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Activatable photothermal agents with target-
initiated large spectral separation for highly
effective reduction of side effects+
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Xuemei Dong,? Chengjun Dong,? Xianfeng Gu 2 *® and Chunchang Zhao (2 *@

Photothermal agents (PTAs) with minimized side effects are critical for transforming cancer photothermal
therapy (PTT) into clinical applications. However, most currently available PTAs lack true selective activation
to reduce side effects because of heavy spectral overlap between photothermal agents and their
corresponding products. This study reports the construction of activatable PTAs with target-initiated
large spectral separation for highly effective reduction of side effects. Such designed probes involve two
H,O,-activatable PTAs, aza-BOD-BL1 (single activatable site) and aza-BOD-B2 (multiple activatable site).
After interacting with H,O,, aza-BOD-B1 only displays a mild absorption redshift (60 nm) from 750 nm
to 810 nm with serious spectral overlap, resulting in a mild photothermal effect on normal tissues upon
808 nm light irradiation. In contrast, aza-BOD-B2 displays a large absorption spectral separation (150
nm) from 660 nm to 810 nm, achieving true selective activation to minimize side effects during PTT of
cancer. Besides, in vitro and in vivo investigations demonstrated that aza-BOD-B2 can specifically induce
photothermal ablation of cancer cells and tumors while leaving normal sites undamaged, whereas aza-
BOD-B1 exhibits undesirable side effects on normal cells. Our study provides a practical solution to the
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Introduction

Cancer, as one of the most complicated diseases, threatens
human life and health seriously.’” So far, the therapy methods for
cancer mainly include surgery, chemotherapy, radiotherapy, etc.
However, invasive surgical treatment is always accompanied by
great physical pain, and radiation therapy or chemotherapy is
more likely to be associated with fatal side effects. Therefore,
there is a considerable demand to develop more efficient strate-
gies to combat cancer.*® Photothermal therapy (PTT), a new type
of tumor treatment, has attracted immense attention because of
its non-invasiveness, low toxicity, real-time control, high tumor
specificity, and so on.**™"” PTT treatment utilizes a photothermal
reagent to produce heat upon laser irradiation for killing the
cancer cells in the exposed area.’*** Compared with traditional
“always-on” photothermal agents, activatable photothermal
agents will suppress cancer precisely and minimize side effects on
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problem of undesired side effects of phototherapy, an advance in precision medicine.

normal tissue. Although it has been reported that various pho-
tothermal reagents can be activated by the tumor microenviron-
ment (hypoxia,»®?* lower pH,**?® overexpression of biological
enzymes,** and reactive oxygen species (ROS)***),the majority
of them have a significant shortcoming: heavy spectral overlap
between the photothermal agents and their corresponding
products. That is, they are unable to achieve true selective acti-
vation and minimize side effects on adjacent normal tissues.
The photothermal agents with a single activatable site cannot
change its electronic nature well before and after being activated,
and thus the spectral changes are limited. We explored whether it
is possible to introduce multiple activation sites into the photo-
thermal agents and then change their structure greatly, causing
a large spectral change to achieve truly selective activation.
Hydrogen peroxide (H,0,) is an important and the most abun-
dant endogenous reactive oxygen species (ROS) in cells.***
Compared with normal cells (the concentration of H,0, below 5
uM), the level of H,O, will be elevated abnormally in cancer
cells,®®** and thus, it is a good target for designed activatable
photothermal agents. Previously, researchers reported a series of
activatable photothermal reagents,**** but most of them cannot
achieve true selective activation to reduce side effects. So,
exploring true selective activatable photothermal reagents with
minimal side effects is still quite challenging in this research field.
In this contribution, taking H,O, as an example, we proved that
the introduction of multiple activation sites on the photothermal
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Scheme 1 Rational design of NIR photothermal reagents with H,O5-
activated large spectral separation for highly effective reduction of side
effects during PTT of cancer.

agents is an effective strategy to achieve high efficiency and
minimal side effects for photothermal therapy of cancer.
Herein, activatable photothermal agents with target-initiated
large spectral separation were reported for highly effective
reduction of side effects. Based on the aza-BODIPY backbone
(aza-BODIPY-1), near-infrared organic photothermal reagents
aza-BOD-B1 (single activatable site) and aza-BOD-B2 (multi-
activatable site) were rationally constructed (Scheme 1). The
aza-BODIPY dye was used due to its intense adjustable near-
infrared absorption, good optical stability, and large molar
extinction coefficient.**** It's worth noting that aza-BOD-B2 with
multi-activatable sites displayed a large absorption redshift
(about 150 nm) from 660 nm to 810 nm upon activation by H,O,,
affording the two well-separated absorption bands that benefit
the true selective activation. However, aza-BOD-B1 with a single
activatable site only displayed a mild absorption redshift (about
60 nm) with serious spectral overlap. Correspondingly, under the
irradiation of an 808 nm laser, aza-BOD-B1 exhibits a mild pho-
tothermal effect, whereas aza-BOD-B2 has almost no photo-
thermal effect. In contrast, the H,O,-activated product aza-
BODIPY-1 displays excellent photothermal conversion efficiency.
Thus, aza-BOD-B2 can act as a promising candidate for the
reduction of side effects efficiently during precise PTT of cancer.
In vitro investigations have demonstrated that aza-BOD-B2 is very
deadly to H,0,-rich cancer cells (A549 cells) and causes minor
harm to normal cells (HEK-293T cells), while aza-BOD-B1 causes
significant damage to both types of cell. We further demonstrated
that aza-BOD-B2 can realize precise and efficient treatment for
H,0,-rich cancer cells and minimize side effects on normal tissue
in a mouse model. We envisaged that the multiple-site-activated
design strategy for photothermal reagents will facilitate boosting
the specificity and precision of cancer photothermal therapy.

Results and discussion
Synthesis of NIR photothermal regents

Based on an NIR-absorbing aza-BODIPY derivative, two near-
infrared H,O,-activated photothermal regents (aza-BOD-B1
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and aza-BOD-B2) were constructed by adjusting the number of
the H,0, recognition group. And the introduction of three tri-
methylene glycol monomethyl ether chains enhanced the water
solubility of the two photothermal reagents. The synthesis route
is depicted in Scheme S1.f All the chemical structures were
identified by "H NMR, *C NMR and HRMS spectrometry.

Spectroscopic properties of aza-BOD-B1 and aza-BOD-B2

First, the spectroscopic properties of aza-BOD-B1 and aza-BOD-
B2 in response to H,O, were investigated in a buffer solution
(PBS/acetonitrile = 1 : 1; pH = 7.4), respectively. As shown in
Fig. 1 and S1,} the maximum absorption wavelength (Aax) Of
aza-BOD-B1 (single activatable site) is initially at 750 nm, which
gradually redshifts to 810 nm upon the addition of H,O, (300
uM), only displaying a slight absorption peak redshift (about 60
nm). In stark contrast, aza-BOD-B2 (multi-activatable site)
exhibits a significant absorption peak redshift (about 150 nm)
from 660 nm to 810 nm upon introduction with H,0, (300 uM).
Moreover, the two absorption bands of aza-BOD-B2 were well-
separated at 660 nm and 810 nm. Such larger absorption
spectrum changes were ascribed to the conversion of aza-BOD-
B2 into aza-BODIPY-1, proven by HRMS analysis (Fig. S27).
These results indicate that the construction of photothermal
reagents with multi-activatable sites can better change their
electronic nature before and after being activated, resulting in
larger absorption spectrum changes, which is an effective
strategy to solve the problem of spectral overlap. In addition,
the two activatable photothermal agents showed good response
to H,0, under weak acid conditions (pH = 6.5-7.4, Fig. S3a and
S4at), indicating their potential application in the general
weakly acidic environment of tumors. The absorbance intensity
changes at 808 nm exhibited a good linear correlation with
increasing H,0, concentration (0-30 pM), and the limit of
detection (LOD) was calculated to be 1.36 uM which indicates
high sensitivity of aza-BOD-B2 toward H,0, (Fig. S57).
Furthermore, except for H,0, and ONOO™, the other active
substances did not cause the obvious absorption spectrum
changes of the two compounds (Fig. S3b and S4bt). Impor-
tantly, the expression of ONOO™ is minimal and negligible
compared to H,O, in live cells,* Overall, aza-BOD-B1 and aza-
BOD-B2 are highly feasible for application in H,O,-activated
PTT. In particular, aza-BOD-B2 interaction with H,0, has
produced such a large spectral separation, making it a good
candidate for precise treatment of H,O,-rich cancers.

Photothermal conversion performance of aza-BOD-B1 and
aza-BOD-B2

Based on the fact that aza-BOD-B1 and aza-BOD-B2 both
showed strong NIR absorption at 808 nm activated by H,0,, an
808 nm laser was chosen for irradiation. We continue to
investigate the photothermal conversion ability of aza-BOD-B1
and aza-BOD-B2 in a buffer solution (PBS/acetonitrile = 1 : 1;
pH = 7.4). As shown in Fig. 1 and S6,} the temperature changes
of aza-BOD-B1 and aza-BOD-B2 in the presence or absence of
H,0, are compared. Even in the absence of H,0,, the temper-
ature of aza-BOD-B1 reached 47 °C within 10 min upon 808 nm

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Time-dependent absorption changes of (a) aza-BOD-B1 (10
puM) and (b) aza-BOD-B2 (10 uM) in the presence of 300 uM H,0O,. (c)
Under the 808 nm laser irradiation (3.0 W cm™2), the photothermal
temperature curves of PBS, aza-BOD-B1 (20 uM), aza-BOD-B2 (20
puM), and aza-BOD-B2 (20 uM) containing 300 puM H,0O,. (d) The
photothermal temperature change curves of aza-BOD-B2 (20 uM)
activated by H,O, under different power irradiations. (e) Temperature
elevation for aza-BOD-B2 at different concentrations in the presence
of H,O, (300 puM) under 808 nm laser irradiation (1.2 W cm™2). (f)
Representative IR thermal images of aza-BOD-B2 (20 uM) in the
presence of H,O, (300 pM) under 808 nm laser irradiation (3 W cm™2).
Error bars represent the standard error of the mean (n = 3).

laser irradiation (3.0 W c¢cm™?). By prominent contrast, the
temperature of aza-BOD-B2 or PBS only exhibited negligible
changes under the same conditions (Fig. 1c). The results indi-
cated that aza-BOD-B1 had a mild photothermal effect even in
H,0,-deficient noncancerous tissues, whereas aza-BOD-B2 had
almost no such undesired photothermal effect. It should be
noted that the temperatures of aza-BOD-B1 and aza-BOD-B2
were obviously changed after H,O, activation, indicating that
H,O0, plays an important role in the transformation of aza-BOD-
B1 or aza-BOD-B2 into an activatable photothermal agent. Laser
power is an important factor that affects the temperature
changes of photothermal reagents. As shown in Fig. 1d, the
temperature of aza-BOD-B2 (20 uM) gradually increases as the
power density increases, up to 66.8 °C. The temperature change
process is recorded with an infrared (IR) thermal image camera
(Fig. 1f). Next, we investigated the photothermal effects of
different concentrations of aza-BOD-B2 in the buffer solution.
In the presence of H,0,, as the concentration (5, 10, 20, and 30
uM) of aza-BOD-B2 increased, the temperature reached 35 °C,
40 °C, 45 °C, and 53 °C, respectively, upon 808 nm laser irra-
diation with a power density of 1.2 W cm ™, indicating that it
has a good concentration dependence. In addition, time-
dependent photothermal temperature changes of aza-BOD-B1
and aza-BOD-B2 after H,O, activation under 808 nm laser
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irradiation (2 W cm %) showed significant temperature
enhancement as the concentration of H,0, increased (Fig. S77).
The photothermal effects of H,O,-activated aza-BOD-B2 were
not diminished even after three heating and cooling cycles,
indicating good photothermal stability of aza-BOD-B2
(Fig. S6et). The H,0,-activated photothermal conversion effi-
ciency (n) of aza-BOD-B2 was determined to be approximately
28.3%. Besides, the two probes exhibited good photostability
(Fig. S87) in buffer solution (PBS/acetonitrile =1 : 1, pH = 7.4).
These favorable results indicate that compared with aza-BOD-
B1, aza-BOD-B2 is very promising for H,O,-mediated PTT
application in living tumors to reduce side effects effectively.

Photothermal cytotoxicity of aza-BOD-B1 and aza-BOD-B2 in
vitro

Based on the excellent photothermal conversion ability exhibi-
ted by aza-BOD-B1 and aza-BOD-B2 upon interaction with H,0,,
their biocompatibility and tumor-specific therapeutic effects
were investigated on H,O,-rich lung cancer cells (A549) and
H,0,-deficient human embryonic kidney transformed cells
(HEK-293T) using the CCK-8 assay. A549 and HEK-293T cells
were treated with aza-BOD-B1 and aza-BOD-B2 in different
concentrations (0, 5, 10, 20, and 30 uM) for 4 h, respectively. As
shown in Fig. 2, the dark toxicity of aza-BOD-B1 and aza-BOD-B2
against A549 cells and HEK-293T cells was evaluated. The
cellular activity of both cell lines remained higher than 90%
even at high concentrations (30 uM) of the two compounds
(Fig. 2a and b), indicating that they have good biocompatibility.
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Fig. 2 (a) Viability of A549 cells incubated with aza-BOD-B1 and aza-

BOD-B2 in the presence or absence of 808 nm laser irradiation.
Viability of HEK-293T cells incubated with aza-BOD-B1 and aza-BOD-
B2 in the absence (b) or presence (c) of 808 nm laser irradiation. (d)
Confocal fluorescence images of calcein AM/PI stained A549 cells
with different treatments (control, laser only, aza-BOD-B2 only, and
laser + aza-BOD-B2). Scale bars: 50 um. The laser power was 1.2 W
cm~2. Error bars represent the standard error of the mean (n = 5).
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However, considerable cytotoxicity was detected when A549
cells were incubated with aza-BOD-B1 or aza-BOD-B2 upon
808 nm laser irradiation. For example, the cell viability was
about 40% and 20% after incubation with aza-BOD-B1 (30 uM)
and aza-BOD-B2 (30 pM) upon 808 nm laser irradiation with
a power density of 1.2 W cm™> for 8 minutes of irradiation,
indicating the high therapeutic efficacy of aza-BOD-B1 and aza-
BOD-B2 on cancer cells upon 808 nm light irradiation. What's
more, the viability of A549 cells and HEK-293T cells without aza-
BOD-B1 and aza-BOD-B2 has not been affected under 808 nm
laser irradiation (Fig. 2a and c). In addition, aza-BOD-B2
showed negligible dark -cytotoxicity and photocytotoxicity
toward normal cells (Fig. 2b and c), suggesting that aza-BOD-B2
was silent in H,0,-deficient cells, which guaranteed minimal
side effects on normal tissue. Notably, aza-BOD-B1 was signifi-
cantly toxic to normal cells under laser irradiation, the viability
of cells being less than 50% at a concentration of 30 uM,
implying that aza-BOD-B1 still exhibits a mild photothermal
effect, which resulted in undesirable side effects on normal
tissues inevitably. The inhibitory assay with N-acetylcysteine
(NAC) at the cellular level demonstrated that the activation of
these two probes was indeed due to the presence of H,O,
(Fig. S9t). These results suggested that aza-BOD-B2 is
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Fig. 3 (a) Infrared thermal images of A549 tumor-bearing mice under

continuous NIR laser irradiation with different treatments. Laser irra-
diation was performed at 4 h post-administration of aza-BOD-B2. (b)
Mean temperature as a function of irradiation time. Laser irradiation
was performed at 4 h post-administration of aza-BOD-B2. (c)
Representative photos of mice in different groups during the aza-
BOD-B2-mediated PTT process. (d) Tumor growth curves of mice in
different groups by administration of various treatments. (e) Body-
weight changes in mice with various treatments. The laser power was
1.2 W cm™~2. Error bars represent the standard error of the mean (n = 5).
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a promising tool for H,O,-rich cancer photothermal therapy
with high precision and minimal side effects.

We further performed staining experiments with calcein-AM
(live cells, green fluorescence) and PI (dead cells, red fluores-
cence) to evaluate the effective killing cancer efficacy by aza-
BOD-B2-mediated photothermal therapy. In the images in
Fig. 3d, A549 cells treated with only aza-BOD-B2 or 808 nm laser
irradiation showed no significant cell death. The images of cells
that were incubated with aza-BOD-B2 followed by irradiation
with the 808 nm laser (1.2 W ¢cm™2) showed strong red fluo-
rescence and negligible green fluorescence, implying the
superior tumor-killing effect of aza-BOD-B2 under 808 nm laser
irradiation.

Photothermal ablation of tumors studies in vivo

Inspired by the superior phototherapeutic results of aza-BOD-
B2 on A549 cells in vitro, the capacity of aza-BOD-B2 for pho-
tothermal ablation of tumors in vivo was then evaluated using
A549 tumor-bearing mice; A549 tumor-bearing mice were
randomly divided into 4 groups (5 mice in each group) with
different treatments (PBS, aza-BOD-B2, PBS + laser, and aza-
BOD-B2 + laser). In the laser-irradiated groups, we used an
808 nm laser (1.2 W cm™?) to irradiate the tumor site directly
following intratumor 4 h post-injection of PBS or aza-BOD-B2.
In addition, healthy mice (without tumors) treated with both
aza-BOD-B2 injection and laser irradiation were also investi-
gated to confirm the inactive feature of aza-BOD-B2 in H,0,-
deficient normal tissues. Photothermal imaging of tumor
regions in A549 tumor-bearing mice injected with aza-BOD-B2
showed that the tumor temperature rapidly increased to
approximately 68.4 °C under the 808 nm laser irradiation for
8 min (Fig. 3a and b). In comparison, there were slight tumor
temperature changes in mice treated with only irradiation. Of
note, the healthy mice injected with aza-BOD-B2 also showed
a slight increase in temperature (about ~8 °C) upon 808 nm
laser irradiation. These results suggested that aza-BOD-B2 can
only be specifically activated within tumors to achieve effective
photothermal conversion, and thus, aza-BOD-B2 could be
a promising tool for efficient therapy of tumors in vivo.

To evaluate the in vivo treatment effect of aza-BOD-B2, the
important indexes including mice weight, tumor volume, and
the pictures of tumor-bearing mice in different treatment
groups at 2, 4, 6, 8, 10, 12, and 15 days after the first adminis-
tration were recorded. As shown in Fig. 3 and S10,f no obvious
therapeutic effect was observed in mice treated with only
808 nm laser irradiation or aza-BOD-B2, indicating that aza-
BOD-B2 has negligible dark toxicity. By stark contrast, tumors of
mice treated with both aza-BOD-B2 and laser irradiation were
almost completely ablated within 15 days (Fig. 3d), suggesting
excellent antitumor efficacy of aza-BOD-B2. Notably, no obvious
tissue damage was observed when the healthy mice were
injected with aza-BOD-B2 upon laser irradiation (Fig. S10%),
which further proved that aza-BOD-B2 is highly effective in
reducing side effects. Mice in each group with various treat-
ments were dissected after 15 days; their tumors and major
organs (the heart, liver, spleen, lung, and kidney) were provided

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for hematoxylin and eosin (H&E) staining analysis to assess the
pathological damage caused by aza-BOD-B2. The pictures of
tumor-bearing mice with different treatments more visually
showed that tumor inhibition was significantly enhanced in the
aza-BOD-B2 + laser group compared to the other treatment
groups (in Fig. 3¢ and S10t). Importantly, H&E staining clearly
showed significant necrosis in tumors of mice treated with aza-
BOD-B2 and laser irradiation simultaneously, while tumors of
mice treated with only aza-BOD-B2 or 808 nm laser irradiation
showed no noticeable histopathological damage (Fig. S11t). In
addition, the H&E images of the major organs in various
treatment groups indicate minimal histopathological damage.
These results indicated that aza-BOD-B2 has good biocompati-
bility and safety for in vivo application. Lastly, during in vivo
treatments, a negligible change in mice body weight was
observed in all groups (Fig. 3e). These results confirmed that
aza-BOD-B2 is a highly efficient H,O,-activated photothermal
agent with minimal side effects that can be specifically used for
PTT treatment of tumors.

Conclusions

In summary, we developed a photothermal reagent that can
achieve true selective activation to reduce side effects for real-
izing precise PTT therapy of cancer. We have successfully proved
that the introduction of multiple activation sites on the photo-
thermal reagent is an effective strategy to significantly eliminate
side effects. aza-BOD-B1 with a single activatable site has a poor
spectral separation effect after being activated by H,0, and thus
shows a mild photothermal effect under the irradiation of an
808 nm laser in normal tissues, showing undesirable side effects.
In sharp contrast, aza-BOD-B2 can be activated sequentially by
H,0, to change its electronic nature well, resulting in two well-
separated absorption bands with a large spectral redshift of up
to 150 nm. Such significant resolution effectively avoided the
problem of spectral overlap and realized true selective activation
to reduce side effects upon 808 nm laser irradiation, thus no
photothermal effect in normal tissues. In addition, upon acti-
vation by H,0,, aza-BOD-B2 exhibited excellent photothermal
conversion efficiency under the irradiation of an 808 nm laser,
enabling precise PTT treatment in tumor tissues with minimal
side effects in normal tissues. In vivo tumor inhibition experi-
ments showed that aza-BOD-B2 could remarkably ablate H,O,-
rich tumor tissues after 15 days of treatment with minimal side
effects. Our study solved the problems of poor specificity and
large side effects of traditional photothermal reagents, opening
up a new way for precision medicine and the application of
photothermal reagents in clinical practice.
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