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Introduction

Recently, photothermal therapy (PTT) has attracted attention as
a potential new cancer therapy to complement conventional
methods such as surgery, chemotherapy, and radiotherapy.
PTT utilizes near-infrared radiation (NIR, 700-1100 nm) to
penetrate biological tissue with minimal damage to normal
cells. NIR-absorbing photothermal agents that convert the
energy of NIR light into heat can kill cancer cells. If the agents
are delivered selectively to cancer cells, heat generation is
localized and results in minimal damage to the surrounding
tissue. Multiple NIR-absorbing materials have been studied as
PTT agents, such as gold nanostructures,” carbon nano-
materials,> quantum dots,* and semiconducting polymers.® In
particular, small-molecule cyanine dyes (indocyanine green
(ICG), IR825, etc.) are often used because of their high
biocompatibility.® Cyanine dyes show NIR absorption by the low
energy gap between S-S, derived from the extended 7 electron
system. However, the photosensitizing property of these dyes
towards O, molecules results in autocleavage and photo-
bleaching.” Even if stored in the dark, cyanine dyes are easily
oxidized and cleaved.® In addition, the fluorescence of these
dyes is disadvantageous because a substantial portion of the
energy absorbed as light is emitted as fluorescence and not as
heat. Therefore, optical properties of cyanine dyes decrease the
efficiency of photothermal conversion.

With the aim of developing new photothermal agents, we
have studied a series of diradical-platinum(n) complexes con-
sisting of two o-diiminobenzosemiquinonate radical ligands
and Pt".° These complexes absorb NIR light in the region of
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was introduced into cancer cells and induced cell death upon absorption of NIR. These results imply that
the complex can function as a photothermal therapeutic agent.

700-800 nm with high intensity (¢ = 10° M~ em™") by ligand-
to-ligand charge transfer.'® Water-soluble diradical complexes
have been synthesized as NIR-absorbing bioimaging probes.
However, there is a concern that platinum complexes might
dissociate through ligand substitution by a bio-thiol, gluta-
thione, which is present in the cytosol at high concentration
(0.5-10 mM)." To avoid dissociation, the complex needs to be
introduced into hydrophobic regions of cells such as the cyto-
plasmic membrane. Past reports indicate that the uncharged
complex containing bromo groups (PtL,, Scheme 1) does not
show NIR absorption in aqueous solution but does show NIR
absorption in hydrophobic environments such as liposome
bilayers.’> Moreover, PtL, does not exhibit fluorescence, sug-
gesting it has a high efficiency of photothermal conversion.
Based on these past results, we expected that PtL, might be
localized in cellular membranes in cancer cells and could cause
cell death by its photothermal effect.

Here we report that the complex PtL, can serve as a new
small-molecule PTT agent that may replace low photostability
organic dyes. The complex solubilized by bovine serum albumin
(BSA) was introduced into cancer cells and under NIR laser
irradiation, the cells were killed by the photothermal effect of
solubilized PtL,.

Results and discussion

The diradical complex PtL, was synthesized by two steps
(Scheme S1t). The first step was the complexation between Pt"
and 3,5-dibromo-1,2-diaminobenzene (H,L). Heating the
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Scheme 1 Chemical structure of PtL,.
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reaction mixture under Ar atmosphere afforded [Pt(H,L),]**
without causing deprotonation or oxidation of H,L ligands.
Since the obtained complex [Pt(H,L),]”" was water-soluble, it
was successfully separated from insoluble unreacted starting
materials by filtration. In the second step, heating the filtrate in
the presence of air promoted the deprotonation and oxidation
of the ligands from phenylene H,L to semiquinonate L.
Following this step, blue-violet PtL, crystals were obtained. The
complex showed maximum absorption at 736 nm in dimethyl
sulfoxide (DMSO) with the & value of 1.3 x 10° M~' ecm™*
(Fig. 1a, dashed line).

Next, we studied solubilization of the hydrophobic PtL, by
using BSA, a known hydrophilic lipid carrier protein. Absorp-
tion spectra of mixtures of PtL, in DMSO and BSA in phosphate
buffer saline (PBS) at different PtL,/BSA molar ratios (5 : 1-1 : 5)
were measured after heating at 37 °C for 24 h. As the concen-
tration of BSA increased, the absorbance at around 650 nm
decreased and that at 740 nm increased (Fig. S11). When the
PtL,/BSA molar ratio was >1, violet precipitates formed in
solution. These results suggest that PtL, was in equilibrium
between the insoluble aggregates (absorption band at around
650 nm) and the solubilized form (absorption band at 740 nm).
Excess BSA shifted the equilibrium to the solubilized form,
suggesting that the hydrophobic cavity of BSA accommodated
PtL, (ref. 9c) thereby increasing solubility. Presence of the
equilibrium between aggregated and BSA-bound PtL, was
further confirmed by measuring dynamic light scattering (DLS)
of the solution (Fig. S21). With PtL,/BSA molar ratio > 0.5,
particles with 107°-10"> m diameters can be seen. But in the
presence of 20-fold amount of BSA against PtL,, peaks assign-
able to particles were not shown. Establishment of the equi-
librium took 8 h as measured by the temporal change of the
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Fig.1 (a) Absorption spectra of 2.5 uM PBS solution of PtL; (solid line)

and 10 puM PtL, in DMSO (dashed line) normalized by absorbance at
each maximum absorption wavelength. (b) The temporal change of
absorption spectra of 5.0 uM PtL, solubilized in PBS for a week. (c)
Temperature change of PBS solution of PtL; at different concentra-
tions under the irradiation by 730 nm laser (2 W cm™2). [PtL,] = 0, 2.5,
5.0, 10, 20, and 40 uM in PBS. (d) Absorption spectra of PBS solution of
5.0 uM PtL, before and after irradiation of 730 nm laser light (2 W
cm~2) for 30 min.
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absorption spectra (Fig. S3at). Following ultrafiltration to
remove DMSO, the obtained PBS solution also exhibited NIR
absorption (Fig. 1a, solid line). Therefore, PtL, was successfully
solubilized in PBS by using BSA without organic solvents.

Long-term stability of the PBS solution of PtL, was evaluated
from the temporal change of absorption spectra at 4 °C. The
absorbance at 740 nm of the solution decreased by ca. 30% over
one week (Fig. 1b). Additionally, the proportion of absorption
measured at the shorter wavelength increased (Fig. S4t). These
results suggest that storage at 4 °C for a week shifted the
equilibrium of PtL, species from the solubilized form to the
aggregate form. Aggregates were solubilized by re-heating at
37 °C for 4 h as confirmed by the restoration of the absorption
spectrum to the original one (Fig. S51).

To confirm whether solubilized PtL, can exhibit photo-
thermal effect and photostability, the temperature of PBS
solutions of PtL, was measured under irradiation by 730 nm
laser (2 W cm™?) for 30 min. Temperature change (AT, from
initial temperature) of the solution increased over time (Fig. 1c)
with samples containing higher concentration of the complex
showing larger AT. For example, at 40 uM PtL,, the solution
temperature increased by 17.7 °C. By contrast, in PBS only, the
temperature increased by only 0.8 °C. Notably, the absorption
spectrum of the PBS solution of the complex was almost
unchanged after 30 min irradiation by NIR (Fig. 1d). This
implies that the complex remained in the solubilized form
without decomposition during irradiation. We compared these
results to one using 5.0 uM ICG in PBS (Fig. S6at). The
temperature reached a maximum at ca. 750 s and then
decreased gradually. After the irradiation, NIR absorption of the
ICG solution greatly diminished (Fig. S6bt). ICG is decomposed
under the effects of singlet oxygen generated by the energy
transfer from the triplet excited state of ICG to triplet oxygen."
This suggests that the temperature decrease of the ICG solution
after 450 s was caused by a decrease in the number of remaining
ICG molecules under NIR irradiation. We further studied the
photostability of PtL, upon laser irradiation by photothermal
cycle experiment (Fig. S7af). As can be seen, PtL, showed
increase and decrease in the solution temperature upon irra-
diation on and off, respectively. The three cycles seemed to be
very similar, suggesting high photostability of PtL,. By contrast,
in the same experiment, ICG solution showed that the increase
and decrease in the first cycle were not re-produced in the
following cycles with diminished temperature changes
(Fig. S7b¥), suggesting very poor photostability. Therefore, our
results suggest that unlike ICG, PtL, solubilized in PBS can
generate heat without decomposition upon NIR laser
irradiation.

With positive results regarding the photothermal conversion
ability and photostability of solubilized PtL,, we introduced the
solubilized complex into cancer cells. Human breast cancer cell
line MCF-7 was incubated in culture medium containing the
solubilized complex (20 uM) for 2 h. The pseudo color image of
the cells obtained with a spectral camera showed light blue
color (Fig. 2a). The absorption spectrum of the colored area
(black frame region) in Fig. 2a was almost the same as that of
the complex solubilized in PBS (Fig. 2b). The region showing the
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Fig. 2 (a) Pseudo color image of MCF-7 cells incubated in the culture
medium containing solubilized PtL, (20 uM) for 2 h. (b) Absorption
spectra of the black frame region in (a) (solid line, left axis) and PtL,
solubilized in PBS (dashed line, right axis). | and /gg are intensity of the
transmitted light through the black flame region and background
without the cells, respectively. (c) The distribution which shows the
similar spectrum as the black frame region. Scale bars represent 10 pm.

NIR absorption characteristic of the complex can be depicted
using a spectral angle mapper algorithm (Fig. 2c).** The solu-
bilized complex showed specific subcellular localization. We
then elucidated the subcellular distribution of the solubilized
complex by using organelle markers (Fig. 3). The complex was
not observed in nuclei but was observed in mitochondria and
the endoplasmic reticulum. Therefore, solubilized PtL, was
successfully introduced into MCF-7 cells.

The cytotoxicity of solubilized PtL, in the dark to MCF-7 cells
was analyzed by Calcein AM assay. After incubation for 24 h,
more than 50% of the cells containing the solubilized complex
at concentration of over 10 uM had died (Fig. S8). The half
maximal inhibitory concentration (ICs,) value was estimated to
be 8.1 uM (5.9 pg mL ™). Therefore, the solubilized complex has
greater cytotoxicity than conventional NIR-absorbing materials
but lower cytotoxicity than conventional anti-cancer drugs
(Table S17). For biomedical applications, it would be necessary
to improve the biocompatibility of the complex.

Finally, the cell-killing ability of solubilized PtL, by NIR
irradiation was studied over the course of an incubation time
sufficiently short that dark state cytotoxicity did not occur. The

Solubilized PtL, Rhodamine 123 Hoechst 33342 Merged Pseudo color

Solubilized PtL, ER-GFP Hoechst 33342 Merged Pseudo color

Fig. 3 Subcellular localization of solubilized PtL, in MCF-7 cells
analyzed by using spectral angle mapper algorithm. R: the solubilized
complex, G: Rhodamine 123 (mitochondria) or ER-GFP (endoplasmic
reticulum), B: Hoechst 33342 (nuclei). Scale bars represent 10 pm.
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Dead cells

w/o PtL,

Fig. 4 Bright field and fluorescence images of live and dead MCF-7
cells with and without PtL, (20 uM). The cells were irradiated by
730 nm laser light (0.28 W, spot size: 1 mm) for 15 min. The dashed
circle shows the laser spot. Scale bars represent 200 um.

MCF-7 cells with or without complex were irradiated by 730 nm
laser (0.28 W, spot size: 1 mm) for 15 min. Following irradiation,
dead cells were observed at the center of the laser spot (Fig. 4,
upper row). In contrast, live cells were observed located in the
periphery of the center within the laser spot, suggesting that the
irradiation power may not be high enough to kill the cells. In
the control, cells without solubilized PtL, survived both inside
and outside the laser spot (Fig. 4, lower row). These results
indicate that photothermal conversion of the diradical complex
can cause cell death by NIR laser irradiation.

Conclusion

In summary, the hydrophobic complex PtL, solubilized by BSA
functions as a photothermal agent in aqueous environments.
During irradiation by NIR laser, the complex solubilized in PBS
generated heat without its degradation. In MCF-7 cells, the
complex localized to mitochondria and/or endoplasmic retic-
ulum as shown by the NIR absorption of the complex. Cancer
cells containing the complex were killed by the photothermal
effect of the complex under NIR laser irradiation. This study has
demonstrated for the first time that diradical-platinum(u)
complex can be applied as a PTT. Further study of tumor-
specific delivery of PtL, by using encapsulation into the
amphiphilic copolymer micelles is now underway.
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