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10 Background
Photothermal cancer therapy has received increased attention as a potential
alternative therapeutic approach to surgery, chemotherapy, and radiotherapy. It
utilizes photothermal agents as transducers that transform energy harvested from
light to heat. To date, various types of plasmonic nanoparticles have been
15 synthesized as effective photothermal agents with tight control on their size and
shape, tunable optical opportunities, and biocompatibility.
In photothermal therapy, cell death is initiated by either an elevated
temperature or the associated shock wave via apoptosis, necrosis, or direct ablation.

For an effective cancer treatment, the temperature in the tumor must be raised
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above 42°C. However, temperatures above 45°C are not desirable because of the
potential side effects (burns, blisters, discomfort, and pain) as well as the damage to
surrounding healthy tissue. Therefore, a deep understanding of the parameters that
control temperature, such as the concentration of the photothermal agent and the
light intensity influence, is necessary.

Controlling such parameters requires visualization of the heat generation on a
micro-scale. Although thermographic cameras are great instruments for temperature
visualization on a large scale, their resolution and compatibility with microscopy are
limited since they operate at wavelengths as long as 14 uym. This makes it difficult to
resolve heating profiles generated by plasmonic particles with microscale spatial
resolution. It can therefore be appreciated that it would be desirable to have a means

for visualizing heat generation on a micro-scale.

Brief Description of the Drawings

The present disclosure may be better understood with reference to the
following figures. Matching reference numerals designate corresponding parts
throughout the figures, which are not necessarily drawn to scale.

Fig. 1 is a schematic diagram of a first experimental setup used to test an
elastin-like polypeptide (ELP) solution.

Figs. 2A and 2B are micrographs showing heating profiles for experiments
conducted using the setup of Fig. 1.

Figs. 3A-30 are micrographs sequentially illustrating a change of a heating
profile in response to increasing laser intensity.

Fig. 4 is schematic diagram of a second experimental setup used to test an

ELP solution.
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Figs. 5A-5C are micrographs showing the heating profiles for experiments
conducted using the setup of Fig. 4.

Fig. 6 is schematic diagram of a third experimental setup used to test an ELP
solution.

Figs. 7A-7C are micrographs showing the heating profiles for experiments
conducted using the setup of Fig. 6.

Fig. 8 is a schematic diagram of a fourth experimental setup used to test an
ELP solution.

Figs. 9A-9C are scanning electron microscope (SEM) images showing three
different concentrations of gold nanocages used in experiments conducted using the
setup of Fig. 8.

Figs. 10A-10C are micrographs showing the heating profiles for the

experiments conducted using the setup of Fig. 8.

Detailed Description

As described above, it would be desirable to have a means for visualizing
heat generation on a micro-scale. Disclosed herein are thermosensitive liquids that
can be used for this purpose. In some embodiments, the liquids comprise a solution
of elastin-like polypeptides (ELPs). As described below, the translucence of such
solutions changes in response to localized photothermal heat generation by
plasmonic nanoparticles. The heating profiles visualized using such solutions provide
important insight into the heating dynamics of such particles, which is essential for
optimization of parameters for photothermal cancer therapy. While the solutions can
be used to monitor the heat generated by plasmonic nanoparticles, it is noted that

the solutions can more generally be used to monitor heat generated by any heating
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element immersed in the solutions.

In the following disclosure, various specific embodiments are described. It is
to be understood that those embodiments are example implementations of the
disclosed inventions and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this disclosure.

ELPs are derived from natural elastin and are composed of repeated blocks of
penta-peptide, with Val-Pro-Gly-X-Gly being its prominent amino acid repeat, where
“Val” is valine (2-amino-3-methylbutanoic acid), “Pro” is proline (pyrrolidine-2-
carboxylic acid), “Gly” is glycine (aminoacetic acid), and “X” is a guest residue that
can be any amino acid except proline. ELPs undergo a phase transition at their lower
critical solution temperature (LCST). Specifically, ELPs remain soluble in an aqueous
solution when the temperature is below the LCST, but self-assemble and become
insoluble when the temperature reaches or exceeds the LCST. When the ELPs
become insoluble, they turn from translucent to opaque, thereby visually indicating a
temperature that meets or exceeds the LCST.

ELPs can be used to create thermosensitive solutions that can, in turn, be
used to visualize localized heat generation by elements immersed in the solutions,
such as plasmonic nanoparticles (e.g., gold nanocages). Such solutions can
comprise a mixture of one or more ELPs and a phosphate buffered saline (PBS)
solution. In addition to ELPs, other thermosensitive materials can be used to form
thermosensitive solutions. For example, thermochromic pigments can be used that
change color with changes in temperature.

As noted above, ELP solutions can be used to observe localized heating on
the micro-scale. Several experiments were conducted to demonstrate how changes

in the spatial distribution of gold nanocages change heating profiles for the same

4
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level of light intensity. First, gold nanocages were evenly dispersed in a PBS ELP
solution and exposed to 30 mW of laser radiation using the experimental set up
shown in Fig. 1. As illustrated in this figure, a droplet of ELP solution containing gold
nanocages (NC) was deposited on a glass slide positioned below a microscope
objective and above a light source. The solution comprised a 5 pl of a nanocage
stock suspension (1.8 nM) mixed with a 50 pl ELP solution. An optical fiber was used
to deliver near infrared (NIR) laser light to the nanocages within the solution.

Fig. 2A is a micrograph showing the solution between activations of the laser
and Fig. 2B is a micrograph showing the solution after the laser had been turned on
for 10 seconds. As is evident from Fig. 2B, heating primarily occurred in and around
the beam cone emerging from the optical fiber. Ten seconds after the laser was
turned on, the ELPs became insoluble and opaque to visible light. The large dark
spot corresponds to the volume where the ELP molecules had undergone this phase
transition. When the laser was turned off, however, the ELPs underwent a phase
transition in the opposite direction and became soluble and transparent (Fig. 2A).
This process took one to two seconds while the heat dissipated to the environment.

The changes in transmission of the thermosensitive liquid can be extracted
from the images. For example, the histogram tool from a photo editing program such
as Photoshop™ can be used to create a calibration curve for the quantitative
measurement of the local temperature. Since the maximum opacity in the
experiment of Fig. 2 was reached at 39°C, further increases in temperature cannot
be determined using this method. However, the experiments were performed at 23°C
and the increase in temperature could be tracked up to as high as 15 degrees,
which, in vivo, would translate to an increase from 37°C to as high as 52°C.

Fig. 3 includes multiple sequential micrographs that illustrate changes of the

5
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heating profile with the gradual increase of the laser power. The power of the laser
was gradually changed from approximately 1 mW in Fig. 3A to approximately 29 mW
in Fig. 30 with a step interval of 2 mW. At low intensities, the affected area was
small and mostly traced the shape of the laser beam, as shown in Figs. 3A-3C. In
these figures, the temperature increased by just 2 to 3 degrees. The laser beam was
absorbed within several hundreds of microns from the fiber because of the very
strong absorptive properties of the gold nanocages. As the laser power was
increased, however, the heating increased and the visual difference between the
locally heated solution and the surrounding solution likewise increased. As a result,
the shape of the affected area became more oval (see Figs. 3D-30).

The heating profile reached a steady state, with the energy delivered from the
fiber and the heat dissipation being balanced with each other, when the laser power
was kept constant. This occurred within one to two seconds for lower powers and
within ten seconds for higher powers. Even though the diameter of the laser beam
was the same for all the powers used in the experiments, the size of the heated area
was dependent on the power level. This means that the higher the laser power is
used for photothermal cancer therapy, the higher the local temperature increase and
also the larger the area affected by the treatment.

An alternative design of the nano-heating experiment is shown in Fig. 4.
Again, a droplet of ELP solution was deposited on a glass slide positioned below a
microscope objective and above a light source. In this case, however, the gold
nanocages were attached to the tip of the optical fiber that was used to deliver NIR
laser light instead of being mixed in the solution. The surface density of the gold
nanocages on the fiber tip was approximately 225 nanocages/um?. Adhesion of the

gold nanocages to the tip of optical fiber was quite strong, since they could not be
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noticeably washed away even after multiple flushing of the optical fiber.

Fig. 5A shows the heating profile before the laser was turned on, Fig. 5B
shows the heating profile after the laser (at a wavelength of 808 nm and a power of
approximately 30 mW) had been turned on for 10 seconds, and Fig. 5C shows the
heating profile after the laser had been turned off for 1 second. This temperature
visualization method significantly changed the heating pattern. The heat generation
occurred only on the surface of the core of the fiber (which was 8 ym in diameter),
where the laser beam shined on the gold nanocages. The temperature distribution
had a nearly spherical symmetry. This can be compared to the results shown in Fig.
3, in which the dark spot of insoluble ELPs is somewhat elongated due to the beam
geometry. This demonstrates that, even in small numbers, the gold nanocages act
as very efficient heaters since even a very thin layer of nanocages on an 8 um core
of the optical fiber can be used to heat a spherical volume that is approximately 500
pMm in diameter by more than 15°C. At the same time, a high concentration of gold
nanocages in a solution (or in tissue) results in very fast absorption of all the light in
the first hundreds of microns. This means that the optimal concentration of the gold
nanocages in a tumor may depend on the size of a tumor. The larger the size of a
tumor, the deeper the light must propagate and the lower the nanocage
concentration must be to insure uniform heating throughout the whole tumor.
Therefore, there is delicate balance between providing enough nanocages in order
to make the whole tumor sensitive to the laser radiation and keeping the
concentration low enough so that the entire tumor will be somewhat transparent to
light.

Fig. 5C shows the ELP solution one second after the irradiation had ceased.

Most of the ELP solution turned back to transparent state in that time frame.

7
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However, in the area with the highest temperature (i.e., the optical fiber core directly
heating the gold nanocages), some aggregated ELPs were still visible as a small
dark bump on the optical fiber interface. Notably, an optical fiber having gold
nanocages may be used as an ultra-small contact probe (“point heating source”) with
the ability of providing localized heating similar to much larger resistive heaters
currently used for local tumor ablation.

The next experiment studied the plasmonic heating profile of an object located
at distance from the laser source. This is important for photothermal cancer therapy,
where gold nanocages are accumulated in a tumor and are exposed to external laser
radiation. Most of the heating should occur near the gold nanocages since most of
biological systems have low absorption at 808 nm. Fig. 6 is schematic diagram of a
third experimental setup that demonstrated how remote heating occurs when the
laser shines on an object coated with gold nanocages. In this setup, two optical
fibers were immersed in ELP solution including a first optical fiber (left) that was
coupled to the laser and a second optical fiber (right) positioned about 1 mm away
whose sides were covered with gold nanocages. The surface density of the gold
nanocages on the second optical fiber was approximately 225 nanocages/um?. Fig.
7A shows the heating profile before the laser was turned on, Fig. 7B shows the
heating profile after 10 seconds of irradiation, and Fig. 7C shows the heating profile
1 second after the laser was turned off. From these figures, it can be appreciated
that all of the heating occurred around the gold nanocages that covered the second
optical fiber. Fig. 7C shows that the ELPs returned to their transparent state after the
laser was turned off since the temperature around fiber decreased to room
temperature. Based on this experiment, an important conclusion is that it is critical

that the concentration of gold nanocages in a tumor should be significantly higher
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than that in the surrounding healthy tissue. Otherwise, light shining from outside of
the body on a deep tumor would heat all the healthy tissue on its path to the tumor.

A further experiment was conducted to characterize the heat generation and
temperature increase with respect to the surface density of gold nanocages. The
experimental setup that was used is illustrated in Fig. 8. In this setup, a glass slide
was covered with three different concentrations of gold nanocages. Figs. 9A-9C are
scanning electron microscope (SEM) images of the three different groups of
nanocages with the first group (Fig. 9A) having a density of approximately 72
nanocages/um?, the second group (Fig. 9B) having a density of approximately 6
nanocages/um?, and the third group (Fig. 9C) having a density of approximately 0.2
nanocages/um?Z. The size of each individual nanocage was approximately 42 nm.

Figs. 10A-10C show the heating profiles for the three different gold nanocage
concentrations after 10 seconds of irradiation. It can be appreciated from these
figures that the heating profile was a function of the gold nanocage concentration.
For the maximum concentration of approximately 72 nanocages/um?, the light
irradiation caused the ELPs to turn opaque and heat to spread across the entire
substrate area observed under the microscope. The areas with higher temperatures
were proportional to the concentrations of gold nanocages on the glass slide. For the
lower concentrations of approximately 6 nanocages/um? and approximately 0.2
nanocages/um?, the heated volumes were much smaller.

Fig. 10 demonstrates that the heated volume is highly dependent upon the
concentration of the gold nanocages, even when the diameter of the laser beam and
the power are the same. Also, it is interesting to observe that even low surface
coverage, such as just approximately 0.2 nanocages/um?, can still generate a local

temperature increase of more than 10°C while being illuminated by relatively low

9
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power (30 mW) laser radiation. This means that use of relatively low gold nanocages
concentrations for the photothermal cancer therapy can result in great control over

the heating region with a reasonable temperature increase in the affected area.

10
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CLAIMS

Claimed are:

1. A thermosensitive liquid for visualizing heat generation comprising:

an aqueous liquid; and

elastin-like polypeptides suspended in the aqueous liquid, wherein the elastin-
like polypeptides undergo a phase transition at a lower critical solution temperature
in which they become insoluble and turn from translucent to opaque, thereby visually
indicating that a temperature within the thermosensitive liquid has reached the lower

critical solution temperature.

2. The thermosensitive liquid of claim 1, wherein the aqueous liquid is a

phosphate buffered saline solution.

3. The thermosensitive liquid of claim 1, wherein the elastin-like
polypeptides are composed of repeated blocks of penta-peptide,with Val-Pro-Gly-X-
Gly being its prominent amino acid repeat, where “Val” is valine (2-amino-3-
methylbutanoic acid), “Pro” is proline (pyrrolidine-2-carboxylic acid), “Gly” is glycine
(aminoacetic acid), and “X” is a guest residue that can be any amino acid except

proline.

4. A method for visualizing heat generation, the method comprising:

placing one or more heating elements within a thermosensitive liquid
comprising elastin-like polypeptides suspended in an aqueous liquid, wherein the
elastin-like polypeptides undergo a phase transition at a lower critical solution

temperature in which they become insoluble and turn from translucent to opaque;

11
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and
observing the phase transition of elastin-like polypeptides located near the
heating elements as the heating elements raise the temperature of the elastin-like

polypeptides above the lower critical solution temperature.

5. The method of claim 4, wherein the aqueous liquid is a phosphate

buffered saline solution.

6. The method of claim 4, wherein the elastin-like polypeptides are
composed of repeated blocks of penta-peptide,with Val-Pro-Gly-X-Gly being its
prominent amino acid repeat, where “Val” is valine (2-amino-3-methylbutanoic acid),
“Pro” is proline (pyrrolidine-2-carboxylic acid), “Gly” is glycine (aminoacetic acid), and

“X” is a guest residue that can be any amino acid except proline.

7. The method of claim 4, wherein placing one or more heating elements

comprises placing one or more plasmonic nanoparticles within the thermosensitive

liquid.

8. The method of claim 7, wherein the plasmonic nanoparticles are gold
nanocages.

9. The method of claim 7, further comprising irradiating the plasmonic

nanoparticles with near infrared light to cause them to increase in temperature.

10.  The method of claim 9, wherein irradiating the plasmonic nanoparticles

12
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comprises emitting the near infrared light from a tip of an optical fiber immersed in

the thermosensitive liquid.

11. A method for visualizing heat generation, the method comprising:

placing one or more heating elements within a thermosensitive liquid
comprising a thermochromic pigment, wherein the pigment undergoes a color
change when heated to a particular temperature; and

observing the color change at a location near the heating elements as the

heating elements heat the pigment to the particular temperature.

12. The method of claim 11, wherein placing one or more heating elements
comprises placing one or more plasmonic nanoparticles within the thermosensitive

liquid.

13.  The method of claim 12, wherein the plasmonic nanoparticles are gold

nanocages.

14.  The method of claim 12, further comprising irradiating the plasmonic

nanoparticles with near infrared light to cause them to increase in temperature.

15. The method of claim 14, wherein irradiating the plasmonic

nanoparticles comprises emitting the near infrared light from a tip of an optical fiber

immersed in the thermosensitive liquid.

13
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