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Conventional photo/sonosensitizers act on foci and normal tissues with limited selectivity, leading to severe
skin and retina phototoxicity. Here we present a copper-hematoporphyrin monomethyl ether nanoframe-
work (CuHF) that suppresses fluorescence on healthy tissues without generating reactive oxygen species,
thus preventing phototoxicity to the skin and eyes. This nanoframework can react with endogenous hy-
drogen sulfide in colon cancer cells to generate CuS nanoparticles and Cu-HMME complexes in situ, enabling
simultaneous photothermal and sonodynamic therapies. By leveraging strengths from coordination
chemistry, material synthesis, and photochemistry, our study provides insight into the rational design of
prodrug-like photosensitizers for high-precision targeted cancer therapy.

© 2023 Elsevier Ltd. All rights reserved.

Introduction

There is a growing consensus that reactive oxygen species (ROS)-
induced therapies including photodynamic therapy (PDT) and so-
nodynamic therapy (SDT) are the strategies of choice for tumor
treatment due to the safety and nonintrusive features of both light
and ultrasound [1,2]. Various ways of sensitization have been pro-
posed, among which the involved prominent materials include in-
organic sensitizers (Titanium dioxide (TiO,) [3] and noble metal [4]),
organic sensitizers (protoporphyrin [5] and hematoporphyrin
monomethyl ether (HMME) [6]), and metal-organic frameworks
(MOFs) [7,8]. Previous studies have mainly focused on making sen-
sitizers excitable at long wavelengths and low power by manip-
ulating the photon harvesting, the efficiency of intersystem crossing,
and the retention of the triplet state [9-12]. For example, HMME as a
second-generation porphyrin-related photosensitizer can be trig-
gered by 630 nm light at 2.8 J/cm? [10], while BODIPY derivatives are
excited by 630 nm light under 6 Jjcm? [11,12]. Considerable efforts
have succeeded in significant improving the photoactivation ability
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of sensitizers, but this raises serious concerns about phototoxicity
because they are also functionally activatable in normal tissues
[1,13]. Patients administrated sensitizers are suggested to wear
sunglasses, a hat and long-sleeved clothing for several weeks to
prevent from prolonged photosensitivity. Thus, the development of a
clinical application of sensitizers remains a formidable challenge
because of the side-effects emanating from the undesired photo-
toxicity.

To alleviate the phototoxicity, the manipulation of the photo-
activity of sensitizers has been proposed as an attractive method
that relies on an “OFF-ON” two-step route. The first step is to turn off
the photoactivity of sensitizers (Aon—Bogr) through aggregation-
caused quenching (ACQ) (such as Cu-TCPP [14], fucoidan-based
theranostic nanogel [15] and carbon-dot-Cu®* nanoassemblies [16]),
conjugating induced photosensitizers-quenching (such as Ce6-Au
nanorods [17,18] and Ce6-IR780 [19]) and etc. The second step is to
turn on the photoactivity by activating sensitizer (Bog—Aon) under
specific tumor microenvironments (TME), including hypoxia [20],
high concentration of glutathione [21], and low pH [22,23]. For in-
stance, fucoidan-based theranostic nanogel is non-phototoxic owing
to aggregation-induced self-quenching [15]. After the internalization
into cancer cells, the nanogel responds to the intracellular redox
potential, namely GSH, thereby enabling the enhanced PDT of tu-
mors. Our group has also developed TME-assisted sensitizers for
higher tumor inhibition, including hyaluronidase-induced
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disassembly of hyaluronic acid nanoparticles [24| and GSH-triggered
Cu?* based chemodynamic effects [25]. It is possible, however, for
common tumor microenvironment indicators to overlap with those
of other diseases, such as low pH at inflammation and tumor sites,
and this may result in undesired activation of the sensitizers [26].
Therefore, it is desirable to exploit ideal sensitizers that are only
active in focal zones but are inactive in healthy tissues for the precise
therapy.

Hydrogen sulfide (H2S), a specific gaseous biomarker in colon
cancer, has been identified as an efficient target for activation
[27-29]. For examples, H,S can trigger the conversion (such as
Cu,0-CuS (28], Cu,0@CaCO3—~CuS [30]) of nanoagents for the
imaging and/or photothermal therapy. Meanwhile, Cu clusters in
frameworks can efficiently harvest charge from organic ligands due
to their unsaturated 3d orbitals. Inspired by these features, herein,
we reported an on-demand strategy for constructing ideal sensiti-
zers to treat colon tumors, including the deactivation of photo-
toxicity (Aon—Bos) Of sensitizers and endogenous H,S-triggered in-
situ activation (Bog—Copn) of therapy functions (Scheme 1). As a ty-
pical photosensitizer, HMME (A,,) can efficiently generate ROS upon
light or ultrasound irradiation [31-33]. ROS-induced toxicity cannot
discriminate between the cancer cells and normal tissues, causing
the damage to vulnerable eyes and skin under sunlight/lamp and
thus needing the persistent dodging of light. To alleviate the pho-
totoxicity, HMME was used to coordinate with copper ions (Cu?*) to
form Cu-HMME framework (CuHF as Byg) nanoparticles (NPs) with
sizes of ~50 nm, where Cu?* coordination could induce a substantial
ligand-to-Cu?* charge-transfer effect [34]. As a result, CuHF NPs
exhibited negligible '0, production, indicating the on-demand de-
activation (Aon—Bogr) of phototoxicity. After administration of CuHF,
there was no obvious damage to vulnerable skin and retina under
simulated sunlight. When CuHF NPs were accumulated in the colon
cancer cells, they could react with the endogenous HsS to induce the
in-situ conversion (Byg—Con), Nnamely on-demand activation, which
included the release of Cu-HMME complexes (C1,,) for SDT and the
formation of CuS nanoparticles (C2,,) for photothermal therapy
(PTT). After exposure to light and ultrasound, colon cancer cells in
vitro and in vivo were efficiently killed, realizing the precise PTT and
SDT against colon cancer.
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Results and discussion

Phototoxicity-free CuHF were first self-assembled using Cu
clusters and HMME molecules as building blocks, followed by sur-
face modification with hyaluronic acid. During the synthetic pro-
cesses, Cu?* ions coordinated with the nitrogen in the porphyrin
rings of HMME, resulting in the formation of the metalloporphyrin
Cu-HMME. The Cu-HMME acted as an organic linker to further co-
ordinate with the secondary building unit Cuy(CO,),, allowing the
assembly of CuHFs with a mean diameter of 50 nm (Fig. 1a, b). CuHF
was stable in physiological conditions and dispersed well in phos-
phate buffered saline (PBS) for 5 days with a low polydispersity
index (PDI, 0.19, Fig. S1a, b). The high-resolution transmission elec-
tron microscopy (HR-TEM) image showed no lattice fringes, and the
fast-fourier transform (FFT, Fig. 1b) pattern had no diffraction spots,
indicating that CuHF NPs were amorphous. The homogeneous dis-
tribution of Cu/C/N/O in the element mapping also indicated the
formation of CuHF NPs (Fig. S2). The zeta potential decreased from
-14.8 mV of HMME to - 5.9 mV of CuHF (Fig. S3). The bivalent state
of Cu elements in the nanoframework was confirmed by X-ray
photoelectron spectroscopy (Fig. 1d). In contrast to the 4 Q-band
peaks (498, 530, 570 and 622 nm) in the absorption spectrum of
HMME, CuHF displayed only two Q-bands at 532 nm and 568 nm,
indicating that Cu?* occupied the center of the porphyrin (Fig. 1e)
[25,35]. Compared with pristine HMME, the fluorescence of CuHF
could be quenched over 97% because of the HMME-to-Cu?* charge
transfer (Fig. 1f).

Sensitizers tend to exhibit prolonged photosensitivity, namely
phototoxicity that is harmful to skin and vulnerable eyes. To test
photoactivity, an aqueous solution of free HMME (2 ng/mL) or CuHF
(HMME component: 2 pg/mL) was respectively mixed with 1,3-di-
phenylisobenzofuran (DPBF, a probe), and then irradiated by a
660 nm light for 200 s. The results showed a high DPBF degradation
efficiency of 61.5% in HMME group and only 4.6% in the CuHF group
(Fig. 2a, S4a, b), indicating that the formation of CuHF efficiently
deactivated photosensitivity and '0, production. The photoactivity
was further compared at the cellular level. Unlike HMME which
destroyed cells combined with light, CuHF showed little photo-
toxicity as evidenced by the green fluorescence observed in most
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Scheme 1. Design of Cu-HMME frameworks (CuHF) for phototoxicity deactivation and synergistic photothermal/sonodynamic therapy (SDT).
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Fig. 1. Characterization of CuHF. (a) The proposed unit, (b) transmission electron microscopy image, high-angle annular dark field image, (c) elemental mapping (A high-angle
annular dark-field scanning transmission electron microscopy image is abbreviated to HAADF.), and (d) high-resolution Cu2p X-ray photoelectron spectroscopy, respectively, of
CuHF. (e) UV-vis absorption and (f) photoluminescent spectra (ex, 400 nm) of HMME and CuHF, respectively.

cells (Fig. 2b). Then mice were injected with HMME and CuHF to
evaluate phototoxicity to skin and eye (Fig. 2c). After two days, the
skin exhibited erythematous swelling, whereas the CuHF-treated
area showed no obvious changes (Fig. 2d). Histological analysis of
the skin biopsy showed that HMME caused damage to epidermis and
vessels (Fig. 2e). This vascular damage due to loss of endothelial cells
and formation of microthrombi may result in lymphocytic infiltra-
tion and epidermal thickening [36]. However, the skin area of the
CuHF-treated group showed clearly distinguishable layers of epi-
dermis and dermis without inflammation or endothelial injury.
Apart from the skin lesion, the damage caused by HMME to eyes was
much more severe. HMME treatment induced structural disruption
and damage to retinal layers in the eyes (Fig. 2f-h). Such uneven
thickness of the inner nuclear layer (INL) and outer nuclear layer
(ONL) may lead to impaired vision or even blindness [37,38]. Retinal
layers remained flat after CuHF treatment, indicating negligible
retinal injury.

H,S may react with CuHF to release Cu-HMME complexes and
generate CuS nanoparticles because of the intrinsic high affinity
between Cu and S elements [27,28,39]. One can deduce that the
relatively high concentration of endogenous H,S in colon cancer may
react with CuHF to release Cu-HMME complexes and generate Cus,
resulting in the on-demand activation.

By using NaHS to simulate endogenous H,S, the release of Cu-
HMME complexes was investigated during the vulcanization reac-
tion. The original CuHF solution showed red and somewhat cloudy,
and it had an absorption peak at 383 nm (Fig. 3a, b). The absorbance
of CuHF solution at 383 nm increased with the addition of NaHS as a
H,S mimic source. The number of Q-band peaks remained at 2 in-
stead of 4, implying the presence of Cu-HMME complexes [40]. The
final CuHF+NaHS solution became clear and transparent due to the
disassemble of CuHF and the release of Cu-HMME complexes (inset
of Fig. 3b). Moreover, the fluorescence intensity at 627 nm increased
11.9-fold after the addition of 30 mM NaHS (Fig. 3¢, d). Cu-HMME
complexes were likely to be responsible for the fluorescence, which

was similar to other Cu-based metalloporphyrins, such as Cu
(ITMPyP and CuTUP [40,41]. The release of Cu-HMME complexes
would affect the ability of !0, production under ultrasound irra-
diation. The '0, generation of this sulfurized CuHF was 8.3-fold
higher than that of the pristine CuHF (Fig. 3e, f and S5a). In addition,
the Cu-HMME complexes could not generate !0, under the excita-
tion of near-infrared region (NIR) light irradiation (Fig. S5b). There-
fore, the addition of NaHS released the Cu-HMME complexes and
then unlocked the generation ability of '0,, resulting in the activa-
tion of SDT function.

In order to gain insight into the electronic structure, the spin
density distributions of HMME, CuHF, and Cu-HMME were simu-
lated based on density functional theory (DFT) calculations
(Fig. 3g, S6). Unlike the homogeneous electron distribution of
HMME, the highest occupied molecular orbital (HOMO) of CuHF
significantly overlapped with the Cu,(CO;)4, while the lowest
unoccupied molecular orbital (LUMO) was mainly on metallo-
porphyrin, showing a higher negative potential on Cuy(CO3)4
moiety [42,43]. Meanwhile, the orbital energy level of Cu?*
(0.62 eV) was lower than the triplet state of Cu-HMME (1.02 eV)
and 30, (0.98 eV[44]). The excitation of the Cu-HMME macrocycle
is transferred to the Cu,(CO,), moiety rather than oxygen. As for
Cu-HMME, its electrostatic potential map (ESP) was more homo-
geneous compared to that of CuHF. Based on the above results, we
can deduce that HMME is active and can generate abundant '0,
even under sunlight, causing damage to cells. The deactivated
CuHF result in low '0, yield due to electron transfer and ag-
gregation-enhanced non-radiative transition (heat), avoiding
phototoxicity. After activation by sulfide source, CuHF can dis-
assemble and release Cu-HMME complexes, unlocking the ability
of '0, production and then realizing the activation of SDT
function.

Numerous nanoplates were formed during the vulcanization of
CuHF (Fig. 3h). Lattice fringes with an interplanar d-spacing of 2.4 A
were associated with (130) of covellite Cu,g;S (PDF#41-0959). Cu
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Fig. 2. Phototoxicity inhibition of CuHF. (a) Degradation of DPBF by HMME and CuHF. (b) Fluorescence images of cells after treating with HMME or CuHF incubation for 30 min
and light irradiations for 10 min (c) Scheme of skin and eye of mice exposed to simulated sunlight. (d) Photographs with the highlighted points of the mice after skin irritation
tests. The mice in the control group received no treatment. Hematoxylin and eosin (H&E) stained images of (e) skin and (f) retinal slices after injection with HMME and CuHF,
respectively. Quantitative analysis of thickness variation in (g) INL and (h) ONL layers (n =9). Retinal structure in ¢ represents ganglion cell layer (GCL), inner plexiform layer (IPL),
inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), inner/outer segment (IS/OS), and retinal pigment epithelium (RPE).

and S elements were also homogeneously distributed in the nano-
crystals (Fig. S7a, b). The formation of CuS was also confirmed by
XPS. The peaks at 932.7 and 952.6eV in the Cu2p spectrum corre-
sponded to the Cu2ps), and Cu2p;; states of CuS (Fig. S8a), whereas
the peaks at 162.4, 163.6, and 168.5eV in the S2p spectrum re-
presented the S2pq, and S2ps, states of CuS (Fig. S8b) [45]. Ad-
ditionally, the negligible absorption of pristine CuHF from 700 to
1100 nm increased significantly after the addition of NaHS (Fig. 3i),
which could be attributed to the plasma effect of CuS. When irra-
diated at 808 nm, the temperature of the sulfurized CuHF solution
increased 8-fold compared with the pristine solution (Fig. 3j). On-off
cycle tests revealed the high photothermal stability and conversion
efficiency of the sulfurized solution (Fig. S9a, b). The outstanding
photothermal performance of the sulfurized CuHF also led to its
multifunctionality in photoacoustic imaging, which would be an
added benefit for imaging-guided therapy (Fig. S10). Taken together,
NaHS would trigger synergistic anticancer effects of CuHF through
sonodynamic and thermal therapeutic modalities.

Further results in the cell counting kit-8 (CCK-8) assays showed
negligible cytotoxicity of CuHF with high cell viabilities of over 94.2%
(Fig. S11a). The safety of CuHF was also confirmed on normal cells
(human umbilical vein endothelial cells, HUVEC) under the ultra-
sound or NIR irradiation (Fig. S11b). To demonstrate the activation
behavior of CuHF in vitro, murine colon cancer cells (CT26) were
incubated with cystathionine-g-synthase (CBS) stimulant sodium
butyrate (5mM) to upregulate H,S [27,46]. Red fluorescence ap-
peared and gradually brightened with increasing duration of co-

culture of CuHF and CT26 cells, indicating the release of Cu-HMME
complexes (Fig. 4a, b and Fig. S12a, b). The in vitro SDT effect of CuHF
was evaluated by intracellular ROS quantification (Fig. 4c, Fig. S13).
The formation of CuS in CT26 cells through co-incubation with CuHF
was characterized by XPS. The high-resolution spectrum of Cu2p
showed two peaks at 933.1 eV (Cu2psj;) and 952.8 eV (Cu2py);) of
CuS (Fig. 4d), instead of the four peaks of CuHF. The spectrum of S2p
also showed two peaks at 163.7 eV (S2p;/;) and 168.6 eV (S2ps3)2)
(Fig. S14). These cellular-level measurements confirmed the che-
mical transformation of CuHF into Cu-HMME complexes and CuS
induced by endogenous H,S.

Flow cytometry was performed to quantify cell death induced by
photothermal and sonodynamic damage. The results showed that
only photothermal treatment caused 69.4% cell death, whereas sy-
nergistic therapy yielded a higher ratio of 85.7% (Fig. 4e, f). Ther-
apeutic efficiency was also evaluated by using a dual live/dead cell
staining kit (Calcein-AM/PI) and a CCK-8 assay. In the presence of
CuHF, red fluorescence increased and cell viability decreased sharply
to approximately 50% after NIR irradiation (Fig. 4g and S15a).
Moreover, almost all cells died upon simultaneous exposure to ul-
trasound and NIR irradiation. The combination index (CI) was de-
termined to 0.85 (Fig. S15b), indicating the synergetic therapeutic
effect of PTT and SDT (CI< 1) [47]. For cell apoptosis verification, we
used the fluorescent probe JC-10 to monitor the mitochondrial
membrane potential to reveal the early stage of cell apoptosis. CT26
cells in the I-II and CuHF groups showed strong red fluorescence
(Fig. 4h, S16), indicating that JC-10 was aggregated in the
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dependent temperature profiles, respectively, of CuHF with and

mitochondrial matrix, resulting in a high mitochondrial membrane

potential due to the high cell activity. On the
monomers emitted green signal within cells after
treatments, suggesting apoptosis.

without NaHS treatment.

contrary, JC-10
PTT and/or SDT

Before administration to mice, the hemolysis tests were per-
formed to evaluate the blood safety of CuHF. The hemolysis ratio was
lower than 3% even at 300pg/mL, indicating the good hemo-

compatibility of CuHF (Fig. S17). The therapeutic effects of CuHF
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Fluorescence images of CT26 stained with calcein AM/PL (h) The fluorescent images from the JC-10 mitochondrial membrane potential assay after different treatments.

triggered by endogenous H,S were further investigated using CT26
tumor models on BALB/c mice (Fig. 5a). As a standard protocol, all
mice were injected with S-adenosyl-i-methionine 24 h before ex-
periments to upregulate endogenous H,S in tumor [28,48]. After
administration of CuHF, their accumulation in the tumor and their
conversion to CuS could be visualized due to gradually enhanced

photoacoustic signals (Fig. 5b and Fig. S18). Moreover, tumor tem-
perature increased rapidly in the CuHF-treated group upon NIR ir-
radiation, whereas no obvious changes were detected in the control
group (Fig. 5¢, d). In addition, the tumor in control groups (PBS or
CuHF alone) grew quickly, reaching a 12-fold larger volume after 2
weeks. The tumor growth rate in CuHF-treated groups was
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effectively suppressed by NIR intervention (Fig. 5e, f and S19). The
synergistic therapeutic effect was further confirmed by a post-
treatment tissue section analysis, which clearly showed condensed
nuclei and damaged tumor cell morphology in the CuHF-treated
group (Fig. 5g). H&E staining of major organs and weight monitoring
also confirmed the biosafety of the combined therapies (Fig. 5h
and S20).

Conclusions
In this work, we have developed CuHF capable of activation on

demand in the presence of H,S. CuHF exhibit high quenched fluor-
escence of over 97% and low photosensitivity in normal tissues,

which reduce safety concerns compared with conventional sensiti-
zers. This nanoframework can respond to endogenous H,S to gen-
erate Cu-HMME complexes and CuS nanoparticles, which then
promote efficacy in colon cancer treatment through combined so-
nodynamic and photothermal effects. Our work sheds light on the
rational design of smart sensitizers for precise cancer therapy.

Experimental section
Chemicals

Hydrogen peroxide (H,0;), copper chloride dihydrate
(CuCly-2H,0), 1.3-diphenyl isobenzofuran (DPBF), trimethylamine,



M. Wen, N. Yu, Z. Yi et al.

and N,N-dimethylformamide (DMF) were brought from Sinopharm
Chemical Reagent Co., Ltd. Hematoporphyrin monomethyl ether
(HMME) was purchased from Shanghai Xianhui Pharmaceutical Co.
Hyaluronic acid ( MW: 200 kDa) was purchased from Jiangsu haihua
biotechnology co. LTD. S-adenosyl-L-methionine (SAM) was pur-
chased from Shanghai Macklin Biochemical Co., Ltd. Phosphate
buffered saline (PBS, pH 7.4) and penicillin-streptomycin solution
were obtained from Gibco (NY, USA). Calcein acetoxymethyl ester
(Calcein AM), propidium iodide (PI), 2’,7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA) were received from Beyotime
Biotechnology. Colon cancer cell CT26 were originally purchased
from Type Culture Collection of the Chinese Academy of Sciences,
Shanghai, China.

Synthesis of CuHF

CuHF were synthesized through the assembly of HMME with
Cu?* ions and modification by hyaluronic acid. Briefly, methanol-
triethylamine solution (10 mL, volume ratio: 50:1) containing HMME
(10 mg) was mixed with methanol-DMF solution (10 mL, volume
ratio: 85:15) containing CuCl,-2H,0 (10 mg). The mixture was placed
in the ultrasonic instrument (40 kHz) and sonicated for 2 h in the
dark room. Then, the solution was centrifuged (12000 rpm, 20 min),
washed three times with alcohol/water (10 mL, volume ratio: 1:1)
and then dispersed in 10 mL of water. Subsequently, hyaluronic acid
(20 mg) was added and stirred for overnight. The mixture was cen-
trifuged and washed with deionized water to obtain the final pro-
ducts.

Physical characterization

TEM imaging and energy dispersive spectroscopy mapping were
carried out using a transmission electron microscopy (FEI Talos
F200S). XPS was characterized using an Escalab 250Xi instrument.
The fluorescence spectra were determined using a fluorescence
spectrofluorometer (FP-6600, JASCO). Absorption spectra were
measured using a UV-vis spectrofluorometer (Shimadzu UV-3600).

CuHF activation in solution

NaHS was used to imitate H,S in solution [30]. The disassembly
of CuHF under stimulation of NaHS was confirmed by TEM, UV-vis-
NIR, and fluorescence measurements. To confirm the formation of
CuS nanoparticles, NaHS (30 mM) was drop into a dispersion of CuHF
(01 mg/mL) and the mixed solution (CuHF+NaHS) was directly
dropwise added onto a copper mesh and dried for TEM measure-
ment. DPBF was employed to detect the generation of '0,. DMF
(2mL) containing DPBF (20uL, 2 mg/mL) was mixed with CuHF
(2.5pg/mL), followed by irradiation with ultrasound (1.0 MHz,
2.5 W/cm?) for different periods (0-10 min) in the dark.

Evaluation of the photothermal effect

A thermal infrared imager was employed to estimate photo-
thermal performance. Firstly, NaHS (0-30 mM) was added into a
dispersion of CuHF (0-1 mg/mL) and reacted overnight. The mixed
solution was irradiated upon 808 nm excitation (1.5W/cm?) for
600 s. Finally, photothermal conversion efficiency (57) was calculated
according to the following equation:

_ hA(ATmax,dis - ATmax,HZO)
= ""1(1 = 10-Asm)
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where h is the heat transfer coefficient, A is the surface area of the
container, Alyax,gis and ATyax 0 denote the temperature change at
the maximum equilibrium temperature. I represents the laser power
in units of W and Agog is the absorbance at 808 nm.

Cellular work

CT26 cells were cultured in DMEM medium containing 10% fetal
bovine serum and 1% penicillin-streptomycin in the presence of 5%
CO, at 37 °C. CT26 cells were planted in a 96-well plate and cultured
for 24 h. CuHF (0-100 pg/mL) solutions were introduced to the cul-
ture medium and co-cultured for another 24 h. To evaluate the safety
of CuHF on normal cells, HUVEC were also seeded in a plate and
cultured with CuHF (100 pug/mL) for 24 h, followed by ultrasound or
NIR irradiation. After washing the cells twice with PBS, 100 piL of the
CCK-8 were added into the treated cells. After another culture of 4 h,
the absorbance at 450 nm was recorded using a microplate reader.
Cell  viability = was calculated as  follows:  viability
(%) =100 xAbssample — Absplank

Abscontrol — AbSplank .
Cellular uptake of CuHF was measured using a confocal laser

scanning microscope (DAPI channel: E,/E,= 340/488 nm; Cu-HMME
channel: E,/E, = 400/620 nm). Briefly, CT26 cells were cultured in
dishes containing CuHF and sodium butyrate (5 mM) that can up-
regulate CBS expression and H,S production [27,46,49]. For in-
tracellular ROS detection, the 2’,7’-dichlorofluorescin diacetate
(DCFH-DA) probe was added to the cultured cells and the fluores-
cence images were captured (DCF channel: green, E,/E;,= 504/
529 nm; Cu-HMME channel: red, E,/E,= 400/620 nm). To validate
the therapeutic effect of CuHF, three treatment groups were de-
signed: Group 1, PBS; Group 2, CuHF+NIR; Group 3, CuHF+NIR+ul-
trasound. The irradiation parameters, ultrasound: 1.0 MHz, 2.5 W/
cm?, NIR: 1.5W/cm?. Cell apoptosis was assessed using flow cyto-
metry and JC-10 staining. To mitigate the impact of red fluorescence
from Cu-HMME complexes, a compensation sample containing cells
treated only with CuHF was used.

In vivo work

BALB/c mice (6-8 weeks of age) were obtained from Shanghai
SLAC Laboratory Animal Center. All animal works followed the guide
for the Care and Use of Laboratory Animals and performed in ac-
cordance with protocols approved by the Animal Welfare and
Research Ethics Committee of Donghua University.

For skin injury tests, HMME or CuHF (120 pL, 2 mg/mL equivalent
HMME) was subcutaneously injected into the healthy mice. The skin
was irradiated with stimulated light (0.1 W/cm?) for 20 min. After 2
days, the skin at the injection site was harvested and sliced for H&E
staining. For eye injury tests, HMME or CuHF (120 pL, 2 mg/mL of
equivalent HMME) was intravenously injected into the healthy mice.
After 1h of injection, eyes were irradiated with simulated light for
20 min and sliced for H&E staining.

To establish the tumor model in the subcutaneous tissue, CT26
cells (1x10° cells) suspended in 100puL PBS were subcutaneously
injected into the right abdomen of each mouse. When the tumor
volume reached 50-80 mm?, tumor-bearing mice were used for
imaging experiments. Before therapeutic experiments, tumor-
bearing mice was intraperitoneally injected with an allosteric CBS
activator SAM (20 mg/kg) to upgrade the H,S level [28]. Then, CT26-
bearing mice were injected intratumorally or intravenously with a
CuHF dispersion (120pL, 2 mg/mL). Photoacoustic (PA) images of
tumor sites were acquired at different time points after injection. To
evaluate the effect of therapy in vivo, mice were randomly divided
into four groups: (I) PBS; (II) CuHF; (III) CuHF+NIR; (IV) CuHF+NIR
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+ultrasound. The mice in each group were intravenously injected
with 120 pL PBS or CuHF (120 pL, 13 mg/kg). Then the mice were
executed with ultrasound irradiation (1.0 MHz, 2.5 W/cm?, 12 min,
25% duty cycle) or 808 nm NIR irradiation (1.0 W/cm?, 10 min).
Treatments were repeated twice on the first day and on the third
day. After 15 days, the tumors, heart, liver, spleen, lungs, and kidneys
were collected for histopathological analysis, including H&E staining
and terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay.

Computational details

To gain insight into the electronic structure, we established a
CuHF model of Cu-HMME linked to Cuy(CO;)4 and performed cal-
culations based on density functional theory (DFT) [25,50,51]. Op-
timized molecular geometries were calculated at the BHandHLYP/
Def2SVP levels of theory. All calculations were performed using the
Gaussian 16 program.

Statistical analysis

All data are shown as mean+ SD, unless otherwise stated. The
significance of differences was determined by analysis of variance
(*p < 0.05, ***p < 0.001).
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