above, a chicken model

was used to mimic the tissue laser interactions that can occur during

potential in vivo applications of the magnetic nanocomposites in local-

ized hyperthermia. The measured temperature changes are presented

in Figure 11A–C for measurements that were obtained at depths of

2 and 8 mm beneath the skin. The results show that laser penetration

into the tissue was significant at both penetration depths. This was

true for the range of laser powers that was explored in this study

(0.5–3 W). However, in the case of the composites inserted at depths

of 8 mm, only the 3 W laser power was sufficient to heat up to the

F IGURE 9 Fluorescence images of live (green) and dead (red) MDA-MB-231 cells after exposure to (A) MDA-MB-231 cells (no laser heating,
negative control), (B) MDA-MB-231 cells, (C) plain PDMS, (D) PDMS_1% MNP, (E) PDMS_5% MNP, and (F) PDMS_10% MNP subjected to laser
heating at 0.6 W for 30 min

F IGURE 10 A plot of the amount of heat shock proteins released
from stressed cells due to laser heating of the nanocomposites at
0.6 W. Error bars represent the standard deviation for n = 3. *p < .05
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hyperthermic regime (41–44�C). However, in the case of composites

immersed at depths of 2 mm, significant heating was achieved at laser

powers of 0.6 and 1.0 W. It is interesting to note here that the 0.6 W

of incident laser power resulted in hyperthermic heating, while 1.0 W

of incident laser power and more resulted in temperature changes

that are sufficient for photoablation.41 We found that when the depth

was increased, an interplay between laser power and MNP content

determined the heating level obtained. To obtain hyperthermic tem-

peratures, either laser power or MNP content or both had to increase

as the depth increased. Therefore, if a tumor is more than 8 mm deep,

the laser power or the MNP content of the nanocomposite or both

can be increased (within safe levels) to generate hyperthermic temper-

atures to inhibit cancer cell growth.

The spatial and temporal variations associated with the

laser/material interactions with the magnetite reinforced PDMS

nanocomposites embedded in chicken tissue are presented in

Figure 12. These show increasing temperature profiles with

increasing laser power. The results also show that the tempera-

ture at the centers of the nanocomposites and the tissue inter-

face increase with increasing heating durations of up to 30 min.

F IGURE 11 Measured temperature profiles around nanocomposite devices in chicken models inserted at: (A) 2 mm depth and heated with
0.6 W of laser power; (B) 2 mm depth and heated with 1.0 W of laser power, and (C) 8 mm depth heated with 3.0 W of laser power

F IGURE 12 Processing of the chicken sample used for the chicken model experiments: (A) 1 cm diameter � 8 mm depth groove dissected
for burying the nanocomposite devices, (B) the buried device covered with the dissected chicken tissue from the groove, and (C) the groove
covered with chicken skin and the laser illuminated on the device underneath the skin. IR thermal images of the surface of the chicken skin are
also displayed after (D) 0 min, (E) 10 min, and (F) 20 min of laser-induced heating of the devices buried in the chicken tissue at 8 mm depths
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However, the temperature distribution is non-uniformly distrib-

uted, with the maximum temperatures occurring within the

devices. The heat also spreads radially outwards into the sur-

rounding tissue (Figure 12D–F), while the maximum tissue tem-

perature occurs at the interface between the device surfaces and

the chicken tissue. In the case of nanocomposite devices

exposed to incident laser power of 0.6 W, the predicted maxi-

mum temperature was 44�C, which is within the hyperthermic

regime, and in agreement with the experimental results. Simi-

larly, the predicted cooling temperatures (after turning off the

laser/materials heat source) are comparable to the experimental

results (Figure 12).

We observed from the chicken experiments that the NIR laser did

not physically damage the chicken tissue while penetrating through it

to interact with the MNPs in the PDMS matrix buried in the chicken

tissue. No heating effects were also observed from the interaction

between the NIR laser beam and the plain PDMS. This is in agreement

with the reports in the literature that heating cancer/tissue with NIR

laser is non-invasive.67

Finally, in this section, it is of interest to note that significant

cooling occurred rapidly, upon the removal of heat flux due to the

incident laser beam. The measured temperature distributions are in

the ranges that are sufficient for localized hyperthermia (41–44�C)

when the incident laser power is 0.6 W. Above this, the induced

F IGURE 13 FEM cross-sectional view of the chicken model showing temperature changes after 30 min of 0.6 W NIR laser illumination
(A) 2D plot of temperature versus time for the Chicken model prediction with flux; (B) 2D plot of temperature versus time for the Chicken model
prediction without flux; (C) cross-sectional (x–y) view of the thermal damage when chicken tissue is subjected to 30 min of 0.6 W of NIR laser
illumination, and (D) cross-sectional view of thermal damage after 30 min of laser heating under 0.6 W NIR laser illumination and 5 min of cooling

F IGURE 14 (A) FEM cross-sectional view of a breast phantom showing temperature changes after 30 min of 0.6 W NIR laser illumination;
(B) a plot of temperature versus time for the breast phantom prediction; and cross-sectional (x–y) views of the thermal damage when breast
tissue is subjected to (C) 30 min of 0.6 W NIR laser illumination, and (D) 30 min heating and 5 min cooling
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temperature variations are in ranges that are suitable for tissue

necrosis and ablation.41

4.6 | In vivo prediction of temperature profile and
tissue damage

The corresponding cross-sectional views of the temperature distribu-

tions (Figure 13A,B) and thermal damage (Figure 13C,D) associated

with the heating and cooling stages of the chicken models suggest

that the thermal doses are sufficient for the hyperthermic treatment

of tissue. Similarly, in the case of the human tissue in vivo simulations

(Figure 2), the corresponding lesions predicted for scenarios corre-

sponding to 30 min of heating at 43�C (surface temperature) with

cubic MNP-reinforced PDMS structures presented in Figure 14, for

laser-induced heating and after the removal of laser-induced heating.

The finite element results show that the temperature distribution

is non-uniform, with the highest temperatures occurring at the center

of the tissue. The resulting shape of the lesion is also slightly irregular

(Figure 14A,D). The predictions show that the lesion sizes increase

mostly around the device. This means that the residual tumor cells,

which are assumed to be close to the heated device, experience

higher temperatures than the healthy cell/tissues.

5 | DISCUSSION

The results of the physicochemical properties show that the bands

were well maintained for the PDMS samples, irrespective of the

weight percentage of MNPs. While the tetrahedral and octahedral

sites for Fe-0 are maintained.68 Thus, no primary chemical bonds were

formed during the fabrication process and the PDMS-MNP nanocom-

posites were simply pure mixtures of PDMS and MNPs.

SEM micrographs of the PDMS-MNP nanocomposites presented

also show the dispersion of MNPs and magnetite nanoclusters within

the PDMS matrix, which is in agreement with our results earlier

reported.69 The distribution of MNPs within the nanocomposites was

not homogeneous and agglomeration was observed in the 5% and

10% MNP nanocomposites (Figure 5). It is important to note that the

nanoparticles agglomerate due increased packing density (decreasing

distance between the nanoparticles).70 The ideal situation was consid-

ered in the simulations where the nanoparticles were assumed to be

homogenously dispersed within the PDMS matrix. The temperature

versus time predictions from the simulations were compared with the

experimental data where there is non-homogeneous dispersion and

both results followed the same trend, as shown in Figure 7.

The photothermal properties of the PDMS-magnetite nanocom-

posites immersed in water and L15+ medium at different laser power

for both heating and cooling shows that the temperature increases

with the increasing duration of laser/material interaction as earlier

reported23,65 and with increase in power. Laser-induced heating in

water and L15+ medium resulted in significant increases in the tem-

peratures of the nanocomposites compared to the plain PDMS

(p < .05). However, there were no significant differences (p > .05)

among the nanocomposite samples, although temperature increases

were observed between the 1, 5, and 10 wt% MNP samples. Although

in the case of laser-induced heating in L15+ medium at 2.0 W. The

temperature increase for the 5 wt% MNP samples were higher than

their 10 wt% MNP counterparts. This was probably the result of the

agglomeration of MNPs at higher nanoparticle weight percentages,

which caused magnetic attractions and weak dipole–dipole interac-

tions as a result of van der Waals forces.70 The comparison of the

measured and predicted temperature changes of the nanocomposite

device in water shows the same trend.59

This photothermal properties mentioned above depends solely on

the principle of laser heating of the MNP nanocomposites. The unique

interaction of MNP with light comes from SPR, that is, the resonance

oscillation of free electrons in the magnetite with light. This interac-

tion leads to a number of phenomena—thermal, optical, electrical in

and around the magnetite. When the laser is irradiated to the nano-

particles, light/electromagnetic radiation interacts with plasmonic

nanoparticles, the oscillating magnetic fields from the radiation causes

the oscillations of the conduction band electrons around the surface

of the nanoparticles. This oscillation causes heat production.71–73

Temperature rise depends on the photothermal conversion effi-

ciency of the photothermal agent, the concentration of nanoparticle

and the dosage of light delivered.74 Initially, the deposited laser power

was not enough to enrich dissociation of water. The dissociation and

ionization reaction were conspicuous which is shown in the tempera-

ture rise. Beyond a laser power of 0.6 W the temperature increases

gradually. Initially, the temperature rose slowly (due to lower power)

and increased up to a laser power of 2 W. Another factor that

affected the temperature rise was the photodissociation time. It is

perceived that the temperature rise follows a stepwise time pattern as

seen in Figures 5–7.

At higher laser powers, higher temperature rise occurred in

shorter durations. Hence, in such cases higher temperatures were

reached within 5 min, while steady state temperatures occurred

within 10–20 min of higher power illumination. However, at lower

power, longer duration of laser illumination was needed to reach the

steady state temperature.

In general, when the temperatures associated with the lower

power (⁓0.6 W) were in the hyperthermic regime (41–44�C) in which

programmed cell death (apoptosis) was associated with laser illumina-

tion. On the other hand, if the electromagnetic radiation has a reso-

nant frequency matching these oscillations, the interaction between

radiation and nanoparticle is extremely intense.71 The heat associated

with hyperthermia induces heat stress on tumor cells, which causes

the release of heat shock protein as earlier reported.65,66 This sug-

gests that the decrease in cell viability observed above after localized

heating (Figure 8) can be attributed to the effects of programmed cell

death due to increased HSP expression that results in a decrease in

cell viability. The implications of the current work are quite significant

for the design of cancer treatment conditions, the use of implantable

magnetite nanocomposite for heat generation through near-infrared

laser illumination. The result suggests that by controlling the
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parameters such as the magnetite concentration, laser power, and

treatment time, this device can be designed to generate the heat that

is needed to kill cancer cells. The device can be implanted into cavities

that are created after the surgical removal of tumors75 to take care of

the residual cancer cells and facilitate the postoperative treatment of

cancer. This approach can also be used effectively to measure temper-

ature changes observed for different laser power intensities that can

optimize the control of programmed cell death.

The type of laser applied in many photothermal investigations was

near infrared, with wavelength spectra of 785 nm up to 1046 nm, with

808 nm wavelength used more frequently, according to a review by Fek-

razad et al.76 Hence, the 808 nm wavelength was the most effective in

prior studies77–79 of the photothermal destruction of cancer cells.76

In addition, the current results suggest that the magnetite-

reinforced PDMS nanocomposites reinforced with 5% weight percent-

age of MNPs exhibit the best heating characteristics for controlled

laser-induced hyperthermia at depths up to 8 mm below the surface,

when the power of the incident laser is 0.6 W. However, for laser

power above 0.6 W, the current work also suggests that the higher

temperatures that result from laser illumination at higher incident pow-

ers (above 0.6 W). Within this context, laser powers of 1.5 W and

above can be used to induce much higher temperatures that are suffi-

cient to ablate tissue in ways that could enable the future development

of laser scalpels. However, further work is needed to demonstrate the

feasibility of such concepts under in vitro and in vivo conditions.

Finally, it is of interest to note that the positioning and move-

ment of the laser can be managed by a robotically-assisted posi-

tioning device. Hence, the insights from the current work can be

integrated into a robotically assisted laser positioning system that

can be used to guide laser beams with well controlled power and

wavelengths to interact with MNPs to induce heating that is suffi-

cient to enable photothermal therapy via laser hyperthermia. The

current chicken experiments demonstrate that sufficient hyperther-

mic heating can be engineered in chicken tissues at depths of 8 mm

beneath the skin surface. Higher temperatures may also be induced

at higher laser powers, which may be useful in future robotically-

assisted surgical procedures.

6 | CONCLUSIONS

The paper presents the results of a combined experimental and ana-

lytical/computational study of the effects of laser interactions on the

heating in nanocomposites that consist of MNPs in a matrix of PDMS.

The magnitude of the heating also increases significantly with increas-

ing laser power and MNP weight percentages between 1 and 5 wt%.

However, above this weight percentage, increasing MNP weight per-

centage does not necessarily result in increased heating. In the case of

PDMS reinforced with 5 wt% of magnetite, and exposed to 0.6 W of

incident laser power, the induced increase in temperature is associ-

ated with a reduction of cell viability in triple-negative breast cancer

cells that are heated to temperatures in the hyperthermic regime (41–

44�C). Above this, the decrease in cell viability is attributed to

necrosis, as the induced temperatures range between 45 and 70�C.

The induced heating in the regions surrounding the nanocomposite

structures are well predicted by computational models of heating

(during exposure of MNPs to laser beams) and cooling (upon removal

of the incident laser beams). The results from the chicken experiments

also showed that the near-infrared laser we used did not cause physi-

cal damage to the chicken tissue but penetrated the tissue and inter-

acted directly with the MNPs in the PDMS matrix. The above results

suggest that PDMS nanocomposite structures can be used as thermo-

seeds for the localized heating and treatment of breast tumors. Animal

work and clinical trials are clearly needed to explore the characteris-

tics of these PDMS nanocomposites for possible applications in local-

ized hyperthermia and laser surgery.
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