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Abstract: Photothermal therapy (PTT) is enhanced by the use
of nanoparticles with a large optical absorption at the treatment
wavelength. However, this comes at the cost of higher light
attenuation that results in reduced depth of heating as well as
larger thermal gradients, leading to potential over- and under-
treatment in the target tissue. These limitations can be over-
come by using photothermal enhancing auto-regulating lip-
osomes (PEARLs), based on thermochromic J-aggregate
forming dye-lipid conjugates that reversibly alter their absorp-
tion above a predefined lipid phase-transition temperature.
Under irradiation by near-infrared light, deeper layers of the
target tissue revert to the intrinsic optical absorption, halting
the temperature rise and enabling greater light penetration and
heat generation at depth. This effect is demonstrated in both
nanoparticle solutions and in gel phantoms containing the
nanoparticles.

The photothermal effect, whereby a photo-excited chromo-
phore generates heat through non-radiative relaxation, has
been studied in a variety of applications including solar-
energy conversion, photoacoustic imaging/spectroscopy,
actuation of nano- and micro-devices,!! water desalination,?
and chemical distillation.” In nanomedicine, enhancement of
the photothermal effect over that intrinsic to tissues through
the use of organic or inorganic nanoparticles (NPs) has been
investigated for triggering drug release” activation of
targeting molecules,”’ and as a mechanism to generate heat
in photothermal therapy.”

Specifically in the design of nanoparticles for photo-
thermal therapy (PTT) of cancer, strong absorption at near-
infrared (NIR) wavelengths is desired, since this minimizes
light absorption by endogenous absorbers in tissue, while
maximizing temperature generation mediated by the tumor-
specific accumulation of nanoparticles. However, NPs that
are dispersed homogenously throughout the target tissue
volume will also increase the light attenuation (which is
a combination of absorption and elastic scattering),” so that
the deeper lying tissues will be exposed to lower light intensity
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and either take longer or fail to reach the desired temperature
sufficient for hyperthermia or coagulative necrosis. This effect
then imposes limits on the treatment volume. Hence, there is
a significant trade-off required between the nanoparticle
concentration, treatment time and light irradiance to ensure
that effective treatment is delivered to the full target tissue
thickness in a clinically-practical time and using affordable
light sources, while avoiding overheating nearer the surface
that can be hazardous to the patient and further limits the
light penetration if charring occurs. Current strategies to
address this challenge are largely based on modifications to
the light-delivery, such as water-cooled fiber-optic sheaths for
interstitial PTT,® the use of image guidance! and/or feed-
back control through on-line thermometry.!'”

J-aggregates (JAG) are formed from the coherent cou-
pling of dyes to form a structure with ensemble optical
properties.'!! Given the close distance and conformational
requirements, JAGs are highly susceptible to changes in their
surrounding environment. Using this principle, we previously
demonstrated that J-aggregation of planar bacteriopheophor-
bide-lipid dyes in lipid nanoparticles display changes in
absorption spectrum depending on whether the ambient
temperature is lower or higher than the phase transition
temperature of the nanoparticle. Monitoring this change
using photoacoustic imaging enables spatial monitoring of
temperature in real-time.'”! Since these nanoparticles gen-
erate sufficient absorption and thermal energy for photo-
acoustic imaging,”) we asked whether these particles could be
used as heat enhancers in photothermal therapy and whether
their thermochromic behavior enables control of light prop-
agation and closed loop regulation of photothermal heating.

Herein, we show that JAG-forming liposomes possessing
photothermal feedback control can be used to regulate light
transmission and photothermal heating with a pre-defined
temperature set-point. These nanoparticles, which we coined
photothermal  enhancing  auto-regulated  liposomes
(PEARL), utilize conformation-dependent absorption to
drive photothermal conversion. In this particular application,
we utilize J-aggregation between lipid-conjugated dyes
formed within a thermoresponsive molecular environment.
By linking the absorption state of the photothermal chromo-
phore to a temperature-responsive host lipid, a feedback
heating mechanism can be generated to sequentially increase
light penetration and regulate temperature (Figure 1).

PEARLSs are composed of 15 mol % bacteriopheophor-
bide-lipid dye conjugates dispersed in a thermoresponsive
lipid bilayer (80 mol% dipalmitoylphosphatidylcholine
(DPPC) and 5 mol% methoxy-PEG,-lipid). Extrusion of
these lipids results in nearly monodispersed NPs with an
average diameter of approximately 90 nm (Figure S1 in the
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Figure 1. Schematic illustration of photothermal heating in two homogeneously
dispersed absorber systems. A) With the traditional (molecular or nanoparticle) light
absorber, laser illumination is converted into heat energy through the photothermal
effect. Attenuation of light occurs as a consequence of the Beer—Lambert Law. B) In
the photothermal enhancing auto-regulated liposome (PEARLs) system, laser

illumination is converted into heat energy through the photo-
thermal effect. The temperature increase is checked by the
lipid-membrane sensor. Temperature increase above the phase
transition set-point of the sensor induces a phase change,
resulting in disruption of J-aggregate and inhibition of light
absorption. This change enhances light transmission and
regulates heat generation. C) Representative spectra of light
transmission from PEARLs before and after photothermal
heating above its temperature set-point.

Supporting Information). The 75 nm red shift to 824 nm
puts the main absorption well within the near-infrared
“optical window” of tissue, which is optimal for PTT.['
The absorption spectrum reverts to that of the non-JAG
dye spectrum above the temperature threshold and is
reversible.

To test if the feedback mechanism can be tuned to
different temperatures, we varied the acyl chain length
in the membrane phospholipids: increasing chain
length elevates the liquid crystalline-to-fluid phase
transition temperature. Each of the dual-chain phos-
pholipids  then contained either 14 (DMPC),
16 (DPPC), 17 (DHPC), or 18 (DSPC) carbon atoms.
Once synthesized, these NPs were diluted to an optical
density of 2 at 824 nm, transferred to 1 cm polystyrene
cuvettes and exposed to a collimated 825 nm laser
beam at an incident power density of 1.1 Wcm 2, while
monitoring the temperature by thermocouple (Fig-
ure 2 A). In all samples, the temperature profile showed
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a rapid initial increase, followed by a peak and
subsequent slow decrease. The peak temperature
reached increased with lengthening of the lipid
acyl chain, indicating that the temperature set-
point could be selected simply by changing the
host lipid. Once the temperature set-point was
reached, photothermal conversion was inhibited
due to the loss of JAG absorption and at this point
heat loss from the sample led to a decrease in
measured temperature despite continued light
irradiance. As negative controls, PEGylated
silica-core gold nanoshells (150 nm diameter;
peak absorption at A,, =792nm) irradiated
under the same conditions did not show any peak
in photothermal heating (Figure 2 A).

To check that the observed photothermal
response was not due to an irreversible photo-
chemical reaction, such as photobleaching,
PEARLs prepared with DPPC were subjected to
two cycles of photothermal heating and cooling
(Figure S2) and showed repeatable behavior, indi-
cating that the change in photothermal conversion
is caused by a physical rather than a photochemical
process.

Light transmission at the laser irradiation
wavelength during photothermal heating was
measured. Photothermal heating resulted in a sig-
moidal change in the transmitted light intensity
(Figure 2B). The temperature at the midpoint of
the light transmission curve (Figure 2C) corre-
sponded closely to the peak temperature. Gold
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Figure 2. Thermal (A) and optical (B) time curves during continuous laser
irradiation (1.1 Wcm™2 at 825 nm) of a 1 cm cuvette containing a solution of
either PEARLs with different phase-transition temperatures or (control) gold
nanoshells. C) Measured maximum and midpoint temperatures achieved
during laser irradiation and corresponding phase-transition temperatures of the
temperature sensing phospholipid used in each formulation. 'Host lipid phase
transition temperatures as reported in Ref. [17].
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nanoshells did not display any measurable change in light
transmission under the same conditions (Figure 2B).

To simulate the application of PEARLs within a tissue
environment, the NPs were embedded within the rigid matrix
of a 3D polyacrylamide (12%) hydrogel phantom and the
light propagation through it was measured. Since water
movement is impeded by the cross-linked polymer matrix,
heat transfer is expected to occur by heat conduction in this
material, without significant convective distribution. This
recapitulates the properties of NPs dispersed homogeneously
through biological tissues (although without the cooling
effects of blood perfusion). The phantoms were optically
transparent and are stable at temperatures involving photo-
thermal therapy.'” Cylindrical slabs of polyacrylamide gel
(phantoms) were prepared and combined with a solution of
NPs prior to polymerization. The concentration of this
solution was adjusted to a final optical density of 2.0 at
824 nm. Two other gels were prepared, one embedded with
200 nm polystyrene NPs as a non-absorbing control and the
other mixed with non-active PEARLSs in which 40 mol % of
the phospholipid composition was replaced with cholesterol.
Addition of cholesterol affects membrane fluidity and can
abolish phase transitions above 33 mol%!"® and when for-
mulated in PEARLSs results in the NP behaving as a simple
photothermal nanoparticle absorber. The gel phantoms were
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placed in a custom-built apparatus that enabled simultaneous
measurement of light transmission, as well as spatial light
distribution and thermographic imaging at an angle perpen-
dicular to the beam path during irradiation with collimated
laser light (825 nm; 1.1 Wem™?) for 240 s. The results are
shown in Figure 3. In the control gel incorporating non-
absorbing polystyrene NPs the light penetrating the length of
the hydrogel did not change significantly during irradiation
(Figure 3A). The corresponding thermographic images
showed no change with time, the temperature remaining
between 20-25°C throughout the depth of the phantom
(Figure 3D). In the phantom containing non-active PEARLSs,
there was only a slight change in light transmission during
irradiation (Figure 3B). Photothermal heating was greatest
on the side of the hydrogel facing the laser and a distinct
thermal gradient developed, with a difference of approx-
imately 25°C between the hottest region closest to the
irradiated face of the phantom and the coolest region at depth
(Figure 3E). In contrast, in the phantom incorporating the
DPPC PEARLS , the light distribution was initially similar to
that with the non-active PEARLs but marked differences
were seen after about 30 s, with increased light transmission
over time, peaking at around 180 s (Figure 3C). In terms of
the spatial distribution of temperature, the phantom reached
a maximum temperature of 37°C and displayed only a small
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Figure 3. Photothermal heating in 2 cm thick cylindrical hydrogel phantoms containing uniformly dispersed nanoparticles at different time points
during continuous irradiation with collimated light (15 Wcm™ at 825 nm). In each panel the top images show the light distributions taken with
color video camera. The lower images were taken using a calibrated thermal camera for which the temperature scale is shown on the right.
Panel (C) shows the PEARLs (prepared with DPPC)-embedded phantoms, while panels (A) and (B) are controls with non-absorbing polystyrene
nanoparticles or with the non-active PEARLs, respectively. All phantoms had an initial optical density of 2 at 825 nm. D)—F) Corresponding
temperature versus depth profiles through the center of the thermographic images at various times during irradiation.
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temperature gradient (ca. 4°C) between the hottest and
coolest areas (Figure 3F). The results from the solution and
phantom experiments cannot be directly compared because
of differences in experimental setup. The solution experi-
ments utilized an aqueous sample that was insulated within
a plastic cuvette and possessed a greater thermal mass than
the cylindrical gel phantom. Both of these factors will slow the
rate of temperature decrease and thus lead to differing
estimates of maximum temperature as observed. Neverthe-
less, the relative spatial changes in temperature measured in
the phantom studies are still valid to demonstrate the heating
behavior of DPPC PEARLs compared to the cholesterol-
loaded, non-active PEARLSs.

Light transmitted through each phantom was measured
(Figure 4). The control phantom showed no increase in light
transmission over time, while the phantom containing non-
active PEARLSs showed a slow increase in transmission, up to
a factor of 2.6-fold after 240 s. The phantom containing the
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Figure 4. Fold-change in transmitted laser light intensity correspond-
ing to Figure 3.

DPPC PEARLs showed a nearly 200-fold increase in trans-
mission over time. The initial log-linear form of this trans-
mittance curve is as one would expect, with the intensity of
light increasing exponentially as an increasing volume of
PEARLSs switch from an absorbing to non-absorbing mode
above the phase transition temperature. Once all the nano-
particles are above the phase-transition temperature through-
out the full thickness of the phantom, the transmittance then
stabilizes. A limitation of the gel experiments is that the
phantoms were essentially purely absorbing in the NIR and
the intrinsic absorption and scattering of the gel phantom
material itself were minimal. For application of this technol-
ogy as photothermal enhancers in tissues, there will be
additional intrinsic absorption and scattering that will also
impact the light attenuation and, hence, the temperature
profiles.

In conclusion, we have demonstrated that it is possible to
design a photothermal nanoparticle with a closed-loop feed-
back capability. This feedback mechanism enables an iterative
increase in light transmission during photothermal therapy to
achieve deeper and more homogeneous heating. This strategy
of embedding a negative feedback mechanism into photo-
thermal nanoparticles is a step in the development of

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

adaptive-feedback platforms that may significantly enhance
photothermal therapy.
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