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Hypoxic tumor microenvironment is a major challenge for photodynamic therapy (PDT). To overcome
this problem, PDT combined hypoxia-activated chemotherapy is a promising strategy for hypoxic cancer
therapy. Herein, a multifunctional liposome (AQ4N-Ir1-sorafenib-liposome) is prepared by encapsulating
a hypoxia-activated prodrug AQ4N, a photosensitizer iridium(Ill) complex and hepatocellular carcinoma
(HCC) targeting drug sorafenib, for synergistic therapy of HCC. Ir1-mediated PDT upon irradiation induces
ROS generation and hypoxic environment, which leads to the disassembly of the liposome and activates
the antitumor activity of AQ4N. Meantime, the co-delivered sorafenib could effectively target therapy of
HCC. It is noted that ferroptosis mechanism is proved during the treatment. This work contributes to
the design of hypoxia-responsive multifunctional liposome for combination of chemotherapy, targeting
therapy and PDT. It is a promising strategy for hypoxic HCC therapy.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As is known to all, hepatocellular carcinoma (HCC) originates
from liver cells and is a malignant tumor with high mortality [1-
3]. HCC is highly secretive and usually asymptomatic in the early
stage, but most patients of HCC are diagnosed in an advanced
stage. Sorafenib, a chemotherapeutic drug, has been approved by
the FDA (USA Food and Drug Administration) and EMEA (European
Medicines Evaluation Agency) for the treatment of advanced liver
cancer [4]. It has been shown to be effective in enhancing survival
time in patients, but its efficacy is still not satisfactory due to its
poor solubility, low bioavailability and long term drug resistance
[5-7]. Therefore, there is an urgent need to search for new treat-
ments for HCC.

Photodynamic therapy (PDT) is a method in which a photo-
sensitizer at the tumor site is activated by a specific wavelength
of light and reacts with surrounding O, molecules to produce a
large amount of '0,, which strikes the intracellular redox balance
and consequently kills the tumor cells [8-10]. However, compared
with normal tissues, solid tumors have uneven growth, malfunc-
tioning vascular system, and insufficient blood flow, resulting in
hypoxia microenvironment [11-13], thus the therapeutic effect of
PDT will be greatly reduced. In addition, such O,-dependent PDT,
due to oxygen consumption and the antivascular effect of tumor
microenvironment, tending to exacerbate tumor hypoxia, mediat-
ing tumor resistance to chemotherapy [14], and increasing the risk
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of tumor metastasis and recurrence [15,16]. In order to improve
the antitumor activity of PDT, it has been reported to relieving tu-
mor hypoxia various strategies, such as the use of hemoglobin (Hb)
molecules [17,18], full load of the perfluorocarbon oxygen to carry
0, to the tumor site [19], or enzyme catalysis in situ generation
of O, [20-22], also using the respiratory inhibitors (metformin) in-
hibiting tumor O, consumption [23]. Although these strategies en-
hance therapeutic efficacy to some extent, they may be limited by
tumor heterogeneity and lack of accuracy at hypoxic sites [15,24].
In contrast to the strategies to alleviate tumor hypoxia, more effec-
tive and more selective cancer therapy using tumor hypoxia has re-
ceived widespread attention, such as some hypoxia activated pro-
drugs (TPZ, AQ4N, TH-302), which are already in clinical trials [25-
30]. They can be reduced from nontoxic prodrugs to toxic drugs
under hypoxic condition. The combination of PDT and hypoxia ac-
tivated prodrugs can effectively achieve cascade therapy to over-
come the hypoxic problem of the tumor and achieve complemen-
tary enhancement. In addition, chemotherapy can further elimi-
nate the residual cancer cells due to uneven tumor regions and
unobserved margins, and inhibit tumor recurrence [31,32]. There-
fore, the preparation of a multifunctional therapeutic system for
photodynamic/hypoxic activation/chemotherapy combination ther-
apy can overcome the defects of each single treatment method,
and is a promising innovative strategy to achieve great therapeu-
tic effect. The nanotechnology-based drug delivery system provides
a good platform for realizing these strategies, which can not only
improve the treatment efficiency of chemotherapy drugs and re-
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duce the toxicity of the system [33], but also realize multi-pathway
treatment [34].

One of the strategic designs for efficient photosensitizers can be
rationalized by improvement in the triplet excited state population
for the generation of ROS through the introduction of heavy atoms
as a result of the heavy-atom effect, such as Br, [ or transition
metals into the chromophores [35-37]. In recent years, lumines-
cent transition metal complexes with suitable excited states have
been known to be promising photo-theranostic candidates owing
to their superior photochemical and photophysical properties [38-
44]. Among various metal complexes, Ir(Ill) complexes are widely
employed as photosensitizers due to their high photostability, cel-
lular uptake, impressive singlet oxygen ('0,) generation quantum
yield and unique photo-antitumor properties [45-52]. However,
most of the Ir(Ill) complexes are hydrophobic and their photo-
chemotherapeutic effects in the hydrophilic environment of cel-
lular systems are greatly reduced [53]. Thus, developing a novel
Ir(Ill)-based anticancer system with appropriate water solubility,
good biosafety, and excellent 10, generation ability and thereafter
extend its application in PDT is highly challenging.

In recent years, ferroptosis, an iron-dependent modality of can-
cer cell death, has received increasing attention [54]. It is driven
by some inducers that can directly or indirectly down-regulates
glutathione peroxidase 4 (GPX4) activity, resulting in intracellular
lipid hydroperoxides (LPO) metabolism disorder, thereby damag-
ing cell structure and integrity [55,56]. Inhibition of GPX4 activ-
ity by down-regulation of GSH level is a typical ferroptosis event
[57]. This pathway avoids the MDR effect associated with mem-
brane proteins and has inherently potent in eliminating resistant
tumor cells [58-60]. Therefore, introducing ferroptosis into antitu-
mor therapy might be a very promising treatment approach.

Herein, we develop a AQ4N-Ir1-sorafenib liposome encapsu-
lated three functional parts: 1) a hypoxia activated prodrug-AQ4N;
2) a photosensitizer iridium(Ill) complex-Ir1; 3) a HCC targeting
therapy drug-sorafenib. Upon light irradiation, Ir1 generates ROS,
which lead to the damage of the liposome, thus the co-delivered
sorafenib was released. Furthermore, Irl-mediated PDT inducing
hypoxic environment activates AQ4N for improved hypoxic can-
cer cell-killing. The liposome could induce HCC ferroptosis and
effectively target therapy of HCC (Scheme 1). This PDT-induced
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Scheme 1. The mechanism scheme of the AQ4N-Ir1-sorafenib-liposome for hepa-
tocellular carcinoma therapy.

Chinese Chemical Letters 34 (2023) 107666

(a) (b)y
15 1.4x10°
—— Liposome — Liposome
—In 1.2x10°] —In
— AQ4N o — Sorafenib
10 — Sorafenib 3 19101 _aqan
S — AQ4N-Ir1-sorafenib-liposome £ 80x10°{ — AQ4N-Ir1-sorafenib-liposome
s >
"y @ 6.0x10"
2 $
< £ 4a0x10*
2.0x10°
0.0
300 400 500 600 700 800 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)
20
(C) (d) § mm AQ4N-Ir1-sorafenib-liposome
815
[3
2
£
c 10
S
3
2
B 5
©
®
N
o 0
10 100 1000 10000
Diameter (nm)
(€) 120 ®)
150 a:ﬁ!:t
s
£ 120 E
= 5
5 % z.
2 0 —-H.O £
s —PBS Rt In-  AQ4AN-Ir-
30 —+DMEM g -18 Liposome sorafenib  sorafenib
21 -liposome -liposome
0 4

0 10 20 30 40 50 60 70
Time (h)

Fig. 1. Characterization of AQ4N-Ir1-sorafenib-liposome. (a) The UV-vis absorbance
spectra of the free liposome, Ir1, sorafenib, AQ4N and AQ4N-Ir1-sorafenib-liposome.
(b) The fluorescence spectra of the free liposome, Ir1, sorafenib, AQ4N and AQ4N-
Ir1-sorafenib-liposome. (c) The TEM image of AQ4N-Ir1-sorafenib-liposome. (d) DLS
size distribution of AQ4N-Ir1-sorafenib-liposome. (e) Hydrodynamic diameters of
AQA4N-Ir1-sorafenib-liposome in H,0, PBS and DMEM for 72 h, respectively. (f) The
zeta potential of the free liposome, Ir1-sorafenib-liposome and AQ4N-Ir1-sorafenib-
liposome.

and hypoxia-activated synergistic targeting therapy is a promising
strategy for HCC therapy in future.

A hydrophobic iridium(Ill) complex (Ir1) was firstly designed
and synthesized. Ir1 was fully characterized by 'H NMR, 3C NMR
and ESI-MS spectra in the experimental section and Figs. S1-S3
(Supporting information). Then a high biocompatible liposome was
prepared as reported method [20,28]. Sorafenib and Ir1 were wrap
into the hydrophobic layer of the liposome, while AQ4N was in
the hydrophilic layer (Scheme S1 in Supporting information). As
shown in Fig. S4 (Supporting information), when DPPC (17.6 mg),
cholesterol (6.17 mg), DSPE-mPEG5k (10 mg), sorafenib (0.9 mg)
and Ir1 (0.9 mg) at a molar ratio of 24:16:2:2:0.9, the prepared
liposome was homogeneous and had a good stability, thus this ra-
tio was used in our experiment. Then 10 mg/mL AQ4N was added
to prepare AQ4N-Irl1-sorafenib-liposome [61]. The unencapsulated
AQ4N, Ir1 and sorafenib were removed via column chromatogra-
phy method with a sephadex G-100 column (Fig. S5 in Supporting
information). Finally, according to the absorption values of AQ4N
and sorafenib at 610 nm and 265 nm, respectively, the loading ef-
ficiencies of AQ4N and sorafenib were quantitatively calculated as
10.2% and 54.7%, respectively. The loading efficiency of Ir1 was 43%
by ICP-MS measurement.

The successful encapsulation of AQ4N, Irl and sorafenib into
the liposome was firstly confirmed by UV-vis absorption spectra.
The characteristic absorbance peaks obviously changed after en-
capsulation of each drug (Fig. 1a and Fig. S6 in Supporting infor-
mation). Next the fluorescence spectra suggested that physically
encapsulation by liposome cannot change the emission perfor-
mance of Ir1 (Fig. 1b). The obtained AQ4N-Ir1-sorafenib-liposome
showed uniform sphere-like morphology by transmittance electron
microscopy (TEM) (Fig. 1c). As measured by dynamic light scat-
tering (DLS), the as-prepared AQ4N-Ir1-sorafenib-liposome showed
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Fig. 2. (a) The fluorescence intensity of DCFH-DA (10 pmol/L) and AQ4N-Ir1-sorafenib-liposome (10 pmol/L based on Ir1) under light irradiation (0-20 min, 2 min for each
line). (b) The relative fluorescence intensity at 520 nm in (a). (c) ESR spectra of TEMP and AQ4N-Ir1-sorafenib-liposome mixing solution before and after light irradiation
(465 nm, 6.5 mW/cm?). (d) The fluorescence images of Hep-G2 cells stained with DCFH-DA (10 pmol/L) after various treatments. DCFH-DA: Aex= 460 nm, Aem= 510-550 nm.
Scale bar: 50 pm. (e) The schematic diagram of AQ4N-Ir1-sorafenib-liposome producing ROS under light irradiation.

a size distribution with a mean diameter of ~150 nm (Fig. 1d),
and maintained a good stability in the H,O/PBS/DMEM medium
for 72 h (Fig. 1e). The zeta potential of the AQ4N-Ir1-sorafenib-
liposome was presented a negative charge at about —14.4 mV,
which was similar to a free liposome (—13.8 mV) (Fig. 1f). Although
Ir1 is positive charge, it is in the hydrophobic layer and thus has a
very small impact on zeta potential.

Next, we measured ROS generation in solution using DCFH-
DA (2,7-dichlorofluorescein diacetate), which could react with ROS
to cause an increase in the fluorescence. As shown in Figs. 2a
and b, the enhancement of the fluorescence exhibited that the
AQ4N-Ir1-sorafenib-liposome could generate ROS under light irra-
diation (465 nm, 6.5 mW/cm?), and calculated a linear relation-
ship of I/I; at 520 nm depending on the irradiation time. We fur-
ther adopted electron spin resonance (ESR) to detect 10, gener-
ation. The 2,2,6,6-tetramethylpiperidine (TEMP) was used to trap
10,. As shown in Fig. 2c, a strong three-line signal shown be-
tween 3480 and 3530 G in AQ4N-Ir1-sorafenib-liposome and TEMP
solution was observed under light irradiation. By contrast, there
was no signal observed under dark. Other ROS, such as "OH, was
also measured using methylene blue (MB) upon light irradiation.
As shown in Fig. S7 (Supporting information), the absorption peak
of MB did not change under light irradiation. The above results
showed that AQ4N-Ir1-sorafenib-liposome produced 10, but not
‘OH after light irradiation. As far as we know, the only compo-
nent in the liposome that can produce ROS was Irl. We also found
ROS generation in the free Ir1 solution (Fig. S8 in Supporting in-
formation). We further studied intracellular ROS generation based
on AQ4N-Ir1-sorafenib-liposome for PDT. As shown in Fig. 2d, the
results showed that significant green fluorescence of DCF was ob-
served in the AQ4N-Irl-sorafenib-liposome+Hv group, indicating
the production of ROS. While the fluorescence signal was weak-
ened after NaN3 was added, which proved that the ROS mainly
observed in cells was 10,. These results demonstrated that AQ4N-
Ir1-sorafenib-liposome possessed superior 10, generation capabil-
ity under light irradiation (Fig. 2e).

The cell viabilities of AQ4N-Ir1-sorafenib-liposome towards
Hep-G2 cells were investigated by a standard MTT assay. Under

normoxia (Fig. 3a and Table 1), AQ4N-Ir1-sorafenib-liposome and
sorafenib showed slight dark-cytotoxicity towards Hep-G2 cells af-
ter 24 h drug exposure compared to Irl and AQ4N. After 465 nm
light irradiation, AQ4N-Ir1-sorafenib exhibited photo-cytotoxicity,
the ICsq, 1jgn; value was 0.39 pmol/L (based on the concentration
of Ir1) in the normoxia, which was much lower than Ir1 under ir-
radiation. This is maybe due to the additional toxicity of sorafenib
in the AQ4N-Irl-sorafenib-liposome compared to the free Irl. In
addition, 5-aminolevulinic acid (5-ALA) was used as a positive con-
trol. Low dark- and photo-toxicities (both ICsg gar and ICsq, jighe >
10 pumol/L) were showed in Hep-G2 cells. Considering that AQ4N
is a hypoxic activator, it can be reduced to high toxic AQ4 [62,63].
We further studied the cytotoxicity of the liposome under hy-
poxia (1% O,) (Fig. 3b). Compared with normoxia, AQ4N was highly
toxic under hypoxia, and AQ4N-Ir1-sorafenib-liposome has simi-
lar toxic effects in the dark or under irradiation in hypoxia. The
ICs0, 1ight and ICsg payi values of AQ4N-Ir1-sorafenib-liposome were
all 0.06 pmol/L in the hypoxia (Table 1), which was much lower
than that under normoxia, meaning that AQ4N plays an impor-
tant role under hypoxia. The Irl+Hv group in hypoxia also showed
slightly phototoxicity, which may be because Ir1 can photo-oxidize
NADH (Fig. S9 in Supporting information) in hypoxia, which is the
similar result as reported [48].

In addition, calcein acetoxymethyl ester (Calcein-AM) and pro-
pidium iodide (PI) co-staining were further studied to observe live
and dead cells, respectively (Fig. S10 in Supporting information).
Calcein-AM could stain the living cells in green, while PI could
stain the dead cells in red. The results were consistent with the cy-
totoxicity. AQ4N-Ir1-sorafenib-liposome can kill cancer cells both
in the normoxia and hypoxia. We further studied the biosafety
of AQ4N-Ir1-sorafenib liposomes in zebrafish with green fluores-
cent protein (GFP) as a universal biomarker (Fig. S11 in Supporting
information). After 4 days of treatment with AQ4N-Ir1-sorafenib-
liposome, zebrafish still survived without obvious vascular damage,
demonstrating a good biosafety.

As we know, 10, can oxidize GSH to GSSG and destroy the re-
dox balance in cancer cells [58]. We studied this property in solu-
tion using 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) as an indica-
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Fig. 3. Cytotoxicity of AQ4N-Ir1-sorafenib-liposome, Ir1, sorafenib and AQ4N towards Hep-G2 cells with irradiation (465 nm, 6.5 mW/cm?) or without irradiation measured
n (a) normoxia (20% O) and (b) hypoxia (1% O,). The error bars were based on triplicate measurements.

Table 1
ICsp values (umol/L) of the drugs towards Hep-G2 cells.?

Drugs Hep-G2 cells

Normoxia (20% 0,) P

Hypoxia (1% 0,) ©

1Cs0, park ICs0, Light ICs0, park ICs0, Light
AQ4N-Ir1-sorafenib-liposome 7.44 £ 0.03 0.39 + 0.001 0.06 + 0.001 0.06 + 0.001
Irl >10 1.39 + 0.006 >10 2.71 + 0.009
AQ4N >48.473 N.D. 0.34 + 0.002 N.D.
Sorafenib 19.51 + 0.06 N.D. 19.65 + 0.04 N.D.
5-ALA >10 >10 - -

N.D.=not determined.

2 The ICsp values of AQ4N-Ir1-sorafenib-liposome were based on the concentration of Irl.
b Cells were cultivated under normoxia and 24 h drug exposure, washed with PBS for three times, the dark group was incubated for another 48 h in the dark, the light
group followed by light irradiation (465 nm, 6.5 mW/cm?) for 1 h and incubated in the normoxia for another 47 h.

c

Cells were cultivated under hypoxia and 24 h drug exposure, washed with PBS for three times, the dark group was incubated for another 48 h in the dark, the light

group followed by light irradiation (465 nm, 6.5 mW/cm?) for 1 h and incubated in the hypoxia for another 47 h.

tor. As shown in Figs. 4a and b, as the irradiation time increased,
the absorption peak decreased gradually at 412 nm, and the color
of the solution was shallower and shallower, meaning that GSH
was oxidized to GSSG. We further investigated GSH levels in Hep-
G2 cells after different treatments using monobromobimane [64-
66], a fluorescent probe that reacted with sulfhydryl group of GSH
(Fig. 4c). The results showed that the fluorescence intensity of
cells was significantly reduced after incubation with AQ4N-Ir1-
sorafenib-liposome, and this phenomenon was more obvious in the
AQ4N-Ir1-sorafenib-liposome+Hv group, indicating that GSH was
consumed.

In cancer cells, down-regulated GSH level directly induces the
inactivation of the GPX4, which damages the cellular antioxidant
defense mechanism and directly or indirectly induces ferropto-
sis [59]. The expression of GPX4 in Hep-G2 cells was detected
by Western blot assay (Fig. 4d and Fig. S12 in Supporting infor-
mation). The expression of GPX4 in Dark, Hv and AQ4N groups
were not affected, and the expression of GPX4 in Ir1+Dark group
was slightly down-regulated and negligible, but the expression
of GPX4 in sorafenib, Ir1+Hv, AQ4N-Ir1-sorafenib-liposome-+Dark
group and AQ4N-Ir1-sorafenib-liposome+Hv group were signifi-

cantly down-regulated. It was noted that the GPX4 expression in
AQ4N-Ir1-sorafenib-liposome+Hv group showed the greatest de-
crease, indicating that 10, produced by PDT and sorafenib simul-
taneously induced ferroptosis.

Intracellular lipid peroxides are considered to be important
biomarkers of ferroptosis [67]. The consumption of GSH inhibits
the expression of GPX4, which leads to the accumulation of lipid
peroxides (LPO) in cells and induces ferroptosis. A lipid perox-
idation sensor, C11-BODIPY>81/591 [59,68,69], was used to detect
the LPO by confocal laser scanning microscopy (CLSM) (Fig. 4e).
The images of AQ4N-Ir1-sorafenib-liposome +Hv group showed a
strong green fluorescence intensity, indicating LPO accumulation.
When the group was pre-treated with DFO (deferoxamine, a fer-
roptosis inhibitor), and the fluorescence was weakened. However,
there was very weak green fluorescence in the other groups (Fig.
4e), further confirming that AQ4N-Ir1-sorafenib-liposome induced
the accumulation of LPO and then ferroptosis under light irradia-
tion (Fig. 4f).

In summary, this work investigated a novel AQ4N-Ir1-sorafenib-
liposome to achieve targeting chemotherapy, photodynamic ther-
apy and treatment of hypoxic tumors. By utilizing the ROS gen-
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the mechanism of ferroptosis.

eration ability of the Ir(Ill) complex, PDT post therapy could in-
duce severe tumor hypoxia, which is favorable for the activa-
tion of AQ4N, contributing to the effective cancer treatment out-
comes. Meanwhile, ROS damage the liposome and the sorfenib
was released for targeting chemotherapy. This AQ4N-Ir1-sorafenib-
liposome shows several advantages as a multifunctional cancer
theranostic: (1) its sequential activation pattern could contribute to
a promising synergistic cancer treatment strategy by taking advan-
tage of the PDT-induced tumor hypoxia and activating hypoxic pro-
drug; (2) its targeting therapy could improve the drug resistance of
sorafenib in the treatment of HCC; (3) its excellent biocompatibil-
ity and well defined composition would make it a promising can-
didate for clinical translation in future.
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