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Noble metal nanoparticles have been extensively studied as photo-sensitive agents for photothermal
cancer therapy. Precise control over the size and shape of the nanoparticles allowed strong optical
absorption and efficient heat generation necessary for destroying a tumor to be achieved. However, one
of the fundamental challenges of application of the nanoparticles towards photothermal cancer therapy
is low specificity in the targeting tumor tissue in comparison with the healthy tissue and the resulting
unfavorable biodistribution of the nanoparticles. Additional levels of control over particle distribution can
be achieved by making the particles magnetic and using external magnets to control their accumulation
in a tumor. Since the direct synthesis of particles with a magnetic core and a metallic shell limits the
options for design and fine-tuning of plasmonic properties, the alternative approaches to the design of

such materials have to be investigated. Here we propose and demonstrate a new design of a hybrid
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Accepted 27th December 2017 plasmono-magnetic material for photothermal heating created by grafting Au nanocages onto a surface

of magnetic micro-beads. Next, we confirm its dual functionality in in vitro studies and show that
individual hybrid particles can be magnetically controlled with a precision of a few micrometers and
precisely destroy individual cells using plasmonic heating.
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There is an increasing interest in the development of new
cancer therapies in addition to existing chemo- and radiation
therapies because of severe side-effects of the traditional
methods." Light-based cancer therapy is a popular direction
since it is minimally invasive and can be realized via different
mechanisms**® including laser light ablation,® photo dynamic
therapy (PDT),* and photo thermal therapy (PTT).® Laser light
ablation is conducted using an optical fiber delivering light
directly to a tumor and thus heating it up to a high temperature.
The main limitation of this therapy is the lack of selectivity and
thus a high risk of damage to healthy tissues or organs.
Photodynamic therapy helps to overcome this limitation by
using photosensitizing agents that can be selectively introduced
into a tumor to produce free radicals that destroy the diseased
tissue.*” However, this therapy requires the presence of oxygen
to be effective,* and makes patients sensitive to light for a long
time.® The photosensitizing agents can be replaced with organic
dyes absorbing light and generating heat.” However, organic
dyes normally have low photostability and are vulnerable to
photobleaching. A major breakthrough in photo-thermal cancer
therapy was the development of noble metal nanoparticles for
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plasmonic photothermal cancer therapy (PPTT).® These nano-
particles are highly stable and their absorption cross-section is
orders of magnitude higher than that of conventional dyes.®
Currently a lot of research is focused on Au nanocages that
have localized surface plasma resonance (LSPR) peak optimized
for extremely efficient near infrared (NIR) absorption at wave-
lengths least absorptive by human tissue.™ Nanocages are

Fig. 1 SEM image of a single magnetic microbead decorated with
nanocages. Inset shows a part of the bead imaged at higher magnifi-
cation. Individual nanocages can clearly be seen on the surface of the
microbead.

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Demonstration of the photothermal heat generation when the new composite material is exposed to NIR light. (a) The schematics of the
proposed experiment. Microbead is shown as a small circle exposed to the light shining from the optical fiber. The whole assembly is immersed in
a solution of elastin-like polypeptides and monitored under the microscope. (b) Optical microscopy image of a solution of ELPs with magnetic
beads decorated with nanocages (dark particles). Optical fiber is immersed in the solution and is visible on the right side of the image. The light is
turned off. (c) =30 mW laser light with wavelength of 808 nm is coupled into the optical fiber. The image is taken one second after the laser is
turned on. (d) The steady state of the thermal profile is reached after =5 seconds of the laser operation. (e) ELP with magnetic beads decorated
with nanocages 5 seconds after the light is turned off. Based on the image luminosity analysis (see ESIt for details), the average temperature
inside of the white circle goes up to 33.5 °C.
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Fig. 3 Optical microscopy images showing heat generation vs. number of micro-beads exposed to NIR light. Parts (a) and (b) have low
concentration of the Au nanocages decorated beads, (c) and (d) — higher concentration. (a) and (c) show the system when the laser is of'f, (b) and
(d) after the light was turned on. In (b) an individual micro-bead is exposed to NIR light and small area around it is heated by ~6 °C to 31 °C (see
the image luminosity analysis in ESIf for details). In (d) large clump of the micro-beads is exposed to NIR light and the temperature is increased
above 36 °C in the whole field of view (above 40 °C near the beads).
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hollow, porous gold nanoparticles synthesized using galvanic
replacement reaction between solutions containing gold
precursor salts and silver nanostructures prepared through
polyol reduction.' The effectiveness of Au nanocages for PPTT
has already been successfully demonstrated in animal models.**
However, targeted delivery of Au nanocages to the tumors still
stays as a fundamental limitation, since nanoparticles usually
accumulate in all major organs. Therefore, additional control-
ling mechanisms that allow accumulation of photosensitive
material in desired location are needed. This can be realized
using magnetic particles and external magnets allowing
concentrating the particles in a tumor. While hybrid nano-
particle can be synthesized simultaneously plasmonic and
magnetic, this requires complex synthesis and limits control
over optical properties of the particle.’***

Here, we propose an alternative approach that allows making
magnetic material while preserving unique plasmonic proper-
ties of the nanocages. It is based on hybrid particles that
combine magnetic microbeads and Au nanocages. The
microbeads are biocompatible, can be magnetically controlled
from outside of the body,'*'” and have previously been used for
targeted drug delivery,” imaging,"” and other biomedical
applications.* In this work we proposed and demonstrated the
composite particles consisting of magnetic microbeads covered
with a layer of nanocages. After that we experimentally
confirmed the magnetic properties of the new particle, as well
as its efficient plasmonic heating via single-cell photothermal
therapy.

The composite material was prepared according to the
protocol described in Materials section. Briefly, suspensions of
Au nanocages and AMS-40-10H SPHERO™ amino-coated
magnetic particles were mixed together, and the composite
material was formed by the electrostatic interactions between
the nanocages and amine groups on the microbeads.* Fig. 1
shows the SEM image of an individual magnetic microbead
decorated by high density Au nanocages. The microbeads beads
have a bumpy surface that results in increased surface area and
larger number of adsorbed Au nanocages. Based on the SEM
images, it is estimated that there are approximately 3000
nanocages present on the surface of a single microbead.

After attachment of the Au nanocages to the surface of the
magnetic bead, the composite material still retain their plas-
monic properties, and serve as an efficient heater upon expo-
sure to the NIR light. In order to characterize its photothermal
properties we used a new technique for visualization of
temperature on micro-scale that we proposed earlier.** Briefly,
the composite material was mixed with the solution of elastin-
like polypeptides (ELPs), that undergoes a phase trans-
formation and change its absorption to visible light depending
on its temperature.” Derived from natural elastin, ELPs are
composed of repeating blocks of penta-peptide with the
sequence of Val-Pro-Gly-X-Gly, where X is a guest residue that
can be any amino acid except proline. After mixing with ELP
solution, magnetic micro-beads are exposed to NIR irradiation
and microscopic heating is visualized via local change of optical
properties observed under microscope. While experimental
visualization of plasmonic heating on nano- and micro-scale is
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very challenging with traditional approaches,*** this method
allows high resolution thermal field imaging in real time.

The schematic illustration of the experiment is shown in
Fig. 2a. Solution of ELP was mixed with the Au nanocages-
decorated magnetic microbeads, and the NIR laser light was
delivered to the solution through an optical fiber. Images were
taken using a CCD camera attached to an optical microscope
and equipped with infrared filter blocking light from the optical
fiber. This way the changes in transparence and color of ELP
solution become visible, and the excitation light is not seen in

a)

Fig. 4 Optical microscopy image demonstrating importance of
alignment between the plasmono-magnetic material and the laser
beam. In (a) small clump of Au nanocages-covered microbeads (~10
beads) is slightly misaligned with the laser beam, and even though the
laser is on, no heat is generated. In (b) optical fiber is aligned to the
clump and the area inside of the white circle is heated on average
above 34 °C (see the image luminosity analysis in ESIT for details). (c)
Shows control experiment when the microbeads are not decorated
with Au nanocages. IR filter is removed to demonstrate direct exposure
of the micro-beads to the laser light. No heating is observed.

This journal is © The Royal Society of Chemistry 2018
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the images. The darkness of the solution is directly correlated to
a specific temperature.*® Briefly, the luminosity of ELP solution
observed under the microscope is related to the temperature of
the solution via Boltzmann Sigmoid function, eqn (1).

(Li = L)
L=1L,+ E— o (1)
1+ e d7

the constants T; and dT are obtained from the previously pub-
lished calibration experiment. L, and L, are the maximum and
minimum luminosities. The temperature change during plas-
monic heating can be directly estimated from the luminosity of
ELP solution using eqn (2).

T=In {(Ll )

In Fig. 2, the white circle outlines the areas exposed to the
NIR laser light. The photothermal heating of Au nanocages-
decorated magnetic beads was monitored under microscope.
Fig. 2b-e, demonstrates the heating properties of the composite
material exposed to NIR laser irradiation in a time series. It can
be noticed that the heating of just several beads in the center of
the circle results in an increase of temperature in an area of
approximately 200 pm in diameter. The highest temperature in
the central area was determined to be ~33.5 °C (more than 8 °C
higher than surrounding). Furthermore, in Fig. 2, the size and
darkness of the heated area is determined by equilibrium
between the photothermal heat generation of the beads and
heat dissipation into the surrounding medium. The large dark
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area and the high central temperature demonstrate that indi-
vidual Au nanocages-covered microbeads still have efficient
heating properties upon exposure to NIR light. Steady state
heating profile was reached within 5-15 seconds after exposure
to NIR light. When laser was off, the heat quickly dissipated into
the surrounding medium. The system returned to its initial
state with transparent ELP solution in approximately 5 seconds
(Fig. 2d).

There are several approaches to control the heat generation
and related temperature rise while using this novel magneto-
plasmonic material. Control over laser intensity is the most
straight forward way to manipulate the local temperature. By
increasing the light intensity, Au nanocages-covered magnetic
microbeads and the surrounding medium can be heated to
higher temperature. However, for practical applications, such
as photothermal cancer therapy, maximum laser power is
limited by regulation due to the risk of damaging healthy tissue
by a high intensity laser radiation.

The second approach to improvement of the photothermal
heat generation is increase of the amount of light sensitive
material exposed to the NIR light. As shown in Fig. 3, the
amount of generated heat is directly related to the number of
the hybrid particles exposed to NIR light. Fig. 3a and ¢ were
taken when the laser was off, and the background color was very
uniform, indicating unvarying temperature distribution across
the field of view. For both Fig. 3b and d, the laser light was kept
at constant power = 30 mW. When a single bead was exposed to
the light (Fig. 3b), the local temperature increase was approxi-
mately 6 °C, while for a big clump of beads (Fig. 3d) the

50 ym
==

Fig. 5 Magnet-controlled movement of Au nanocages-covered magnetic microbeads towards T-marked area. (a) 1 pl solution of Au nanoc-
ages-decorated microbeads is dropped away from the marker. Next, the external magnet is placed approximately 1 cm away from the sample.

(b)—(d) Gradual movement of the magnetic beads into the desired area.

This journal is © The Royal Society of Chemistry 2018
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temperature in the whole field of view rose from 25 °C to more
than 36 °C, indicating a temperature increase of 11 °C. This
suggests that high concentration of Au nanocages-covered
magnetic beads could be used to significantly increase
temperature in tumor relative to the surrounding tissue during
photothermal cancer therapy.

Additionally, use of this material allows achieving high
selectivity and precision of heating. As shown in Fig. 4, the
alignment of laser beam to the target composite particles
greatly affects the heating efficiency. When a small clump of
beads was just tens of micrometers misaligned from the center
of the laser beam no heating was observed (Fig. 4a). When
optical fiber was slightly moved to align the laser beam to the
clump, the heat generation became very pronounced (Fig. 4b).
This indicated that during photothermal therapy precise
alignment of an external light to a tumor is very important.
Furthermore, precise delivery of light using optical fibers allows
controlling spatial precision of heating with the accuracy of few
tens of micrometers.

Finally, in order to demonstrate that the heat generation by
this new composite material is a result of localized surface
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plasmon resonance excitation of Au nanocages, and is not due
to the absorption of NIR by magnetic micro-beads, a control
experiment was conducted. Fig. 4c demonstrates, that without
Au nanocages the microbeads do not generate heat, even when
exposed to NIR light for 5 minutes. During that time there was
no change in transparency of ELP solution which indicates no
substantial heating, because of low absorption of NIR by the
microbeads in absence of Au nanocages. When images of the
control experiment were taken using a camera attached to the
microscope, the IR filter was removed to make sure the laser
beam was precisely aligned. Digital camera detected the scat-
tered NIR light shining directly on the microbeads and dis-
played it via artificial pink color.

After the demonstration of heating properties of the new
composite material, its magnetic properties were also
confirmed by transporting the beads to a specific location using
an external magnet. The magnet used in the experiments was
neodymium disc magnets (NdFeB), 10 mm in diameter, thick-
ness 2 mm. The magnet was placed approximately 1 cm away
from the sample. Fig. 5 shows migration of the Au nanocages-
decorated beads towards T-marked area in the Petri dish in

Fig. 6 Precise destruction of individual cells shown using Nikon microscope, 40 x magnification. NIR light shines at a cluster of the nanocage-
covered magnetic beads resting on top of a cell (~15 microbeads). (a) Time — 0 minutes (before light was on), (b) after 10 min of continuous light
irradiation, one cell is dead and it is indicated by trypan blue dye staining dead cells blue. (c) After 20 min total, more dye diffuses inside the first
cell. At the same time the laser beam is moved slightly to illuminate particles resting on top of the second cell. (d) 5 min later, laser is turned off,

two dead cells are stained by trypan blue, all other cells are intact.
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response to the magnetic field. Initially 1 pl of 1% (v/v) Au
nanocages-decorated magnetic beads suspension was drop-
casted away from the marker. When an external magnet was
placed on the right, the particles moved from the left to the
right, into the T-marked area (Fig. 5a-d). This shows that in in
vitro experiments Au nanocages-decorated microbeads can be
magnetically controlled and delivered to any specific area
covered with cells. As a result, the cells can be locally and
controllably destroyed at desired location. As shown in Fig. 6a,
there were multiple alive fibroblast cells. To distinguish
between alive and dead cells, 100 pl of trypan blue solution was
added to the wells containing cells and allowed to diffuse in the
cell medium for 3 minutes. Live cells appear transparent, and
dead cells turn blue because of diffusion in of trypan blue. After
that, the composite particles were steered towards the live cells,
irradiated with NIR light and heated the cells. In Fig. 6b and ¢
two cells were sequentially heated by shining NIR light at
composite particles resting on top of the cells. The targeted cells
turned blue after the photothermal treatment due to diffusion
of trypan blue, while the neighboring cells were unaffected. This
demonstrates that Au nanocages-decorated microbeads are
effective in heating and photothermal destroying the cells at
a single cell level. For the constant power of 30 mW, and 10 min
time exposure the viability of cells and the precision of
destruction is directly related to the number of beads exposed to
the laser radiation located in close proximity to the cell.
Specifically, single microbead covered with nanocages does not
destroy the cell even after 30 min long exposure. Approximately
10 beads allow controllable destroying of a single cell without
damaging the close cells. Finally, larger clamps of 50-100 of
beads result in greatly increased temperature in area more than
500 pm in diameter and corresponding simultaneous damage
to many cells.

Conclusion

We presented a new composite material that has efficient
magnetic and plasmonic properties. It can efficiently absorb
laser radiation and generate heat. Targeted delivery of particles
with the help of an external magnet was demonstrated followed
by the selected photothermal destruction of individual cells. It
is important milestone for development of better materials for
photothermal cancer treatment in humans, since magnetic
control might be employed to concentrate photothermal
material in the tumor and thus increase selectivity of heating
the tumor vs. heating surrounding healthy tissue.

Experimental section
Gold nanocages

The 42 nm AuNCs were prepared using a galvanic replacement
reaction between 36 nm Ag nanocubes and HAuCl, in an
aqueous environment by following previously published
protocol. The nanocages were purified by centrifugation at
10 000 rpm for 10 min, washed twice with water, and, finally, re-
dispersed in water at 1.8 nM as the stock solution. The UV-vis
spectra were measured using a Perkin-Elmer Lambda 750

This journal is © The Royal Society of Chemistry 2018
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spectrophotometer (Waltham, MA), and the LSPR peak of Au
nanocages was determined to be at 785 nm.

Creation of the composite material - magnetic beads coated
with Au nanocages

To coat the magnetic beads with Au nanocages, 100 pl of 10% (v/
v) of Au nanocages suspension was mixed with magnetic
microbeads extracted from 300 ul of 2.5% (w/v) suspension of
AMS-40-10H SPHERO™ amino smooth surface magnetic
particles with high iron content. The suspensions were thor-
oughly mixed and the particles were allowed to electrostatically
interact with each other® for one hour at room temperature.
The magnetic beads were captured inside of the glass vial using
an external magnet, and all the nanocages that were not
attached to the microbeads were washed away.

Thermosensitive solution

Elastin like polypeptides are derived from natural elastin and
are composed of repeated blocks of penta-peptide, Val-Pro-Gly-
X-Gly, where X is a guest residue that can be any amino acid
except proline. At lower critical solution temperature (LCST),
ELPs undergoes a phase transition. When the temperature is
lower than LCST, ELPs stay soluble in aqueous solution, and
with the temperature above LCST, ELPs self-assemble and
become insoluble. Elastin like peptide sequence V50 (V: VPGVG)
has been produced in the lab and used in this work. The
generation of the ELP plasmid and expression and purification
of the ELP were based on the methods by Koria et al.*

Laser and optical fiber

A fiber-coupled laser diode from ThorLabs with wavelength of
808 nm and nominal maximum power of 30 mW was used on its
continuous wave (CW) mode. A single mode freshly cleaved
optical fiber with a core diameter of 8 um was used in the
experiments.

Trypan blue staining of the fibroblast cells

The trypan blue was purchased from Sigma-Aldrich, and was
used directly without further purification. For staining, 100 pl of
trypan blue solution (0.4%) was added into wells containing
fibroblast cells to the final concentration of 0.04% and were
allowed to mix for three minutes before starting the experiment.
As a result, under visible light, live cells are transparent while
dead cells become blue.
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