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Abstract

for translation into cancer therapy based on our findings.

Hybrid iron oxide-gold nanoparticles (HNPs) have shown potential in cancer therapy as agents for tumour ablation
and thermal switches for targeted drug release. Heat generation occurs by exploitation of the surface plasmon
resonance of the gold coating, which usually occurs at the maximum UV absorption wavelength. However, lasers
at such wavelength are often expensive and highly specialised. Here, we report the heating and monitoring of heat
dissipation of HNPs suspended in agar phantoms using a relatively inexpensive Ng: YAG pulsed 1064 nm laser source.
The particles experience heating of up to 40°C with a total area of heat dissipation up to 132.73 mm? from the 1 mm
diameter irradiation point after 60 seconds. This work reports the potential and possible drawbacks of these particles
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Introduction

Advances in technology have led to the exploitation of inorganic
molecules in cancer therapy. These include nanoparticles composed
of iron oxide [1], gold [2], quantum dots [3], carbon nanotubes [4],
silver nanoparticles [5] and many more. Hybrid nanoparticles (HNPs)
composed of an iron oxide core surrounded by a gold shell have shown
potential for image guided cancer therapy [6]. This is due to the unique
properties attributed from their architecture. The iron oxide core
confers magnetic ability whilst the gold shell increases biocompatibility
and offers further potential as a triggered heat source. When gold
nanoparticles or shells are irradiated with a unique wavelength they
undergo surface plasmon resonance (SPR) [7]. This phenomenon
arises when the light becomes scattered and absorbed by the particles,
the absorbed light rapidly transfers the light energy into heat energy
and hence the ability to act as a localized heating source is possessed
[8]. The exploitation of SPR has been reported in many publications
in relation to both tumour ablation [9] and thermally triggered drug
delivery [10].

In cancer therapy tumour ablation is an exciting alternative to
chemotherapy. Often traditional chemotherapies cannot penetrate the
dense tumor vasculature and drug resistance can also occur resulting
in low efficiency of treatment and poor patient prognosis [11]. Tumour
ablation is the process of destroying the tissue completely without the
possibility of recovery [12]. This is carried out by heating the tissue to a
temperature above the limit of cell survival which is thought to be 50°C
[13]. Thus the cells are effectively ‘burned’. This process is currently
carried out using laser irradiation at a wavelength of 532 nm [14]. At this
wavelength when the laser light encounters body tissue it is absorbed
resulting in heating. However, this process is indiscriminate and
healthy tissues are affected along with cancerous tissue. Development
of gold nanoparticles and nano-shells has allowed for advances in this
technology whereby, the wavelength can be increased into a region
where safe tissue penetration can occur and heating is only experienced
by the nanoparticulates in a highly localised manner.

Thermo-responsive drug delivery systems using gold nanoparticles
or nano-shells also exploit the SPR effect [15]. Here the particles are
heated in a controlled manner with specified laser power and duration

to reach an optimal temperature. This temperature should exceed the
normal body temperature for healthy tissue and tumour tissue but also
be less than the kill temperature of the cells. The temperature rise in
thermo-responsive delivery triggers release of the cargo payload from
the nanoparticles into the surrounding vasculature or intracellular
environment. The advantage of these systems is the ability to increase
the drug permeation into the dense tumours, which increases efficacy.
It is well documented that once encapsulated or conjugated onto
nanoparticulates, cellular uptake is increased possibly due to the
activation of endocytosis [16]. Additionally, nanoparticles have been
shown to passively target tumour tissue via the enhanced permeability
and retention effect. This phenomenon is due to accumulation of
these nano-systems inside the poorly formed capillaries of the tumour
vasculature, which cannot be accessed by larger scale molecules [17].
The poor lymphatic drainage in these areas results in vast accumulation,
which can act as a targeting mechanism for cancer therapies. This
can encourage deeper drug penetration in dense stroma, an efficacy-
limiting step in many cancer therapies.

In order for HNPs to be clinically relevant, an in-depth knowledge
of heat dissipation is required in order to properly understand depth
of heat penetration experienced and the effect of this heating on
surrounding tissues. Work has been reported for gold nanoparticles
and nano-shells, however many of these studies are mathematical
models and not based on actual experiments as well as using laser
wavelengths deemed to be inappropriate for this clinical application
[18,19]. Clinically, the optimal wavelengths for laser irradiation of
nanoparticles are within the ‘biological near infrared region (NIR)’
which is between 650 nm to 1350 nm [20]. Laser beams inside the
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NIR window are capable of deep tissue penetration due to the high
transmisivity of water and haemoglobin within these wavelengths
[21]. Many of the reports to date have been carried out using a 532 nm
green light source. As mentioned previously, light of this wavelength
unfortunately does not pass through biological tissues. Instead it
becomes absorbed and this results in heat discharge of nanoparticles
as well as the biological tissue rather than sole heating of nanoparticles.
Hence, different wavelengths need to be explored in order for thermo-
responsive delivery using HNPs to be clinically relevant.

The optimal wavelength for SPR irradiation usually occurs between
650-750 nm for gold nanoparticles and nano-shells, though this can be
further increased upon surface functionalisation [22]. Figure 1 shows
a representative UV spectrum of a gold nanoparticle. As seen in the
spectra, although the optimal wavelength sits around 670 nm the peak
is very broad and covers a large range of wavelengths. Thus, irradiation
at 532 nm as shown in other studies results in heating. This is also true
of irradiation at the red end of the spectra at 1064 nm. Here a heating
effect will be observed, this will have decreased efficiency compared
with the lambda max ()\max), however, there is still potential. Whilst it
is advantageous for this therapy to use a wavelength at the A__, laser
sources at such wavelengths are very expensive and would therefore
form another hurdle before clinical acceptance was reached.

Laser systems using 1064 nm pulsed sources are widely used both
in clinical settings for ophthalmic treatment and also in the cosmetic
industry for hair removal and tattoo removal [23]. Thus, these systems
are relatively cheap, portable and penetrate biological tissues with no
adverse effect. Other studies regarding the heating of nanoparticles via
SPR exploitation have shown that using pulsed laser irradiation is more
effective than continuous laser irradiation [24]. Findings show that the
higher energy in the short pulses result in greater thermal output and
hence is preferable.

In this study we aim to investigate the heating potential and
dissipation of HNPs after irradiation using a pulsed laser source at 1064 nm.
The HNPs were suspended in an agar phantom to mimic biological
tissue, two methods of measurement of thermal change will be used and
compared for accuracy. The effect of particle concentration on thermal
change and resultant cooling will be investigated. It is proposed that
these studies will be useful in determining whether our HNPs can be
used in future studies as localised heaters for either thermal ablation or
thermo-responsive drug delivery with 1064 nm irradiation.

Materials and Methods

All reagents were purchased from SigmaAldrich, UK unless
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Figure 1: Exploitation of SPR for heating HNPs. A) Schematic representation of A

otherwise stated. All optical components were purchased from Thor
Labs, Germany.

Synthesis of hybrid nanoparticles

HNPs were synthesised and characterised as previously reported
[25]. Briefly, iron oxide (Fe,O,) nanoparticles were characterized using
a simple precipitation reaction: NaOH (1.030 g) and KNO, (1.820 g) in
deionised water (H,0, 180 mL) was refluxed under nitrogen (N,) for 1 h.
Fe,0,.7H,0 (3.89 g) in H,SO, (20 mL) was added to the reaction and
heated for 24 h at 90°C. The black precipitate was cooled on ice and
washed in H,O. A poly(ethylenimine) (PEI) intermediate was added
via probe sonication of the particles (5 mL with 5 mg/mL"") polymer in
deionised water rendering Fe,0,-PEL Gold seeds (2 nm) were attached
to the PET surface (Fe,O,-PEI-Au__ ) followed by reduction of HAuCl,
forming a complete shell [26]. The HNPs were washed extensively with
deionised water and stored at room temperature.

Characterisation of hybrid nanoparticles

Metal content analysis was carried out using inductively coupled
plasma-optical emission spectroscopy (ICP-OES, Optima 7000V DV,
PerkinElmer, Wokingham, UK). An acid digestion was carried out in
conc. HNO_: HCI, 1:5 sample: acid). The samples were diluted with
deionised water prior to analysis. A calibration was run using iron and
gold standard solutions 0.5-5 mg mL™ (R = 0.9999). The concentration
of HNPs used for all experiments indicates the concentration of Fe.
Peak absorbance of HNPs in deionized water was measured using a
UV-2600 UV-Vis (NIR) with an ISR-2600 Plus Integrated sphere
(Shimadzu, Germany). Samples were analysed in quartz cuvettes,
absorbance scans were carried out between 200-1200 nm. The
hydrodynamic diameter and polydispersity index were estimated using
photon correlation spectroscopy (PCS) (Zetasizer Nano-ZS, Malvern
Instruments, Malvern, UK). All measurements were carried out at 25°C
(n = 3) and an average value determined. Zeta potential measurements
were carried out to determine surface charge using the same instrument
throughout the synthetic pathway. Transmission electron microscopy
(TEM) was used to visualize the particles. Samples were pipetted onto
formvar coated copper grids (2 pL) and dried under a heat lamp for 4
h. The grids were directly imaged using a JEOL JEM-1230 microscope
with ANAlysis software (JEOL, Japan).

Laser irradiation of HNPs

HNPs (500 pugmL™', 50 ugmL™"' 5 pgmL'and 0 ugmL™) were
dispersed into a 2% agar phantom in 35 mm petri dishes (Greiner, UK).
The samples were exposed to laser irradiation at 1064 nm using a ML-
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LASER-YB5 Q-switched Nd:YAG Laser Treatment System (WeiFang
MingLiang Electronics Company Ltd., China) Pulse width: 10 ns,
pulse repetition frequency: 1-6 Hz, laser spot diameter: 3 mm, cooling
system: water cooled with airflow cooling. The beam was collimated
through concave lenses to a 1 mm diameter and passed through the gel
centre. The gels were irradiated for 60 seconds and their cooling profile
monitored over 120 seconds. Changing temperature in the samples was
calculated as (Equation 1):

AT=(T (1)

final initial) - TAcomrol

Thermal monitoring using thermocouples

Temperature change was monitored using 0.076 mm diameter PFA
coated T-type thermocouples (Omega, UK). One thermocouple was
positioned at the centre of the laser spot and four others were placed
at 1 mm, 2 mm, 4 mm and 8 mm distance from the irradiation point.
All measurements were carried out at room temperature, 25°C (£ 3°C)
with one temperature sample per second recorded using a PICO USB
TC-08 data logger (Omega, UK).

Thermal monitoring using infrared camera imaging

Temperature change was measured using an Optris P1640 Thermal
Imaging Camera (Optris, Germany). The camera was positioned
5 cm away from the gel and focussed on the irradiation site. The data
was recorded on Optris PI Connect software (Optris, Germany). Data
samples were recorded every 0.1 second and data analysis was carried
out offline using direct measurement of the .vga files collected.

Results and Discussion

The fabrication of the HNPs was monitored closely through zeta
potential measurement (Figure 2A). The Fe,O, possessed a negative
surface charge of —24.9mV due to the surface sulfate associations from
the synthetic procedure. Subsequently the zeta potential shifted to
+47.5mV after coating of the Fe,O, core with PEI due to the positive
charge of the primary amines in its backbone. The Fe,O,-PEI-Au_ , and
HNPs exhibited a decrease in surface charge, due to the negativity of
the gold atoms (+33.9 mV and -4.3mV respectively). The morphology
and size was visualised using transmission electron microscopy (TEM).
The image (Figure 2B) shows that spherical particles of approximately
50 nm (+5, n=25) were formed. Inductively coupled plasma - optical
emission spectroscopy (ICP-OES) was used to deduce the total iron
and gold content of the NPs. The concentration of iron and gold were
observed to be 2.653 mgmL* +0.155 and 0.6827 mgmL* +0.0043,
respectively. The ratio of Fe:Au was approximately 4:1.
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Figure 2: Physical properties of HNPs: A) Zeta potential monitoring of
nanoparticles during synthetic procedure from iron oxide core to complete
HNP structure. All measurements taken at 25°C (n=3, +SD). B) TEM image
of HNPs.
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Figure 3: UV-Vis/NIR spectra of HNPs suspended in deionized water showing
A __at 750 nm and absorbance at common irradiation wavelengths 532 nm
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and 1064 nm.

Figure 3 shows the broad peak observed in the UV-Vis/NIR
spectrum. The A__is observed at approximately 750 nm as indicated.
This is expected as the maximum absorbance for gold nano-shells is
larger than that of solid gold nanoparticles and fits with the architecture
of the HNP. The broad peak covers a large array of wavelengths in which
laser irradiation would become absorbed leading to heating effects in
the HNP. It can be seen from the spectra that 532 nm does experience
some absorbance which explains the rise in thermal energy reported
in the literature for gold nano-shells after irradiation. As discussed,
heating will occur at any point in the spectra where absorbance occurs
due to the presence of gold. Towards the red end of the spectra at
1064 nm it is observed that comparable absorbance to 532 nm occurs.
Therefore, it is postulated that laser irradiation at 1064 nm should result
in localized heating of the HNPs without heating of biological tissues.

In order to test this theory, the HNPs were suspended in 2%
agar phantom. Previous reports have suggested that this gel is a good
mimic for biological tissue [27], although others also exist [28]. The
nanoparticles were evenly suspended in the gels and allowed to cool to
room temperature before use. Two methods of thermal measurement
were used and compared for accuracy. The nanoparticles were
irradiated for 60 seconds and their thermal change recorded over 240
seconds. The thermal change reported was in relation to a control
sample of agar alone in order to take into consideration any absorption
from the matrix, which was negligible. The data obtained from the thin
wired thermocouples (Figure 4A) suggest that the degree of heating was
related to the concentration of nanoparticles. The 500 pgmL"' sample
experienced a 30°C temperature increase whilst the 5 ugmL" and
50 ugmL" samples experienced a 7°C and 25°C temperature increase,
respectively. However, large standard deviations were evident between
the experiments, which ultimately rendered no significant difference
between the 50 pgmL"* and 500 pgmL™"' samples (p<0.001). All samples
had returned to ambient temperature after the 240 second period. As
expected the sample with the lowest concentration (5 pgmL™") returned
to ambient temperature quicker, after 115 seconds post irradiation. The
50 ugmL"' and 500 pgmL"' samples returned to ambient temperature
after 135 seconds post irradiation, interestingly at the same time point.

The data obtained using the infrared camera in general followed
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Figure 4: Temperature change and cooling profile of HNPs suspended in
2% agar phantom. Irradiation time fixed at 60 seconds. Temperature change
measured using A) thin wire thermocouples and B) infrared camera. All
temperature changes quoted in relation to control sample (n=3, +SD).

Figure 5: Schematic diagram detailing reduction in SPR potential experienced
by HNPs at higher concentrations due to surface saturation in agar and
resultant reflectance thus limiting heat generation.

a similar trend. Both the higher concentration samples (50 pgmL?
and 500 pgmL™") exhibited a thermal rise of 40°C; at this temperature
the graph plateaued indicating that this was the maximal heating
achievable for these particles. Post-irradiation data was in agreement
with the thermocouple data in that the samples returned to ambient
temperature after 135 seconds. Both sets of data suggest that there is
a threshold concentration whereby the HNPs have achieved maximal
potential and no further increase of concentration would be beneficial.
The rationale behind such a threshold is postulated to be due to the
relative spacing of the HNPs within the phantom matrix. At any given
temperature the NPs will be a certain distance apart (assuming even
distribution). As these experiments are measuring bulk increase due
to the cumulative effect of the HNPs present and not due to a single
nanoparticulate, it would be rational to hypothesise that as the HNP
concentration increases and distance between the particles decrease,
the scope for SPR decreases. This is due to the surface saturation of the
sample with the HNPs, whereby particles organise themselves across
the surface much like surfactant molecules in water but once saturation

is reached the subsequent particle must reside in the bulk media below.
Hence, the HNPs on the surface of the media are suitably positioned
for exposure to irradiation whilst the particles below are shielded. Also
there is a possibility of laser beam reflectance as the phantom becomes
more iridescent due the saturated matrix surface, resulting in reduced
scope for absorbance and SPR (Figure 5).

In this study we have used concentrations as high as 500 pgmL!
for scientific interest, which are not indicative of the concentrations
which would be used clinically. The lowest concentration tested
(5 ugmL?) experienced a mild thermal increase in agreement with
the thermocouple data, with a 5 degree temperature change observed.
These findings show that even though the irradiating wavelength is not
at the )\max of the HNP UV absorbance, because it is within the broad
peak of the spectra the particles are still capable of undergoing SPR and
heating can be achieved. An additional study into the effect of this laser
on tissue has been carried out by irradiation of chicken breast tissue
and thermal monitoring using the infrared camera. This study showed
than minimal (<1°C) heating occurred at the laser culmination point
with no heat dissipation observed at 1 mm distance after 120 seconds
of laser irradiation (Supplementary Material, Figure A).

The heat dissipation through the agar phantom was measured
using the two systems. It was assumed that since the HNPs were
spherical that heat distribution was identical at all points of the spheres
exterior resulting in a uniform halo like effect (Figure 1). The data
obtained using the thin wired thermocouples (Figure 6A) showed that
no heating effect was experienced 8 mm from the laser irradiation site.
After 60 seconds irradiation all samples resulted in thermal rise at a
distance of 4 mm from the laser site. Interestingly, after 30 seconds post
irradiation the gel was still experiencing heating effects at this distance.
At 1 mm distance from the irradiation site the gel temperature had
increased by 3.29°C, 15.43°C, and 14.81°C at 5 ugmL™, 50 pygmL™* and
500 ugmL?, respectively. This was decreased to 2.91°C, 9.32°C and
8.21°C at 2 mm and 1.19°C, 3.65°C and 3.05°C at 4 mm (respectively).

The infrared imaging data for the heat dissipation study (Figure
6B) showed similar trends, whereby the data for the 50 ugmL™!
and 500 ugmL "' samples was comparable. However, after 60 seconds
irradiation these higher concentration samples resulted in heating
effects as far as 6 mm away from the laser spot. At 1 mm distance
from the irradiation site the gel temperature had increased by 5.03°C,
36.06°C, and 27.1°Cat 5 ugmL", 50 pgmL™" and 500 pgmL"' respectively.
This was decreased to 5.13°C, 26.60°C and 21.37°C at 2 mm and 1.83°C,
27.13°C and 10.10°C at 4 mm (respectively).

The major differences in the reliability of these measurement
techniques can be clearly identified from the Figures 4 and 6. The
thin wired thermocouple data possessed notably higher standard
deviations than the infrared camera measurements. Figure 6B has
relatively small standard deviations (compared with Figure 6A) and
in common with the heating experiments, large standard deviations
were observed in the heat dissipation studies using the thermocouples.
Additionally, the infrared imaging allowed for increased data points
and we believe more sensitive and robust data in comparison with
the thin wired thermocouples. The infrared imaging also allows for
visual demonstration of the thermal changes through the heat maps
generated (Figure 7), which can show dissipation more effectively via
color scale, which can often be achieved graphically, as well as time
lapse videos. Figure 6 shows the heat map of all three concentrations
of HNP after 60 seconds. At the higher concentrations, a visible ‘halo’
can be seen which shows the heat dissipating out towards the exterior
surroundings of the NPs. These visual representations can be useful
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Figure 6: Thermal dissipation in HNP samples measured from irradiation point. Measurements gathered using A) thin wire thermocouples and
B) infrared camera. All thermal change stated in relation to control sample (n=3, +SD).

for modelling in order to mathematically determine the fate of these
HNPs after laser irradiation at any given concentration. These studies
are ongoing in our laboratory in order to elucidate the rationale behind
the threshold concentration at which no further heating is observed.

The major knowledge gap in use of HNPs for thermal applications
such as for ablation or thermal responsive switches for drug delivery
is the heat generation and dissipation ability. These studies have
indicated the HNPs were capable of achieving thermal rise as high as
40°C from ambient temperature. This indicates that pulsed irradiation
using this relatively inexpensive laser system at 1064 nm is a viable
option for translation of these particles into the clinic. In order for
thermal ablation to occur, cells or tumour tissue need to be heated up
to temperatures where irreversible stress is caused to the cell resulting
in mortality. Biological systems are relatively fragile and, as such a 40°C
increase from body temperature (assuming cancerous tissue exists at
an increased temperature of 42°C) up to 82°C using 50 pgmL* would
cause a dramatic effect and certainly result in tissue damage beyond

Figure 7: Heat dissipation maps of HNP gels irradiated for 60 seconds. Data
collected using an infrared camera.

repair. The interesting findings from this work are that whilst many
reports suggest gold nanoparticulates result in highly localised heating,
our samples experienced thermal rise in the phantom up to 6 mm from
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the laser source. This means that a total area of 132.73 mm? experienced
heating, which is actually quite a substantial area. This would need to
be taken into account in relation to tumour size or total irradiation
area required. Although, at the 6 mm distance the heating rise from
the 42°C of cancer tissue would amount to less than 50°C and hence
is unlikely to have lasting effects, at 4 mm the total heat rise would be
above 10°C and would result in irreversible adverse effects.

The alternative use for HNPs to act as thermal triggers for targeted
drug delivery comes with different challenges. Firstly, the drugs are
required to be conjugated onto the HNP surface via thermally labile
linkers. It is important to remember that these linkers can often consist
of long chains or polymers, which may exist in conformations such
that they reside at some distance from the particle surface. Therefore,
the heat dissipation from the HNP needs to be such that the thermally
labile linker experiences the temperature increase for payload release,
otherwise the system would be rendered useless. Additionally, the
heating effects must be precise and controllable, in that the thermal rise
must be adequate for drug release but not for cellular stress or damage.
Our findings suggest that the lowest concentration sample would be
ideal for such application. Not only was the maximal heat change
experienced (7°C) which would result in tissue heating to 49°C, but this
thermal rise appeared to be maintained over the duration of irradiation,
indicating control could be achieved (Figure 5B). Additionally, the heat
dissipation observed was at a maximal distance of 4 mm, which would
result in an area of 63.62 mm? being affected. At this low concentration,
the area affected is less of an issue due to the mild heating effects
(<50°C), which should not cause any irreversible negative effects on
the surrounding tissue. The heat dissipation data is also encouraging as
it ensures that any linker which would be a distance of Angstroms away
from the particle surface would definitely experience the thermal rise
resulting in payload release.

These findings highlight the exciting potential for these systems to
be used as thermo-responsive carriers in cancer therapy. The benefits
of the magnetic core arising from the iron oxide also allow for image
guidance, which would be beneficial to ensure targeted irradiation.
Further work is ongoing in our laboratory in order to further evaluate
the potential of these HNPs biologically by irradiation in vitro and
monitoring cellular response.

Conclusion

This study highlights the potential of HNPs as thermal switches
in heat triggered drug delivery. Although the SPR optimal wavelength
of the particles was 750 nm, our HNPs observed heat generation up
to 40°C and dissipation up to 6 mm away from radiation site using
a 1064 nm pulsed Nd:YAG laser. Additionally the HNPs may also be
employed in tumour ablation however due care is required in order to
minimize heat dissipation to healthy tissues.
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