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Abstract: Photothermally-heated polymer-based superparamagnetic nanocomposite (SNC) implants
have the potential to overcome limitations of the conventional inductively-heated ferromagnetic
metallic alloy implants for interstitial thermotherapy (IT). This paper presents an assessment of
a model SNC—poly-dimethylsiloxane (PDMS) and Fe3O4 nanoparticles (MNP)—implant for IT.
First, we performed structural and optical characterization of the commercially purchased MNPs,
which were added to the PDMS to prepare the SNCs (MNP weight fraction = 10 wt.%) that were
used to fabricate cubic implants. We studied the structural properties of SNC and characterized
the photothermal heating capabilities of the implants in three different media: aqueous solution,
cell (in-vitro) suspensions and agarose gel. Our results showed that the spherical MNPs, whose
optical absorbance increased with concentration, were uniformly distributed within the SNC with
no new bond formed with the PDMS matrix and the SNC implants generated photothermal heat
that increased the temperature of deionized water to different levels at different rates, decreased
the viability of MDA-MB-231 cells and regulated the lesion size in agarose gel as a function of laser
power only, laser power or exposure time and the number of implants, respectively. We discussed
the opportunities it offers for the development of a smart and efficient strategy that can enhance the
efficacy of conventional interstitial thermotherapy. Collectively, this proof-of-concept study shows
the feasibility of a photothermally-heated polymer-based SNC implant technique.

Keywords: nanocomposite implants; interstitial heating; photothermal therapy; near-infrared; cancer

1. Introduction

The ferromagnetic implant (thermoseed) technique is a minimally invasive modality
for interstitial thermotherapy (IT) involving two main steps. First, an array of the im-
plants (small rods with a diameter of ≈1 mm and length between a millimeter to a few
centimeters [1,2]) are placed in the target tissue in the subject using either open surgery or
image-guided percutaneous insertion. Then, the subject is placed within an extracorporeal
alternating magnetic field that causes the implants to generate heat that is transferred to the
tumor by conduction. The feasibility and effectiveness of the technique have been explored
in several studies ranging from fundamental research through to clinical studies [1–7]. The
technique has been described as having features that are desirable for interstitial therapy
including the thermal self-regulating capability of the thermoseeds coupled with the elimi-
nation of the need for physical contact between thermoseeds and the excitation field [1–3].
However, issues related to biocompatibility and corrosiveness of the metallic alloy implants
as well as the need to use a high number of implants to achieve therapeutic temperatures
have affected effectiveness and precluded their full clinical use [8,9]. Therefore, there is
a need for novel strategies that can overcome the issues associated with the thermoseed
technique.
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Minimally invasive photothermal therapy has recently received a lot of attention be-
cause of its ability to penetrate deep tissue while also reducing the impact of non-selective
cell death when combined with nanotechnology, so-called nanotechnology-assisted pho-
tothermal therapy (N-PTT) [10–13]. Recent advances in laser delivery equipment tech-
nology allow for the development of more reliable, secure, and cost-effective interstitial
strategies [10,11,14]. N-PTT relies on the ability of nanoparticles (NPs) to absorb and con-
vert near-infrared (NIR) radiation to heat for therapeutic purposes. Preferred NP materials
used for N-PTT include metallic (e.g., Au, Ag, Cu), graphene and carbon-nanotubes due
to the opportunity to manipulate their localized surface plasmon resonance (LSPR) to
enhance their absorption capabilities [14], however, issues related to NP biocompatibility
and stability have precluded their clinical use [15]. Unlike their metallic counterparts,
iron-oxide (Fe3O4 and γ−Fe2O3) NPs have been approved by the FDA for clinical mag-
netic thermotherapy [16,17]. Their intrinsic ability of generate heat within a short time
under NIR irradiation as well as drive high barrier reactions makes them attractive for
N-PTT [13,18–20]. Recently, these ceramic NPs have been demonstrated in single (pho-
tothermal only) or multimodal (simultaneous photothermal & magnetic) applications. For
instance, Chu and co-workers showed that different shapes of Fe3O4 NPs can destroy cancer
cells and tumors in both in-vitro (esophageal cancer cell) and in-vivo (mouse esophageal
tumor) models [21].

The mixture of these NPs with a polymer matrix to form nanocomposites can be
exploited to develop smart and efficient implants that can potentially overcome the chal-
lenges associated with the conventional thermoseeds. These stimuli-responsive materials
have played a key role in opening up new frontiers in several fields in biomedical engi-
neering such as drug delivery, tissue engineering, thermotherapy and biosensing [22–24].
PDMS, a silicone-based elastomer, is a popular candidate polymer that has been widely
used to prepare different nanocomposites for several applications in biomedical engineer-
ing due to the possession of an attractive combination of properties such as inertness,
bicompatibility, and ease of fabrication [25]. Bonyár and co-workers [26] demonstrated
the use of Au/Ag poly-dimethylsiloxane (PDMS) films to enhance the sensitivity of sub-
strates used for surface-enhanced Raman spectroscopy based biosensing applications. Our
group used a combination of experiments and models to demonstrate the feasibility of
a novel magnetically heated polymer nanocomposite applicator concept for heating of
hepatic tumors [27]. Essentially, the applicator was designed as a cannula with a distal
heat-generating γ−Fe2O3:PDMS nanocomposite tip and a proximal insulated shaft.

In this study, we explored the feasibility of using photothermally heated superpara-
magnetic (Fe3O4) nanocomposites (SNCs)-based implants for IT. First, we performed
structural and optical characterization of the commercially purchased MNPs. Then, we
prepared and studied the structural properties of SNC as a function of weight fraction
(φmnp = 10 wt.%). Lastly, cubic implants fabricated from the SNCs were used in pho-
tothermal heating experiments in three different media: aqueous solution, cell (in-vitro)
suspensions and agarose gel.

2. Materials and Methods
2.1. SNC Preparation and Implant Fabrication
2.1.1. SNC Preparation

SNC was prepared by mixing Fe3O4 NP with pristine PDMS (Sylgard 184 silicone elas-
tomer kit, Dow Corning Corporation, Auburn, MI, USA). We began with the preparation
of the PDMS matrix by mixing the pre-polymer base (monomer) and cross-linking agent
(hardener) according to the manufacturer’s recommended ratio of 10:1 by weight [28]. The
mixture was stirred for 10 min with a spatula followed by the addition of the Fe3O4 NP
and another round of stirring for 10 min to ensure uniform distribution. The resulting
uncured mixture was degassed using a desiccator (Vibro-deairator, Gilson Company Inc.,
Lewis Center, OH, USA) for an hour to remove any trapped air bubbles. Pristine PDMS
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(Fe3O4-free), was studied as a control. The names of the implant specimens and their
compositions are summarized in Table 1.

Table 1. Composition of the implant specimens.

No. Sample Name

Weight Fraction, (wt.%)

[Fe3O4], (Magnetite) [n−C2H6OSi−n], (PDMS)
φmnp φpdms

1 MNP-0 0 100
2 MNP-10 10 90

2.1.2. Implant Specimen Fabrication

The same fabrication process was used to fabricate all samples. It involved the follow-
ing steps: (a) poured the molten mixture (either SNC or pristine PDMS) into 3D-printed
PMMA cubic molds (see Figure 1), which had a cubic geometry with a side length of
0.5 cm, (b) degassed again to eliminate any remaining bubbles before and (c) then placed
it into an oven with the temperature set to 100 ◦C for 35 min according to manufacturer
specification [28]. After step (c), we peeled off the implant from the mold and placed them
in a desiccator to preserve them.

Figure 1. Photograph of the 3D-printed PMMA mold used to fabricate the implant specimens.

2.2. Materials Characterization Techniques

Fe3O4 NPs (99.7%, 15–20 nm, US Research Nanomaterials Inc., Houston, TX, USA)
were characterized by Transmission Electron Microscopy (TEM, Philips CM10, Philips
Electron Optics, Eindhoven, The Netherlands) , X-ray Diffractomatry (XRD, D8 FOCUS
X-ray, Bruker AXS GmbH, Karlsruhe, Germany) at a power of 45 kV × 40 mA and UV-vis
spectroscopy (GENESYS 10S UV-vis, Thermo Fisher Scientific, Madison WI, USA) for
crystal structure morphology and their absorption at wavelength, λ = 810 nm, respectively.
The microstructure and the functional groups of the SNCs were studied using Scanning
Electron Microscopy (SEM, FEI, Hillsboro OR, USA) and FTIR spectroscopy (Tensor 27,
Bruker Inc., Madison, WI, USA) over the wavelength range of 0.6–3 µm−1, respectively.
The SEM photographs were obtained at a magnification of 2k and an operating voltage of
10 kV.

2.3. Cell Culture and Cytotoxicity Assay

20 µL of 1 × 105 malignant cell line MDA-MB-231 (American Type Culture Collection,
Manassas, VA, USA) was cultured in a 75 cm2 CELLTREAT tissue culture flask (T75 flask),
(Pepperell, MA, USA) under normal atmospheric pressure levels in an L-15 medium and
supplemented with 100 I.U. mL−1 penicillin/100 µg mL−1 streptomycin and 10% FBS to
form a“L15+” medium at 37 ◦C for 72 h to obtain about 70% confluent cells in the tissue
culture flask. Subsequently, the cells were washed with sterile DPBS, followed by Trypsin-
EDTA solution to reduce the concentration of divalent cations and proteins that inhibit
trypsin action. To detach the cells from the surface of the flask, the solutions in the flask
were kept in the incubator for 2 min. L15+ medium was added and the combination of cells
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in these solutions was centrifuged to allow counting of live cells, and then resuspended in
1 mL of the L15+ medium.

Cytotoxicity was measured with Trypan Blue Exclusion assay according to the manu-
facturer’s instructions. In brief, the method was used to measure cytotoxicity Trypan blue
stock solution was added to cell suspensions and the resulting solutions were loaded into
a hemacytometer and examined under an optical microscope at low magnification. Cell
viability was determined from the following expression:

% cell viability = [1.0 − (viable cells ÷ total cells)]× 100 (1)

Viable cells, which are cells that turned blue after trypan blue dye uptake. Total cells
represent the number of cells counted before application of the laser. Relative cell viability
was measured by comparison with a control, which corresponds to a condition without an
implant (cells only).

2.4. Agarose Gel Preparation

We prepared the 1.2% agarose gel that used in all experiments by adding 0.6 g of
agarose powder was to a beaker containing 50 mL of water. Then we placed the solution
in a microwave (Cookworks EM820CFD F-PM 20L Solo, Argos Ltd, Milton Keynes, MK9
2NW, England) and heated at full power (800 W) until agarose was completely dissolved.
The hot solution was then removed from the microwave and pour into culture dishes,
which were empty or contained MNP-10 implant(s), and allowed to cool and consequently
solidify.

2.5. Photothermal Measurements

Photothermal heating experiments were performed using three different media: aque-
ous solution, cell (in-vitro) suspensions and agarose gel (see Figure 2). For each media,
irradiation was performed with a near-infrared continuous radiation at 810 nm (Photon Soft
Tissue Diode Laser, Zolar Technology & MFG, Mississauga, ON, Canada) with an external
adjustable power, P0 (0–3 W). The distance between the sample and the laser was 1–2 cm
and the laser spot diameter was 1 mm. The P0 range that was used was 0.5–1.5 W, step
size: 0.5 W. Each sample was identically irradiated for 5 min. To estimate the associated
variability, all experiments were run in triplicates.

Figure 2. Schematic of the experimental setups for photothermal measurments. The experiments
involved the irradiation of implant(s) embedded in: (Left) 0.5 mL deionized water or cell suspension
contained in a 1.5 mL Eppendorf tube and (Right) agarose gel contained in a plastic Petri dish with
a different power of NIR radiation at λ = 810 nm. Temperature measurements were taken with a
thermocouple or IR camera.
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2.5.1. Aqueous Solution and Cell (In-Vitro) Suspensions

The samples (implants placed in 0.5 mL of deionized water or cell suspension) were
contained in a 1.5 mL Eppendorf tube. Deionized water containing no implant was used
as control. The resulting temperature rise on the bottom surface of the Eppendorf tube
was recorded by thermocouples (K-type, National Instrument, Austin, TX, USA) connected
placed to a portable data acquisition system (NI USB-9222A, National Instruments, Austin,
TX, USA) and recorded every 30 s with NI-DAQmx (National Instruments, Austin, TX,
USA) and software (LabVIEW 8.6, National Instruments, Austin, TX, USA).

2.5.2. Agarose Gel

Three types of samples were prepared including: agarose gel plus (a) zero (studied
as control, Figure 3a), (b) one (Figure 3b) and (c) two (interval of 0.5 cm, Figure 3c). We
obtained thermal images of the outer top surface of agar using an infrared thermal imaging
camera (FLIR 128 System, FLIR Systems Inc., Wilsonville, OR, USA).

(a) (b) (c)

Figure 3. Photographs of the configuration of MNP-10 implant(s) in agarose gel. Three samples were
studied: agarose gel and (a) no (studied as control), (b) one and (c) two (interval between them is
0.5 cm) implant(s). The samples were placed into 90 mm cell culture dishes. Scale bar: 1.0 cm.

3. Results
3.1. Structural, Optical and Chemical Analysis
3.1.1. MNP Properties

Since the MNPs were purchased commercially, structural characterization was used to
verify the specification provided by the manufacturer. The 2θ peaks at 31.5◦, 35.8◦, 38.35◦,
42.75◦, 47.2◦, 54.04◦, 57.24◦, and 62.75◦ revealed by X-ray diffraction spectra (Figure 4a)
corresponds to diffraction planes 220, 311, 222, 400, 110, 422, 511, and 440, respectively.
These planes have been attributed to the cubic spinel phase of Fe3O4 (space group, Fd-
3m, JCPDS-#19-0629) implying that the NPs are crystalline Fe3O4. TEM revealed the
spherical morphology of the MNPs (Figure 4b). Using the Image J software, we analyzed
the sizes of about 20 particles (Figure 4b) and found a diameter range, D, that was between
13–25 nm (Figure 4c). However, it can be observed that the majority (15 out of 20) of the
particles were between the 15-20 nm range as specified by the manufacturer. Under UV-
vis-NIR measurement, we observed that 6 mM of the MNPs exhibited an extended optical
absorbance that slowly increased in the NIR region compared to the visible light region
(see Figure 4d). The UV-vis-NIR absorbance intensity at 810 nm increased linearly with
concentration, from 0.35 ([Fe3O4] = 6 mM) to 1.51 ([Fe3O4] = 24 mM) (Figure 4e). The linear
increase of absorbance with the range of [Fe3O4] tested in this study is consistent with
previously reported results in the literature [29,30]. The absorbance has been attributed to
multiple charge (electron) transfer [31]. It is important to note here that at higher [Fe3O4]
(100 mM according to Shen et al. [29]) relationship becomes nonlinear because of saturation.
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(a) (b) (c)

(d) (e)

Figure 4. Structural and optical characterization of MNPs results. (a) X-ray diffraction spectra of
MNPs at a power of 45 kV × 40 mA (Adapted from [32]). (b) Transmission electron microscopy of
Fe3O4 at magnification of 0.5 mm, scale bar: 100 nm and (c) the corresponding nanoparticle count as
a function of size, D. UV-vis-NIR absorbance spectra as a function of (d) λ for 6 mM of MNPs and (e)
[Fe3O4] at λ = 810 nm.

3.1.2. SNC Properties

The functional groups and bonding characteristics of the SNC and pristine PDMS
samples were studied and their FTIR spectra are shown in Figure 5a). The bands at I
(7.56–8.64 m−1), II (10.10–10.57 m−1), III & IV (12.57 & 14.11 m−1), and V (29.50–29.62 m−1)
relate to -CH3 rocking and Si-C stretching in Si-CH3, Si-O-Si stretching, -CH3 deformation
in Si-CH3, and asymmetric -CH3 stretching in Si-CH3. It is clear from the results that
the characteristic peaks of MNP-0 were not affected when φmnp was 10 (MNP-10). The
UV-vis-NIR absorbance intensity of the nanocomposites at 810 nm increased linearly
with concentration, from 0.023 (θmnp = 0 wt.%) to 3.7 (θmnp = 10 wt.%) (Figure 5b). The
SEM photomicrograph of the surface of MNP-0 shows wrinkles, characteristic mounds and
perforations (Figure 5c). Compared MNP-0, MNP-10 showed more wrinkles (Figure 5d) and
it can also be observed that the mounds were still present with some trace of MNP clusters,
which can affect the optical property and consequently the heat generation capabilities.
In a recent study, Wang et al. [33] experimentally found that for the largest aggregate
(contained 30 Au NPs) that was used, extinction cross-section of Au NPs reduced by up to
25% resulting in ≈10% decrease in heat generated.
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(a) (b) (c) (d)

Figure 5. Structural and optical characterization SNCs results. (a) Fourier Transform Infrared spectra
of all samples. (b) The UV-vis-NIR absorbance intensity of the nanocomposites at 810 nm. Scanning
Electron Microscopy of (c) MNP-0 and (d) MNP-10.

3.2. Photothermal Heating
3.2.1. Aqueous Solution

To show Fe3O4 as the main component that provides the majority of the photother-
mal heat relative to the other components: water and PDMS matrix, we monitored the
temperature rise, T as a function of time, t during the irradiation of (a) water only, (b)
water and MNP-0, and (c) water and MNP-10. The results are summarized in Figure 6
( Error bars are standard error measurements) and Table 2. Generally, it can be clearly
seen that the heat generation rates and maximum temperatures obtained after 5 min of
deionized water consistently increased with P0 and when MNP-0 or MNP-10 implants
was added. Starting with the control sample, ∆T increased from ≈2.9 ◦C to ≈9.0 ◦C when
P0 was increased from 0.5 W to 1.5 W (see Table 2). This can be attributed to excitation
energy due to the vibrational transitions that are rapidly converted into heat [34]. When the
deionized water was irradiated together with implant MNP-0, the temperature increased
slightly (relative to water only) by approximately 1.0, 1.67 and 1.8 ◦C for 0.5, 1.0 and 1.5 W,
respectively. The additional heat generated can be attributed to the vibrational overtone
of the combination bands of the CH3-groups of the PDMS in the NIR region [35]. When
MNP-0 was replaced by MNP-10, maximum ∆T increased by approximately two folds
for each three P0 relative to that obtained for when MNP-0 was used (see Table 2). For
instance, when P0 = 1.0 W was used, ∆T increased to ≈14 ◦C from ≈7.37 ◦C (for the
MNP-0 implant), representing an increase of ≈90% (see Table 2). The trend of temperature
rise recorded here is consistent with results in the literature [21,30]. It is important to know
here that we observed higher error margins for the MNP-10 implant. This was expected
and can be attributed to non-uniform distributions of the NPs as well as the formation of
the NP clusters, which were revealed by the SEM images (see Figure 5d).
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(a) (b) (c)

Figure 6. Photothermal heating generation in water results. A comparison of temporal curves for
the different samples: (a) Water only (control), as well as that consisted of implants (b) MNP-0 and
(c) MNP-10 and deionized water during irradiation with different powers: P0 (0.5–1.0 W, step size:
0.5 W, λ = 810 nm) for 5 min. For all measurements, T0 = 29 ◦C.

Table 2. Summary of the mean ∆T (±s.e.m) (◦C) measured after 5 min of irradiation of the 4 different
samples, which included water only (a) as well as those consisting of implants: MNP-0 (b), MNP-5 (c)
MNP-10 (d) and deionized water during irradiation with different laser powers: P0 (0.5–1.0 W, step
size: 0.5 W) for 5 min.

P0 (W)
∆T(±s.e.m.) (◦C)

Water Only (Control) MNP-0 MNP-10

0.5 2.9 (±0.3) 3.9 (±0.6) 7.9 (±0.6)
1.0 5.7 (±0.2) 7.37 (±0.4) 14.0 (±2.2)
1.5 9.0 (±0.1) 10.8 (±0.8) 17.7 (±1.6)

3.2.2. Cell Suspensions

Based on the photothermal heating results in aqueous solution, we used a P0 = 1 W
and a single MNP-10 implant to generate hyperthermic temperature within MDA-MB cells
and investigated the effect of their viability as a function of the duration of irradiation. The
results are presented in Figure 7 where cell viability (CV) is presented as a function of P0
and t. Cell suspensions containing no implant were studied as control.

Figure 7. Cell Viability (CV) results. CV was assessed with Trypan Blue assay using MDA-MB-231
breast cancer cells. (a) CV and (b) T as a function of P0 (0.5–1.0 W, λ = 810 nm). (c) CV and (d) T as a
function of time. For all measurements, an initial T0 = 37 ◦C.

As expected, the results show that the viability of MDA-MB cells decreased with
temperature controlled with P0 or t. For the case when P0 was varied from 0.5 to 1.0 W, the
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CV for the control sample remained relatively unchanged (≈97%) after 5 min of irradiation.
However, when the implant was irradiated together with the cells, the CV dropped to 88.8%
and 74.4% for 0.5 W and 1.0 W, respectively (Figure 7a). The corresponding T were 40.3
and 47.9 ◦C (see Figure 7b), respectively. For the case when t was varied, the CV decreased
from 74.4% to 56.4% when the time was increased from 5 to 10 min under irradiation power
of 1.0 W (Figure 7c). The corresponding corresponding final temperatures were 47.9 and
51.7 ◦C (Figure 7d), respectively. The time dependence of the cell death due to elevated
temperature levels has been previously reported [36,37].

3.2.3. Agarose Gel

A desirable feature of the implant technique is the opportunity to control the geometry
of tissue lesion by varying the number as well as the arrangement of implants within
the tissue[4,5]. We studied this feature using an 1.2% agarose gel model to represent soft
tissue[38].

When agarose gel was irradiated without an implant, ∆T was relatively small (∆T3 ◦C)
resulting in a non-distinctive temperature profile (Figure 8a). For the case when a single
implant was heated together with the agarose gel, ∆T increased by about 333% (∆T = 13 ◦C)
and the temperature profile was revealed to have circular geometry and the maximum
temperature (∆ = 42 ◦C) occurred around the implant and decreased radially outward
(Figure 8b). In addition to the obvious increase in ∆T (about ≈443% and ≈25%) when the
number of implants was doubled, the temperature distribution increased and took the form
of an ellipsoidal shape (Figure 8c). The results demonstrate how the temperature profile
can potentially be manipulated using the number and configuration of the implants within
the tumor. These results are similar to previously reported studies using thermoseeds [4,5].

(a) (b) (c)

Figure 8. Photothermal heating generation in agarose gel results. Infrared thermographic images
after NIR irradiation (P0 = 1.0 W, λ = 810 nm) of (a) agarose gel only (control) and agarose gel
containing (b) a single and (c) double MNP-10 implants. Scale bar: 1.5 cm.

4. Discussion

The preclusion of the clinical translation of the conventional thermoseed technique
have been attributed to two main problems: (a) biocompatibility and corrosiveness of the
metallic alloys and (b) the high number of implants needed to achieve therapeutic tempera-
ture levels due to the inability of the AMF to directly heat the tissue. The combination of
multifunctional polymer nanocomposites and photothermal heating in the manner present
here has the potential to overcome the problems associated with the thermoseed technique.

For the problem related to the material properties of metallic alloys, implants fabricated
from multifunctional nanocomposite will benefit from the plethora of novel biocompatible
polymer systems and nanomaterials coupled with their facile synthesis methods [25]. In
the last few decades, the design, fabrication and application of these materials have played
a major role in opening up new frontiers in several theranostic applications [23–25]. Some
of the most commonly used polymeric implants include silicone rubbers, polyethylenes,
polyetheretherketones (PEEK) and bioabsorbables-polylactic acid (PLA), polyglycolic acid
(PGA) and their copolymers and Teflon [25,39,40]. Unlike the conventional metallic alloys
thermoseeds, these polymers are mostly biocompatible, resistant to corrosion as well as
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amenable to additive fabrication techniques such as 3D printing that can enable rapid
prototyping and fabrication of implants at the point of care. The desirable thermal self-
regulating feature of ferromagnetism can be introduced into the polymer using purposely
designed metallic oxide NPs, which have been previously reported in the literature [41,42].
Furthermore, the efficacy and safety of treatment can be enhanced by exploiting properties
of polymer and NPs. One option is using specialized polymer systems to design implants
for multimodal (simultaneous heat + drugs) applications [23,39]. Another option is the
exploitation of the capability of metal-oxide NPs to generate heat under NIR laser and
AMF exposure to design implants for the so-called DUAL-mode applications, which have
been shown to enhance the safety of treatment [30,43].

When NIR radiation interacts with biological media, it can generate heat, unlike AMF,
which has no thermal effect. This phenomenon can be exploited to solve the thermoseed
technique’s problem of requiring a high number of implants required to achieve ther-
apeutic temperature levels. The optothermal response of any material depends on an
interplay between the optical properties of the material (absorption/scattering coefficient,
anisotropy) and the radiation protocol, which includes optical parameters of the incident
light (wavelength, power/energy, spot size), irradiation time and mode of laser delivery
(extracorporeal or interstitial applicator) [44]. Although NIR radiation has been shown to
have good penetrability in biological media [45], issues related to the turbidity of biological
media affect the light distribution and limit the applicability of extracorporeal irradiation
to superficial tumors [46]. Recent technological advances in laser delivery techniques have
led to the development of several applicators that can be exploited to enhance the efficiency
of light delivery to deep-seated tumors [14]. These minimally invasive applicators, which
are usually light-guiding optical fiber waveguides with diffusing tips [14,47], have been
described in the literature as safe and effective [48].

Finally, the results that were presented here offer a context to discuss the feasibility
of using photothermally-heated nanocomposite implants, However, an extensive study
that combines experiments and computational techniques is needed to obtain a realistic
assessment of the actual performance of this novel approach [49,50].

5. Conclusions

In this paper, we explored the properties of superparamagnetic polymer nanocompos-
ites in terms of their structural, optical and photothermal capabilities. After confirming the
properties of Fe3O4 NPs, we mixed them with molten PDMS to form the nanocomposite,
poured the mixture into cubic molds and cured at 100 ◦C for 35 min. After curing, the re-
sulting nanocomposite implant had no new bond formed between the NP fillers and PDMS
matrix. Subsequently, we elucidad the photothermal heating behavior of the implants
in 3 different media: aqueous solution, cell suspensions (in-vitro) and agarose gel. Our
measurements in aqueous solution clearly showed that the addition of the Fe3O4 NPs to the
PDMS matrix increased the temperatures. Similar trends were observed for cell suspensions
and agarose gel to reduce cell viability and lesion size, respectively. Collectively, the results
demonstrate that SNC implants embedded in a media can generate photothermal heat to
increase temperature levels when irradiated with NIR laser. Furthermore, SNCs provide
several opportunities for the potential replication of desirable features associated with
conventional thermoseed as well as overcome challenges associated with them towards
the development of a smart and efficient implant-based technique for IT. Our long-term
goal is to develop an IT technique based on polymer nanocomposite implants that can be
optimized based on patient data and fabricated at the point of care.

Author Contributions: Conceptualization, A.Y. and K.K.-D.; methodology, I.B.Y., S.W.K.H., A.Y. and
K.K.-D.; software, A.Y. and K.K.-D.; formal analysis, I.B.Y., S.W.K.H., A.Y. and K.K.-D.; investigation,
I.B.Y., S.W.K.H., A.Y. and K.K.-D.; writing—original draft preparation, A.Y. and K.K.-D.; writing—
review and editing, I.B.Y., S.W.K.H., A.Y. and K.K.-D.; project administration, K.K.-D.; funding
acquisition, K.K.-D. All authors have read and agreed to the published version of the manuscript.



Nanomaterials 2022, 12, 955 11 of 13

Funding: Research reported in this publication was supported by the Fogarty International Center
and National Institute of Biomedical Imaging and Bioengineering, of the National Institutes of Health
under Award Number D43 TW010543. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: We acknowledge the support of Building the Next Generation of Academics in
Africa (BANGA-Africa) project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stauffer, P.R.; Cetas, T.C.; Jones, R.C. Magnetic induction heating of ferromagnetic implants for inducing localized hyperthermia

in deep-seated tumors. IEEE Trans. Biomed. Eng. 1984, 31, 235–251. [CrossRef] [PubMed]
2. Brezovich, I.A.; Atkinson, W.J. Temperature distributions in tumor models heated by self-regulating nickel-copper alloy ther-

moseeds. Med. Phys. 1984, 11, 145–152. [CrossRef] [PubMed]
3. Meredith, R.F.; Brezovich, I.A.; Weppelmann, B.; Henderson, R.A.; Brawner, W.R., Jr.; Kwapien, R.P.; Bartolucci, A.A.; Salter, M.M.

Ferromagnetic Thermoseeds: Suitable for an Afterloading Interstitial Implant. Int. J. Radiat. Oncol. Biol. Phys. 1989, 17, 1341–1346.
[CrossRef]

4. Chen, Z.; Roemer, R.B.; Cetas, T.C. Three dimensional simulations of ferromagnatic implant hyperthermia. Med. Phys. 1992, 19,
989–997. [CrossRef]

5. Dughiero, F.; Corazza, S. Numerical simulation of thermal disposition with induction heating used for oncological hyperthermic
treatment. Med. Biol. Eng. Comput. 2005, 43, 40–46. [CrossRef]

6. Xia, Q.-S.; Liu, X.; Xu, B.; Zhao, T.-D.; Li, H.-Y.; Chen, Z.-H.; Xiang, Q.; Geng, C.-Y.; Pan, L.; Hu, R.-L.; et al. Feasibility study of
high-temperature thermoseed inductive hyperthermia in melanoma treatment. Oncol. Rep. 2011, 25, 953–962.

7. Luo, S.; Wang, L.F.; Ding, W.J.; Wang, H.; Zhou, J.M.; Jin, H.K.; Su, S.F.; Ouyang, W.W. Clinical trials of magnetic induction
hyperthermia for treatment of tumours. OA Cancer 2014, 2, 2.

8. Paulus, J.A.; Parida, G.R.; Tucker, R.D.; Park, J.B. Corrosion analysis of NiCu and PdCo thermal seed alloys used as interstitial
hyperthermia implants. Biomaterials 1997, 18, 1609. [CrossRef]

9. Brezovich, I.A.; Meredith, R.F. Practical aspects of ferromagnetic thermoseeds hyperthermia. Radiol. Clin. N. Am. 1989, 27,
589–602.

10. Liu, J.; He, H.; Xiao, D.; Yin, S.; Ji, W.; Jiang, S.; Luo, D.; Wang, B.; Liu, Y. Recent advances of plasmonic nanoparticles and their
applications. Materials 2018, 11, 1833. [CrossRef]

11. Doughty, A.C.V.; Hoover, A.R.; Layton, E.; Murray, C.K.; Howard, E.W.; Chen, W.R. Nanomaterial applications in photothermal
therapy for Cancer. Materials 2019, 12, 779. [CrossRef] [PubMed]

12. Yougbaré, S.; Mutalik, C.; Krisnawati, D.I.; Kristanto, H.; Jazidie, A.; Nuh, M.; Cheng, T.-M.; Kuo, T.-R. Nanomaterials for the
Photothermal Killing of Bacteria. Nanomaterials 2020, 10, 1123. [CrossRef] [PubMed]

13. Estelrich, J.; Busquets, M.A. Iron Oxide Nanoparticles in Photothermal Therapy. Molecules 2018, 23, 1567. [CrossRef] [PubMed]
14. Jaufred, L.; Samadi, A.; Klingberg, H.; Bendix, P.M.; Oddershede, L.B. Plasmonic heating of nanostructures. Chem. Rev. 2019,

119, 8087–8130 . [CrossRef]
15. Ashikbayeva, Z.; Tosi, D.; Balmassov, D.; Schena, E.; Saccomandi, P.; Inglezakis, V. Application of nanoparticles and nanomaterials

in thermal ablation therapy of cancer. Nanomaterials 2019, 9, 1195. [CrossRef]
16. Maier-Hauff, K.; Ulrich, F.; Nestler, D.; Niehoff, H.; Wust, P.; Thiesen, B.; Orawa, H.; Budach, V.; Jordan, A. Efficacy and safety of

intratumoral thermotherapy using magnetic iron-oxide nanoparticles combined with external beam radiotherapy on patients
with recurrent glioblastoma multiforme. J. Neuro-Oncol. 2011, 103, 317–324. [CrossRef]

17. Johannsen, M.; Thiesen, B.; Wust, P.; Jordan, A. Magnetic nanoparticle hyperthermia for prostate cancer. Int. J. Hyperth. 2010, 26,
790–795. [CrossRef]

18. Johnson, R.J.G.; Schultz, J.D.; Lear, B.J. Photothermal Effectiveness of Magnetite Nanoparticles: Dependence upon Particle Size
Probed by Experiment and Simulation. Molecules 2018, 23, 1234. [CrossRef]

19. Cabana, S.; Curcio, A.; Michel, A.; Wilhelm, C.; Abou-Hassan, A. Iron Oxide Mediated Photothermal Therapy in the Second
Biological Window: A Comparative Study between Magnetite/Maghemite Nanospheres and Nanoflowers. Nanomaterials 2020,
10, 1548. [CrossRef]

20. Bertuit, E.; Benassai, E.; Mériguet, G.; Greneche, J.-M.; Baptiste, B.; Neveu, S.; Wilhelm, C.; Abou-Hassan, A. Struc-
ture–Property–Function Relationships of Iron Oxide Multicore Nanoflowers in Magnetic Hyperthermia and Photothermia. ACS
Nano 2022, 16, 271–284. [CrossRef]

http://doi.org/10.1109/TBME.1984.325334
http://www.ncbi.nlm.nih.gov/pubmed/6706353
http://dx.doi.org/10.1118/1.595490
http://www.ncbi.nlm.nih.gov/pubmed/6727789
http://dx.doi.org/10.1016/0360-3016(89)90547-6
http://dx.doi.org/10.1118/1.596787
http://dx.doi.org/10.1007/BF02345121
http://dx.doi.org/10.1016/S0142-9612(97)00102-6
http://dx.doi.org/10.3390/ma11101833
http://dx.doi.org/10.3390/ma12050779
http://www.ncbi.nlm.nih.gov/pubmed/30866416
http://dx.doi.org/10.3390/nano10061123
http://www.ncbi.nlm.nih.gov/pubmed/32517253
http://dx.doi.org/10.3390/molecules23071567
http://www.ncbi.nlm.nih.gov/pubmed/29958427
http://dx.doi.org/10.1021/acs.chemrev.8b00738
http://dx.doi.org/10.3390/nano9091195
http://dx.doi.org/10.1007/s11060-010-0389-0
http://dx.doi.org/10.3109/02656731003745740
http://dx.doi.org/10.3390/molecules23051234
http://dx.doi.org/10.3390/nano10081548
http://dx.doi.org/10.1021/acsnano.1c06212


Nanomaterials 2022, 12, 955 12 of 13

21. Chu, M.; Shao, Y.; Peng, J.; Dai, X.; Li, H.; Wu, Q.; Shi, D. Near-infrared laser light mediated cancer therapy by photothermal
effect of Fe3O4 magnetic nanoparticles. Biomaterials 2013, 34, 4078–4088. [CrossRef] [PubMed]

22. Yiu, H.H.P.; Niu, H.-J.; Biermans, E.; van Tendeloo, G.; Rosseinsky, M.J. Designed multifunctional nanocomposites for biomedical
applications. Adv. Funct. Mater. 2010, 20, 1599–1609 [CrossRef]

23. Merino, S.; Martı́n, C.; Kostarelos, K.; Prato, M.; Vázquez, E. Nanocomposite hydrogels: 3D polymer nanoparticle synergies for
On-Demand drug delivery. ACS Nano 2015, 9, 4686–4697. [CrossRef] [PubMed]

24. Bakhtiari, S.S.E.; Bakhsheshi-Rad, H.R.; Karbasi, S.; Tavakoli, M.; Razzaghi, M.; Ismail, A.F.; RamaKrishna, S.; Berto, F. Polymethyl
Methacrylate-Based Bone Cements Containing Carbon Nanotubes and Graphene Oxide: An Overview of Physical, Mechanical,
and Biological Properties. Polymers 2020, 12, 1469. [CrossRef]

25. Jang, L.-W.; Lee, J.; Razu, M.E.; Jensen, E.C.; Kim, J. Fabrication of PDMS Nanocomposite Materials and Nanostructures for
Biomedical Nanosystems. IEEE Trans. Nanobiosci. 2015, 14, 841-849. [CrossRef]

26. Bonyár, A.; Izsold, Z.; Borók, A.; Csarnovics, I.; Himics, L.; Veres, M.; Harsxaxnyi, G. PDMS-Au/Ag Nanocomposite Films as
Highly Sensitive SERS Substrates. Proceedings 2018, 2, 1060. [CrossRef]

27. Konku, K.Y.; Kutor, J.; Yaya, A.; Kan-Dapaah, K. Ablation of Hepatic Tumors through the Use of a Novel Magnetic Nanocomposite
Probe: Magnetic Characterization and Finite Element Method Analysis. J. Nanotechnol. 2019, 2019, 6802125. [CrossRef]

28. SYLGARD 184 Silicone Elastomer Kit. Available online: https://www.dow.com/en-us/pdp.sylgard-184-silicone-elastomer-kit.
01064291z.html (accessed on 1 December 2020),

29. Shen, S.; Kong, F.; Guo, X.; Wu, L.; Shen, H.; Xie, M.; Wang, X.; Jin, Y.; Ge, Y. Cmcts Stabilized Fe3O4 Particles with Extremely
Low Toxicity as Highly Efficient near-Infrared Photothermal Agents for in Vivo Tumor Ablation. Nanoscale 2013, 5, 8056–8066.
[CrossRef]

30. Espinosa, A.; Di Corato, R.; Kolosnjaj-Tabi, J.; Flaud, P.; Pellegrino, T.; Wilhelm, C. Duality of Iron Oxide Nanoparticles in Cancer
Therapy: Amplification of Heating Efficiency by Magnetic Hyperthermia and Photothermal Bimodal Treatment. ACS Nano 2016,
10, 2436–2446. [CrossRef]

31. Tang, J.; Myers, M.; Bosnick, A.; Brus, L.E. Magnetite Fe3O4 Nanocrystals: Spectroscopic Observation of Aqueous Oxidation
Kinetics. J. Phys. Chem. B 2003, 107, 7501–7506. [CrossRef]

32. Yeboah, I.B.; Hatekah, S.W.K.; Konku-Asase, Y.K.; Yaya, A.; Kan-Dapaah, K. Destruction of Fibroadenomas Using Photothermal
Heating of Fe3O4 Nanoparticles: Experiments and Models. Appl. Sci. 2020, 10, 5844. [CrossRef]

33. Wang, Y.; Gao, Z.; Han, Z.; Liu, Y.; Yang, H.; Akkin, T.; Hogan, C.J.; Bischof, J.C. Aggregation affects optical properties and
photothermal heating of gold nanospheres. Sci. Rep. 2021, 11, 898. [CrossRef] [PubMed]

34. Zhan, Q.Q.; Qian, J.; Liang, H.J.; Somesfalean, G.; Wang, D.; He, S.L.; Zhang, Z.G.; Andersson-Engels, S. Using 915 nm Laser
Excited Tm3+/Er3+/Ho3+- Doped NaYbF4 Upconversion Nanoparticles for In Vitro and Deeper In Vivo Bioimaging without
Overheating Irradiation. ACS Nano 2011, 5, 3744–3457. [CrossRef] [PubMed]

35. Cai, D.K.; Neyer, A.; Kuckuk, R.; Heise, H.M. Optical absorption in transparent PDMS materials applied for multimode
waveguides fabrication. Opt. Mater. 2008, 30, 1157–1161. [CrossRef]

36. Vorotnikova, E.; Ivkov, R.; Foreman, A.; Tries, M.; Braunhut, S.J. The magnitude and time-dependence of the apoptotic response of
normal and malignant cells subjected to ionizing radiation versus hyperthermia. Int. J. Radiat. Biol. 2006, 82, 549–559. [CrossRef]
[PubMed]

37. Boolbol, S.K.; Cate, S.P. Role of ablation in the treatment of breast cancer: A review. World J. Surg. Proceed. 2015, 5, 106–110.
[CrossRef]

38. Chen, Z.J.; Broaddus, W.C.; Viswanathan, R.R.; Raghavan, R.; Gillies, G.T. Intraparenchymal drug delivery via positivepressure
infusion: Experimental and modeling studies of poroelasticity in brain phantom gels. IEEE Trans. Biomed. Eng. 2002, 6, 85–96.
[CrossRef]

39. Teo, A.J.T.; Mishra, A.; Park, I.; Kim, Y.-J.; Park, W.-T.; Yoon, Y.-J. Polymeric Biomaterials for Medical Implants and Devices.
Polymeric Biomaterials for Medical Implants and Devices. ACS Biomater. Sci. Eng. 2016, 2, 454–472. [CrossRef]

40. Stewart, S.A.; Domínguez-Robles, J.; Donnelly, R.F.; Larrañeta, E. Implantable Polymeric Drug Delivery Devices: Classification,
Manufacture, Materials, and Clinical Applications. Polymers 2018, 10, 1379. [CrossRef]

41. Yao, A.; Ai, F.; Wang, D.; Huang, W.; Zhang, X. Synthesis, characterization and in-vitro cytotoxicity of self-regulating magnetic
implant material for hyperthermia application. Mater. Sci. Eng. C 2009, 29, 2525–2529. [CrossRef]

42. Zhang, W.; Zuo, X.; Niu, Y.; Wu, C.; Wang, S.; Guanb, S.; Ravi, S.; Silva, P. Novel nanoparticles with cr3+ substituted ferrite for
self-regulating temperature hyperthermia. Nanoscale 2017, 9, 13929. [CrossRef] [PubMed]

43. Pan, P.; Lin, Y.; Gan, Z.; Luo, X.; Zhou, W.; Zhang, N. Magnetic field enhanced photothermal effect of Fe3O4 nanoparticles. J. Appl.
Phys. 2018, 123, 115115. [CrossRef]

44. Muller, G.J.; Roggan, A. Laser-Induced Interstitial Thermotherapy; SPIE Optical Engineering Press: Bellingham, WA, USA, 1995.
45. Wei, H.J.; Xing, D.; Wu, G.Y.; Jin, Y.; Gu, H.M. Optical properties of human normal small intestine tissue determined by

Kubelka-Munk method in vitro. World J. Gastroenterol. 2003, 9, 2068–2072. [CrossRef] [PubMed]
46. Hassaninia, I.; Bostanabad, R.; Chen, W.; Mohseni, H. Characterization of the Optical Properties of Turbid Media by Supervised

Learning of Scattering Patterns. Sci. Rep. 2017, 7, 15259. [CrossRef] [PubMed]
47. Schena, E.; Saccomandi, P.; Fong, Y. Laser Ablation for Cancer: Past, Present and Future. J. Funct. Biomater. 2017, 8, 19. [CrossRef]

[PubMed]

http://dx.doi.org/10.1016/j.biomaterials.2013.01.086
http://www.ncbi.nlm.nih.gov/pubmed/23465836
http://dx.doi.org/10.1002/adfm.200902117
http://dx.doi.org/10.1021/acsnano.5b01433
http://www.ncbi.nlm.nih.gov/pubmed/25938172
http://dx.doi.org/10.3390/polym12071469
http://dx.doi.org/10.1109/TNB.2015.2509602
http://dx.doi.org/10.3390/proceedings2131060
http://dx.doi.org/10.1155/2019/6802125
https://www.dow.com/en-us/pdp.sylgard-184-silicone-elastomer-kit.01064291z.html
https://www.dow.com/en-us/pdp.sylgard-184-silicone-elastomer-kit.01064291z.html
http://dx.doi.org/10.1039/c3nr01447a
http://dx.doi.org/10.1021/acsnano.5b07249
http://dx.doi.org/10.1021/jp027048e
http://dx.doi.org/10.3390/app10175844
http://dx.doi.org/10.1038/s41598-020-79393-w
http://www.ncbi.nlm.nih.gov/pubmed/33441620
http://dx.doi.org/10.1021/nn200110j
http://www.ncbi.nlm.nih.gov/pubmed/21513307
http://dx.doi.org/10.1016/j.optmat.2007.05.041
http://dx.doi.org/10.1080/09553000600876678
http://www.ncbi.nlm.nih.gov/pubmed/16966182
http://dx.doi.org/10.5412/wjsp.v5.i1.106
http://dx.doi.org/10.1109/10.979348
http://dx.doi.org/10.1021/acsbiomaterials.5b00429
http://dx.doi.org/10.3390/polym10121379
http://dx.doi.org/10.1016/j.msec.2009.07.021
http://dx.doi.org/10.1039/C7NR02356A
http://www.ncbi.nlm.nih.gov/pubmed/28726937
http://dx.doi.org/10.1063/1.5019598
http://dx.doi.org/10.3748/wjg.v9.i9.2068
http://www.ncbi.nlm.nih.gov/pubmed/12970908
http://dx.doi.org/10.1038/s41598-017-15601-4
http://www.ncbi.nlm.nih.gov/pubmed/29127385
http://dx.doi.org/10.3390/jfb8020019
http://www.ncbi.nlm.nih.gov/pubmed/28613248


Nanomaterials 2022, 12, 955 13 of 13

48. Verdaasdonk, R.M.; van Swol, C.F.P. Laser light delivery systems for medical applications. Phys. Med. Biol. 1997, 42, 869–894.
[CrossRef]

49. Asadi, M.; Beik, J.; Hashemian, R.; Laurent, S.; Farashahi, A.; Mobini, M.; Ghaznavi, H.; Shakeri-Zadeh, A. MRI-based numerical
modeling strategy for simulation and treatment planning of nanoparticle-assisted photothermal therapy. Phys. Med. 2019,
66, 124–132. [CrossRef]

50. Kannadorai, R.K.; Liu, Q. Optimization in interstitial plasmonic photothermal therapy for treatment planning. Med. Phys. 2013,
40, 103301. [CrossRef]

http://dx.doi.org/10.1088/0031-9155/42/5/010
http://dx.doi.org/10.1016/j.ejmp.2019.10.002
http://dx.doi.org/10.1118/1.4810935

	Introduction
	Materials and Methods
	SNC Preparation and Implant Fabrication
	SNC Preparation
	Implant Specimen Fabrication

	Materials Characterization Techniques
	Cell Culture and Cytotoxicity Assay
	Agarose Gel Preparation
	Photothermal Measurements
	Aqueous Solution and Cell (In-Vitro) Suspensions
	Agarose Gel


	Results
	Structural, Optical and Chemical Analysis
	MNP Properties
	SNC Properties

	Photothermal Heating
	Aqueous Solution
	Cell Suspensions
	Agarose Gel


	Discussion
	Conclusions
	References

