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Sonodynamic therapy (SDT) has unique advantages in deep tumour ablation due to its deep penetration
depth, showing great preclinical and clinical potential. Herein, a platinum(i)—cyanine complex has been
designed to investigate its potential as a SDT anticancer agent. It generates singlet oxygen (*O.) under
ultrasound (US) irradiation or light irradiation, and exhibits US-cytotoxicity in breast cancer 4T1 cells but
with negligible dark-cytotoxicity. Mechanistic investigations reveal that Pt-Cy reduces the cellular GSH
and GPX4, and triggers cancer cell ferroptosis under US irradiation. The metabolomics analysis illustrates

0 2022 that Pt-Cy upon US treatment significantly dysregulates glutathione metabolism, and finally induces
Received 10th Ma . . . S . -
Accepted 2nd August 2022 ferroptosis. In vivo studies further demonstrate that Pt-Cy inhibits tumor growth under US irradiation and

its efficiency for SDT is better than that for PDT in vivo. This is the first example of platinum(i) complexes

DOI: 10.1039/d25c02597¢ for sonodynamic therapy. This work extends the biological applications of metal complexes from PDT to
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Introduction

Sonodynamic therapy (SDT) is a new non-invasive treatment
strategy.’™ It uses ultrasound (US) to trigger the sensitizer to
produce reactive oxygen species (ROS) to kill cancer cells.*”
Compared with light, US shows deeper tissue permeability,
which has great advantages in the treatment of deep tumours.*®
However, so far, the mechanism of ROS generation by SDT is
not clear; one of the most representative and reasonable
mechanisms is called “sonoluminescence”. This mechanism
indicates that light will be generated during the irradiation of
the solution with US. This light can further stimulate the
acoustic sensitizer to generate electron-hole (e-h") pairs, and
finally achieve the effect of ROS generation in a water environ-
ment.’ The sonosensitization efficiencies and ROS quantum
yields are essential prerequisites for SDT.'** Therefore,
designing and developing excellent sonosensitizers is a crucial
topic in the development of SDT. Recently, many nano-sono-
sensitizers showed superior physiochemical properties,* but the
clinical translation remained unresolved because of non-
biodegradation and uncertain composition. In contrast, small
molecule sonosensitizers have the advantages of clear structure
and easy metabolism, which are conducive to clinical
applications.*
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The development of platinum-based anticancer drugs,
including cisplatin, carboplatin and oxaliplatin, represents one
of the great successes in the field of metals in medicine.”
However, their use can be accompanied by side effects and drug
resistance.” In order to overcome these limitations, plati-
num(v) prodrugs activated by reduction or light induction have
achieved promising therapeutic effects in the past few
decades.’?® Recent work aimed to study phosphorescent Pt(u)-
based photosensitizers (PSs) for PDT,'** which may have lower
side effects and different mechanisms of action to avoid resis-
tance to platinum chemotherapeutic drugs.

Continuous efforts have been made to overcome the light
limitations associated with PDT through the development of
near-infrared light (NIR)** or two-photon (TP) light irradiation-
based PSs.**** However, the problem of limited penetration into
tumor sites has not yet been solved.” In contrast, US can reach
deep organs. Moreover, US has been used for clinical diagnosis
in hospitals, and thus SDT may be a promising cancer treatment
strategy because of its non-invasiveness and cost-effectiveness.

Based on the above background, we designed and synthe-
sized a platinum(u) complex conjugating a cyanine framework
(Pt-Cy) (Fig. 1a), and investigated its SDT effect. The results
showed that the Pt-Cy could generate ROS under US or light
irradiation, and exhibited US-induced cytotoxicity towards
breast cancer 4T1 cells (IC5, = 6.94 uM under US irradiation)
but with negligible dark-toxicity. The mechanism of cell death
was further investigated, and was found to display the ferrop-
tosis characteristics of intracellular GSH content reduction,
lipid peroxidation (LPO) accumulation and GPX4 down regu-
lation. Correspondingly, the disruption of glutathione metab-
olism had been proved though metabolomics analysis. Finally,
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Fig.1 (a) The chemical structures of Pt-CHO and Pt-Cy. (b) The UV-
Vis absorption spectra and (c) the emission spectra of the platinum(i)
complexes (10 pM) in H,O (1% DMSO). (d) Time-dependent oxidation
of DPA indicating 1O, generation by Pt-Cy (10 uM) under US irradiation
(0.3 W cm™2, 3 MHz). (e) Rate constant for DPA decomposition at 378
nm in (d).

in vivo studies demonstrated that the SDT of Pt-Cy showed
superior potency to that of PDT.

Results and discussion

Synthesis and characterization

The synthesis of Pt-Cy is described in the ESI and Scheme S1.t
Pt-Cy was fully characterized using "H NMR, *C NMR and ESI-
MS spectroscopy and elemental analysis (Fig. S1-S5t). Next we
studied its UV-Vis absorption and emission spectra. As shown
in Fig. 1b, Pt-Cy exhibited obvious absorption at 400-500 nm
and bathochromic-shift compared to Pt-CHO in UV-Vis
absorption. In addition, Pt-Cy showed stronger red lumines-
cence in the range from 550 to 750 nm than Pt-CHO (Fig. 1c).
These phenomena were mainly due to the coupling of the
cyanine framework in the platinum complex. Furthermore, the
fluorescence lifetimes of Pt-Cy and the cyanine ligand (Cy) were
examined. As shown in Fig. S6 and Table S1, the average life-
time (tay;) of Cy in DCM was 2.84 ns. After conjugating to the
platinum(i) complex, the average lifetime (zay,;) of Pt-Cy in DCM
was raised to 3.35 ns. Besides, Pt-Cy was stable in 1640 cell
culture medium (containing 10% FBS) for 48 h (Fig. S77).

0, generation

We first measured the production of 'O, using 9,10-diphenan-
thraquinone (DPA), which can be oxidized to 9,10-diphenan-
thraquinone dioxide (DPO,) by 'O,, thereby reducing its UV-Vis
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absorption.”® As shown in Fig. 1d and S8,1 with the increase of
light/US irradiation time, the characteristic absorption peak of
DPA around 378 nm decreased gradually in the presence of Pt-
Cy. The rate constant for DPA oxidation in the presence of Pt-Cy
and US irradiation was 0.00492 min~", which was slightly
higher than the rate constant under light irradiation (0.00368
min~'). Compared with the common sonosensitizer hemato-
porphyrin (HP) (Fig. S97), Pt-Cy exhibited comparable ability to
generate 'O, under US irradiation, in which the DPA oxidation
rate constant of HP under US irradiation (0.00401 min ") was
slightly smaller than that of Pt-Cy. However, HP was not stable
under US irradiation (Fig. S10t). We also used 2,2,6,6-tetrame-
thylpiperidine (TEMP) to measure 'O, generation by ESR. As
shown in Fig. S11,f a three-line signal with the intensity of
1:1:1 between 3480 and 3530 G was observed in the Pt-Cy and
TEMP mixing solution under light irradiation or US irradiation.
Furthermore, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was
used as a "‘OH scavenger. As shown in Fig. S12,1 neither light
irradiation nor US irradiation could induce the signal of "OH in
the presence of DMPO and Pt-Cy. ‘OH was also measured using
methylene blue (MB),® which was utilized to track and capture
the "OH generation during the irradiation process. As shown in
Fig. S13,t the absorption peak of MB did not change with the
increase of US or light irradiation time. These results showed
that 'O, but not ‘OH was generated by Pt-Cy under US or light
irradiation.

In vitro sonodynamic efficiency

Encouraged by the high efficiency of 'O, generation upon irra-
diation, we further investigated Pt-Cy for SDT and PDT in 4T1
mouse breast cancer cells. First, the subcellular distribution of
Pt-Cy in the living 4T1 cells using inductively coupled plasma
mass spectrometry (ICP-MS) analysis was studied. As shown in
Fig. S14,1 the mitochondria were found to contain a signifi-
cantly high quantity of platinum compared to the lysosomes
and nucleus. Our previous work had proven that the appro-
priate and safe US irradiation power was 0.3 W cm™ 2 and the
irradiation time was 20 min.? Herein, US irradiation of 20 min
with a power of 0.3 W cm ™2 also was selected in the following
experiments. The parameters of US used in this work are listed
in Table S2.f As shown in Fig. 2a, all cell viabilities of each
concentration group of Pt-Cy alone were higher than 75%
without irradiation, suggesting its low dark cytotoxicity.
However, after US irradiation, Pt-Cy was highly sono-toxic
towards 4T1 cells and the IC5,(US) value was 6.94 uM. Under
light irradiation, Pt-Cy was also photo-toxic and its ICs(light)
value was 15.01 pM (Fig. 2b), which was slightly higher than that
under US irradiation. Observing in the bright field, cells treated
with increasing concentration of Pt-Cy under US irradiation lost
their original shapes and died, illustrating the therapeutic effect
of SDT (Fig. S15%). The above results showed that Pt-Cy had
great potential for SDT.

Then 4T1 cells of six groups (control, Pt-Cy alone, US irra-
diation alone, light (Av) irradiation alone, Pt-Cy + 2v, and Pt-Cy +
US) were co-stained with calcein acetoxymethyl ester (calcein-
AM) and propidium iodide (PI) to differentiate between live

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The cell viabilities of 4T1 cells treated with different concen-
trations of Pt-Cy under (a) US irradiation (3.0 MHz, 0.3 mW cm™2, 20
min) and (b) 465 nm light irradiation (10 mW cm™2, 30 min). (c)
Confocal microscopy images of the 4T1 cells treated with Pt-Cy (20
uM, 1 h) and then co-stained with calcein AM (4 uM, 0.5 h) and PI (6 uM,
0.5 h) after different treatments. Calcein AM: A, = 458 nm, Aem = 540
+ 30 nm; Pl: dex = 540 nm, A, = 610 £ 30 nm; scale bar: 100 pm.

(green color) and dead (red color) cells. As shown in Fig. 2c, the
control, Pt-Cy alone, US irradiation alone, and light irradiation
alone groups showed no red fluorescence (dead cells) but strong
green fluorescence (live cells), demonstrating that 4T1 cells
maintained good physiological activity in these four groups. In
contrast, the Pt-Cy + hv or Pt-Cy + US group showed weak green
fluorescence and strong red fluorescence, illustrating lots of
dead cells. The results are in good agreement with the results of
cytotoxicity.

In addition, we studied the ability of Pt-Cy to produce 'O, in
4T1 cells under light or US irradiation. Singlet oxygen sensor
green (SOSG) was used as a probe to monitor the production of
'0,.% Confocal microscopy showed that the fluorescence of 4T1
cells incubated with Pt-Cy and SOSG after US/Av treatment was
much stronger than that of the control group (Fig. $16%), indi-
cating that Pt-Cy produced 'O, after irradiation. The fluores-
cence signal of the Pt-Cy and US/hv treated group was decreased
in the presence of NaNj (a 'O, scavenger). We further performed
the DCFH-DA assay in 4T1 cells (Fig. S171). The fluorescence
intensity of 4T1 cells treated with Pt-Cy + US/hv treatment was
stronger than that of the control group. The results suggested
that lots of intracellular 'O, was produced by Pt-Cy under irra-
diation which then killed cancer cells.

Ferroptosis mechanism

Subsequently, the mechanism of Pt-Cy leading to tumor cell
death under US irradiation was studied. Mass production of
ROS can disturb the oxidative balance of cells, while the failure
of GSH-mediated scavenging of lipid peroxides (LPO) affected
by oxidative stress will activate ferroptosis.”” Thus we first
detected the ability of Pt-Cy to degrade GSH in solution. As
shown in Fig. 3a, with the increase of US irradiation time, the
absorbance of GSH in the mixed solution at 412 nm decreased,
indicating that the content of GSH decreased gradually and
transferred to GSSG in the presence of Pt-Cy. As shown in the
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Fig. 3 Mechanism of ferroptosis. (a) Time-dependent GSH depletion
by Pt-Cy upon US irradiation for 60 min. (b) The GSH levels in 4T1 cells
after different treatments. Statistical significance was calculated with
two-tailed Student's t-test (*p < 0.05, **p < 0.01 or ***p = 0.001). (c)
Western blot analysis of GPX4 in 4T1 cells after different treatments. (d)
The relative expression levels of GPX4 were calculated from (c).
Statistical significance was calculated with two-tailed Student's t-test
(*p < 0.05, **p = 0.01 or ***p = 0.001). (e) The fluorescence images of
lipid peroxides in C11-BODIPY stained 4T1 cells after different treat-
ments. C11-BODIPY: Aex = 488 nm; Aemy = 570 £ 50 nm; scale bar: 20
um; US irradiation: 3.0 MHz, 0.3 mW cm™2, 20 min. (f) The mechanism
of ferroptosis in the SDT process.

graphs, the color of the mixed solution became shallower and
shallower. We further detected the GSH levels in the cells, and
found that the GSH level in the Pt-Cy + US group was signifi-
cantly lower than that in the other three groups (control, Pt-Cy
alone, and US alone) (Fig. 3b). It can be concluded that Pt-Cy
can induce the degradation of GSH levels in cells under US
irradiation.

GSH acts as a cofactor in the detoxification of GPX4 catalyzed
lipid peroxides to lipid alcohols. GSH intake can induce fer-
roptosis through circuitous inhibition of GPX4.>**° Thus we
measured the GPX4 expression in cells by western blot assay.
RSL3, as a positive control, is a known substance that can
induce ferroptosis. As shown in Fig. 3¢ and d, Pt-Cy did not
reduce GPX4 expression of the cells without US irradiation.
However, under US irradiation, Pt-Cy significantly reduced
GPX4 expression in the 4T1 cancer cells. The US irradiation
alone group did not inhibit the expression of GPX4.

The lipid peroxides in cancer cells were measured using a C11-
BODIPY probe**> and observed using a laser confocal microscope.

Chem. Sci,, 2022, 13, 9921-9926 | 9923
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Pt-Cy was incubated with 4T1 cells for 1 h, exposed to US for 20
min, and then incubated with 5 uM C11-BODIPY. As shown in
Fig. 3e, C11-BODIPY in the Pt-Cy + US group emitted bright green
fluorescence, and the fluorescence intensity was much higher than
that in the group exposed to dark conditions. Ferrostatin-1 (Fer-1)
can inhibit lipid peroxidation and the death of iron-dependent
cancer cells.*® Our experiment found that the Fer-1 pretreated
group can effectively decrease the fluorescence intensity. There-
fore, the mechanism of tumor cell death caused by Pt-Cy probably
be ferroptosis. Therefore, the 'O, generation for SDT can effectively
consume GSH, inhibit the level of GPX4 and cause lipid peroxides
and finally induce ferroptosis (Fig. 3f).

Metabolomics analysis

The rapid development of untargeted metabolomics has paved
the way for analyzing the metabolic features in cancer cells and
achieving deeper understanding of mechanisms in cancer
therapy.***® To explore the molecular mechanism of Pt-Cy
against 4T1 cells upon US irradiation, we further assessed the
metabolomic profiles of 4T1 cells in the control, US, Pt-Cy and
Pt-Cy + US groups using the ultra-performance liquid chroma-
tography tandem mass spectrometry (UPLC-MS/MS) method. As
shown in the principal components analysis (PCA) score plot
(Fig. 4a and S18at), each group showed a good separation trend
in both positive and negative ion modes. Through screening
(fold change < 0.67/>1.5 and p-value < 0.05), between the control
and Pt-Cy + US groups, 115 metabolites were identified with
significant differences in positive ion mode (Fig. 4b and Table
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S31), while the negative ion mode had 47 differential metabo-
lites (Fig. S18b and Table S471). The above differential metabo-
lites were imported into the MetaboAnalyst website for further
pathway analysis. The results revealed that the most altered
metabolites in both positive and negative ion modes between
the control and Pt-Cy + US groups were mainly involved in
purine metabolism and glutathione metabolism (Fig. 4c and
S197). The heat maps of differential metabolites in each treat-
ment group are shown in Fig. 4d and S18c.t Notably, -gluta-
mate (ca. 28.44-fold), spermidine (ca. 11.55-fold), GSSG (ca.
10.29-fold), 5-oxoproline (ca. 9.48-fold), gamma-gluta-
mylcysteine (ca. 9.09-fold) and NADP (ca. 8.52-fold) intermedi-
ates involved in glutathione metabolism, were dramatically up-
regulated following the Pt-Cy + US treatment compared to the
control groups. However, 5-oxoproline, r-glutamate and
gamma-glutamylcysteine were key substances participating in
GSH synthesis. The accumulation of GSSG, which generally
reduced to GSH with the help of nicotinamide adenine dinu-
cleotide phosphate (NADPH), was potentially toxic to cells.*® In
addition, it was reported that the elevation of purine metabo-
lism triggered the overproduction of ROS.*** The metab-
olomics results suggested that treatment of Pt-Cy under US
irradiation specifically disturbed the process of glutathione
metabolism, and finally induced ferroptosis in 4T1 cells.

In vivo sonodynamic therapy

Based on the in vitro results, we further studied the feasibility of
using Pt-Cy to inhibit tumor growth in vivo under US irradiation
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Fig. 4 Metabolomics analysis. (a) PCA score plot showing differences between the control, US, Pt-Cy and Pt-Cy + US groups of 4T1 cells. (b)
Volcano plot demonstrating altered metabolite levels between the control and Pt-Cy + US groups. (c) Pathway analysis of significant differential
metabolites between the control and Pt-Cy + US groups. (d) Heat map of metabolites in each treatment group. (e) Schematic illustration of
glutathione metabolism pathways. US irradiation: 3.0 MHz, 0.3 mW cm™2, 20 min. lon mode: positive.
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or light irradiation. Since Pt-Cy is a small molecule with no
specific target group, meanwhile, the results of biodistribution
assay indicated that Pt-Cy did not accumulate at the tumor site
after i.v. injection (Fig. S207), we chose i.t. injection for in vivo
experiments. 4T1 tumor bearing mice were randomly divided
into 6 groups (5 mice in each group): (1) untreated control; (2)
Pt-Cy alone (i.t. injection 25 pL, 500 uM); (3) US alone (3.0 MHz,
0.3 W cm ™2, 20 min); (4) light alone (465 nm, 10 mW c¢cm 2, 30
min); (5) Pt-Cy + hw; (6) Pt-Cy + US. Pt-Cy was injected into the
tumor and the tumor was immediately irradiated with US/light
(Fig. S21%). After that, the tumor was monitored using a digital
caliper every 2 days up to 14 days, and the tumor volumes were
calculated. As shown in Fig. 5a and b, the growth of tumors in
mice treated with Pt-Cy + US was obviously suppressed
compared to the other five groups. At the end of the experiment,
all tumors were removed from the mice on day 14 and collected
for photographing and weighing (Fig. 5¢ and d). It can be seen
from the results that the average tumor weight of the Pt-Cy + US
group was the least in all groups. Hematoxylin eosin (H & E)
staining and TUNEL staining images further showed the
destruction of tumor tissue in each group (Fig. 5e). There was no
necrosis in the control, US alone, 4v alone, Pt-Cy alone, and Pt-
Cy + hv groups. By contrast, a large number of cell apoptosis and
necrosis were observed in the Pt-Cy + US group. All in vivo
results showed that the effect of Pt-Cy for SDT was better than
that for PDT.
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Fig. 5 In vivo sonodynamic therapy. (a) 4T1 tumor growth curves of
mice after various treatments. Statistical significance was calculated
with two-tailed Student's t-test (*p < 0.05, **p = 0.01 or ***p = 0.001).
(b) Representative images of mice at day 14 after various treatments. (c)
Average tumor weights of mice at day 14 post various treatments.
Statistical significance was calculated with two-tailed Student's t-test
(*p < 0.05, **p = 0.01 or ***p = 0.001). (d) Photos of tumors were
collected from mice at day 14 after various treatments. (e) The
microscopy images of H&E and TUNEL stained tumor slices, which
were collected from mice at 24 h post various treatments.
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Undoubtedly, when tissues are irradiated with short-wave-
length light (A = 465 nm), photons are absorbed and scattered
by cells and proteins, resulting in the limited epidermal treat-
ment.* US, which has already been used in hospitals for clinical
diagnosis, can reach deep-seated regions and address the
limitations of PDT. Thus we speculate that the limited light
penetration depth is an important factor for ineffective PDT of
Pt-Cy. However US can reach deeper tissue layers and stimulate
the sonosensitizer, thus achieving excellent therapeutic effect.

Apart from the in vivo therapeutic effect, we also evaluated
the hemocompatibility of Pt-Cy by hemolysis experiments to
evaluate the biological safety of Pt-Cy. As shown in Fig. S22, the
hemolysis ratio was lower than the acceptable value (10%) even
though incubated with 50 uM of Pt-Cy, showing good hemo-
compatibility and certain potential for in vivo application.
Moreover, the H&E staining results indicated that there was no
obvious tissue damage after i.v. injecting Pt-Cy (1.99 mg kg™ ") to
healthy Balb/c mice (Fig. S237). These results showed that Pt-Cy
had good biosafety and biocompatibility.

Conclusions

In summary, we developed a novel platinum(un) complex con-
taining a cyanine framework (Pt-Cy), and investigated its
sonodynamic therapy. In vitro experiments showed that Pt-Cy
can produce ROS under both US and light irradiation, and
showed US- and photo-cytotoxicity under irradiation compared
to dark conditions. Interestingly, Pt-Cy can significantly reduce
the GSH content in cells under US irradiation, thereby leading
to the accumulation of lipid peroxides and ultimately inducing
ferroptosis. In addition, the metabolomics results also provided
evidence that Pt-Cy disrupted GSH metabolism to induce fer-
roptosis upon US irradiation. For the in vivo tumor therapy, Pt-
Cy showed more excellent sonodynamic therapeutic effect than
PDT. This work expands the biological applications of metal
complexes, especially from traditional PDT to SDT.
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