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Organogold(IIT) Complexes Display Conditional Photoactivities:
Evolving From Photodynamic into Photoactivated Chemotherapy in
Response to O, Consumption for Robust Cancer Therapy

Yunli Luo, Bei Cao, Mingjie Zhong, Moyi Liu, Xiaolin Xiong, and Taotao Zou*

Abstract: Photodynamic therapy (PDT) is a spatiotem-
porally controllable, powerful approach in combating
cancers but suffers from low activity under hypoxia,
whereas photoactivated chemotherapy (PACT) operates
in an O,-independent manner but compromises the
ability to harness O, for potent photosensitization.
Herein we report that cyclometalated gold(III)-alkyne
complexes display a PDT-to-PACT evolving photo-
activity for efficient cancer treatment. On the one hand,
the gold(III) complexes can act as dual photosensitizers
and substrates, leading to conditional PDT activity in
oxygenated condition that progresses to highly efficient
PACT (¢ up to 0.63) when O, is depleted in solution
and under cellular environment. On the other hand, the
conditional PDT-to-PACT reactivity can be triggered by
external photosensitizers in a similar manner in vitro
and in vivo, giving additional tumor-selectivity and/or
deep tissue penetration by red-light irradiation that
leads to robust anticancer efficacy. )

Introduction

Photodynamic therapy (PDT) is a clinically-approved,
highly-robust form of cancer therapy with numerous advan-
tages over conventional therapy, including noninvasive
nature, high tumor selectivity, low drug resistance and lack
of side effects.l'! PDT is based on photocatalytic oxidation
reactions through photosensitizers to convert tissue O, into
highly reactive oxygen species, and its therapeutic efficacy is
consequently largely depending on local concentration and
diffusion of oxygen.”! However, the oxygen content in solid
tumor tissues is low in 0.02-2 %, which is far below normal
tissues of 2-9 % O,, leading to unsatisfactory activity in solid
tumors.P! In addition, consumption of O, during PDT may
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further aggravate tumor hypoxic level, which can promote
tumor proliferation, metastasis, and invasion resulting in
poor prognosis of treatment.! In this regard, designing O,-
independent photosensitizer or photoactivated chemother-
apy (PACT) emerge to be highly attractive.”!

PACT compounds, in which a biologically active species
is caged by a photocleavable bond (such as via metal
coordination), is another spatiotemporally controllable,
tumor-selective therapeutic approach with little reliance on
oxygen.! In past years, a growing number of metal-based
PACT complexes have been developed with notable exam-
ples of Pt"- and Ru"-based prodrugs that can be either
photochemically or photocatalytically activated to release
bioactive ligands and/or open active metal binding site to
elicit potent anticancer activities.”! Nevertheless, despite
being highly promising, PACT complexes lose the robust O,
photosensitizing capability (in terms of e.g., photoactivation
quantum yield and control of drug resistance). In this
regard, PACT complexes with additional PDT activity are
considered capable of boosting the phototherapeutic
efficacy.’! However, for a PDT process, PACT is a side
reaction that will decrease the photosensitizing capacity; and
for a PACT compound, PDT will compromise the photo-
activating efficiency by competitively quenching the excited
state as well. It is of great challenge to address the dilemma
allowing a synergistic PDT and PACT process for effective
tumor phototherapy.

In the literature, it is known that while many photo-
catalytic reactions (e.g., redox reactions) can efficiently
happen under inert N, or Ar atmosphere, their reactivities
decreased heavily if opening to air due to the strong
quenching effects by O, on the triplet excited states of
photosensitizers.”! It is thus possible to harness photo-
catalytic reactions to maximize the phototherapeutic po-
tency by conditionally sensitizing O, under aerated con-
ditions while photocatalytically triggering the PACT process
when O, is depleted. Based on our previous studies on gold-
based anticancer complexes, we considered that gold com-
plexes could be a good starting point for testing the idea: the
gold(IIT) complexes can act as substrates (prodrugs) for
photocatalytic activation by generating potent anticancer
gold(I) compounds;'” meanwhile the photosensitizer for
triggering such a photocatalytic activation may come from
the same gold(IIl) complex or by external
photosensitizers.!'" !

Herein we report a PDT-to-PACT evolving photo-
reactivities of cyclometallated gold(IIT) complexes respond-
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ing to progressive tumor O, consumption. On the one hand,
the complex displays a long-lived excited state with lifetime
over 100 ps, rendering the complex to be a robust photo-
sensitizer (PDT agent) under aerated condition. In the
meantime, its excited state could be quenched by physio-
logical thiols in a weaker but still strong extent, leading to
extremely efficient photo-reduction to release bioactive Au'
species with unprecedently high quantum yield (¢=0.63)
under anaerobic condition. As a result, the gold(III)
complexes display potent anti-cancer activities under both
normoxic 2D monolayer cells and hypoxic 3D tumor
spheroids. Of note, such a conditional reactivity could be
photocatalytically triggered by external photosensitizers
including riboflavin and protoporphyrin in vitro and in vivo,
giving further improvement on tumor specificity and/or light
penetration depth. To the best of our knowledge, it is the
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first time that a PDT-to-PACT evolving strategy is devel-
oped to enable a very robust cancer therapeutic efficacy.

Results and Discussion

Synthesis, Characterization and Stability of the Gold(ll1)
Complexes

The cyclometalated gold(IIl)-alkyne complexes containing
different types of bidentate CN ligands were prepared
similar to the literature procedure (la—e¢, Figure la; 2-4,
Figure S1). All the complexes were characterized by 'H, *C
and/or ’F NMR, mass spectrometry and elemental analysis
(Figure S2-S6, see the Supporting Information). The 'H-'H
COSY, 'H-2C HSQC and 'H-"C HMBC NMR spectra of
1la are also shown in Figure S2b-d. These complexes are

(a) (b) O, gradient
PDT PACT
ROS %0, RSH RS’
Au(ll) AN Au(ily* / Au()
stronger quencher weaker quencher
t=101ps
Kgy1 = 4.2x104 M1 Kqz=2.6x10% M-
(Photosensitizer) (Photosensitizer & substrate)
R=H, 1a s
F, 1b
Me, 1¢c Au(lll)
(c) 1.5 — (d) 4 oboszrmm-mmm e 10, c_lc_)nsuming
02=21% s | | 1Ty o 7 (Fowy
e 20 3
© 30 ]
2 1.0 T gg: ; Ly
® v
3 l 605 © 21% 0,
2 > 70s ® 0.6
—80
2 051 — e so
——100s <
—110s 0.4 -
—_—120s| | W& R ----------\-------- v Activation (PACT)
________ Sl _____T__v-v—1 completed

280 320 360 400 440
Wavelength / nm

0 30 60 90 120

(e) 1.5

—(0
—2s
—As
6s
8s
10s
12s
14s
16s
w185
=205
o 30s
———40s
508
=60

02=5%

-
o

o
3]

Absorbance

280 320 360 400 440
Wavelength / nm

280 320 360 400 440
Wavelength / nm

280 320 360 400 440
Wavelength / nm

Figure 1. An evolving photo-reactivity in response to progressive oxygen consumption: a) Chemical structures of the gold(lll) complexes 1a—c. b) A
graphic description for the PDT-to-PACT evolving process where the gold(Ill) complex conditionally acts as a PDT agent under oxygenated
environment and progresses to photoreduction under hypoxia. c) UV/Vis absorption of 1a in the presence of NAC in DMSO under 420 nm light
irradiation under air. d) Plot of A/A, at 356 nm under different O, conditions. e) UV/Vis absorption spectra of 1a with NAC in DMSO under

420 nm light irradiation for different periods at O, content of 5%, 1% and 0% (by liquid nitrogen freeze-thawing for three times).
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highly soluble in common organic solvents such as DMSO,
DMF, CHCl;, CH;CN and MeOH. Complex la—c and 4
containing two hydroxyl group are soluble in aqueous
solution after dilution from the 10mM DMSO stock
solutions.

The stabilities of these gold(III) complexes towards
biorelevant thiols were studied by HPLC and UV/Vis
absorption experiments. The gold(III) complexes (20 pM)
were incubated with 100 equiv of N-acetyl cysteine (NAC)
in DMSO and their UV/Vis absorption spectra were
monitored (Figure S7a—f). Results showed that 2 (with 2-
phenylpyridine as CN ligand) slowly reacted with NAC
giving 27 % conversion after 24 h incubation. Increasing the
n-conjugation of CN ligand improved the stability (Fig-
ure S7a—f, with stability of 1>4>3>2) and finally 1la
containing fluorene-isoquinoline (FIQ) type CN ligand
showed a high stability with no detectable change of UV/Vis
absorption after 24 h incubation with NAC. By using HPLC
analysis, there was also no change in the LC chromatograms
after incubating 1a with 100-fold NAC for 24 h (Figure S8).
Next, the stability of 1a under cellular conditions was
investigated. Melanoma A375 cells were treated with 50 uM
of 1a for 24 h in dark, and then the medium was aspirated
and the cells were washed three times with ice-cold PBS
followed by cell lysing. HPLC analysis showed that there
was a high content of intact 1a in the supernatant of cell
lysate after acetone precipitation with no new peaks in the
LC chromatograms (Figure S9). Thus, 1la has a good
stability against biorelevant thiols in solution and in living
cells. Complexes 1b and 1le¢ displayed a similar stability
(Figure S7b,c).

The Oxygen-Dependent Photo-Reactivities in Solution

Afterwards, we examined the photo-reactivity of 1a. The
solution of 1a (20 uM) with NAC (2 mM) in aerated DMSO
was irradiated by 11.1 mW cm 2 of 420 nm light, and its UV/
Vis absorption spectra were recorded (Figure 1c). Interest-
ingly, the absorption of 1a showed neglected change
(<10% decrease at OD35 nm) in the initial 60s, but the
spectra dramatically changed in the next 10s showing
decrease of intensity at 343-450 nm and increase at 300-
343 nm, and the reaction started to level off since 80s
(Figure 1c,d). When performing the same experiment in
DMF, the absorption spectra remained almost unchanged in
a much longer 10 min and then rapidly vanished at ~350 to
450 nm within 1 min (Figure S10a). In the literature, DMSO,
rather than DMF, is known to be a good reductant that can
deplete O, in the presence of photo-irradiated triplet
emitters.'” Thus, we considered that the different time to
rapid change of UV/Vis absorption in DMSO and DMF
may be caused by their different O, depletion rate. To prove
this hypothesis, we conducted UV/Vis absorption of 1a with
NAC in DMSO under different O, contents. As shown in
Figure le, the rapid change of UV/Vis absorption started at
10s, 2s and Os at 5%, 1% and ~0% O, atmosphere,
respectively, all followed by a rapid vanishment of absorb-
ance (ODjssg ) in & 10s. Similar trend was again found in
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DMF under different O, contents (Figure S10b—f). By 'H
NMR, the oxidized product dimethylsulfone was detected in
the '"H NMR of 1a in d;-DMSO since 5 min of 420 nm light
irradiation under air (Figure S11). Thus, the stationary stage
during the initial photoirradiation could be attributed to the
O, consuming process. For 1a in either degassed or aerated
DMSO but without NAC, no obvious reaction was found
after 420 nm light irradiation for >5 min (Figure S12). These
experiments indicated that la induced an O,-depletion
process in the beginning and progressed to a rapid photo-
reaction but requiring the participation of thiols (Figure 1b).

To understand such a photo-reactivity, the photophysical
and photochemical properties of the gold(III) complex were
measured. Complex 1a showed vibronic emission peaked at
545 nm, which is typical of the metal-perturbed triplet intra-
ligand charge transfer ((ILCT) excited state of the cyclo-
metallated gold(ITI) complex.™™ Notably, the excited state
lifetime was determined to be up to 101 us in toluene
(Figure S13), which led to a strong and dose-dependent
quenching effects by O, (Figure S14a). The Stern—Volmer
quenching constant by O, (Kgy;) was determined to be as
high as 4.23x10*M™'. For comparison, the quenching
constant by thiols (e.g., 4-chlorothiophenol) is one magni-
tude weaker with K,=2.62x10° M~ (Figure S14b). The
strong quenching effects by O, over thiol may account for
the two distinct stages, which started from PDT by
consuming O, and then switched to the rapid photochemical
reaction once O, was depleted.

Based on the fast UV/Vis response of 1a with NAC
under O,-depleted conditions (Figure 1e), the quantum yield
for the photochemical reaction was estimated following a
reported procedure (Figure S15),! which was determined
to be surprisingly high with ¢$=0.63, suggesting a super-
efficient PACT process." To study the details of photo-
reaction, the reaction products were examined by HPLC
(Figure 2b). Consistent with UV/Vis absorption experi-
ments, 1a (retention time of 23.2 min) quickly reacted with
NAC within 2 min, forming two distinct species in the LC
chromatogram with retention time of 13.8 min and 14.1 min,
respectively (Figure 2b), which were identified to be phenyl-
acetylene to NAC adduct (PA-NAC) and the CN (FIQ)
ligand. By using 1b, '"H NMR again showed release of free
FIQ ligand after 420 nm photoirradiation in the presence of
100 equiv of NAC in 5 min (Figure S16); in the meantime,
the products of PA-NAC and Au' to PA/NAC adducts were
observed in 'H and “F NMR (Figure S17). Formation of
these products has also been detected by ESI-MS (Fig-
ure S18). Thus, 1a was photochemically reduced by NAC,
which released FIQ ligand and formed the reductive
elimination product PA-NAC in association with thiol-
reactive Au' species.

To elaborate the mechanism of photoreduction reaction,
the following experiments were performed. The reduction
potential of the excited state of 1a [Au™*])/[Au"] was
calculated to be +2.23V based on cyclic voltammetry
([Au™)/[Au"]=—-0.65 V, vs SHE, Figure S19a) and UV/Vis
absorption ([Au"™*]/[Au™]=2.88 V, Figure 1c). Thus, thiols
(([R-S*)/[R-SH]=—-80 mV, vs SHE)!'™ can efficiently re-
duce the photoexcited 1a via single electron transfer (SET)

© 2022 Wiley-VCH GmbH

85UB017 SUOWILWIOD @A 11D 3|qeal|dde ay) Ag peusencb ake sopie O ‘8sn Jo se|ni Joj Aig 1T 8uluo A8|I/M UO (SUONIPUOD-pUe-SWIB)/W0D A8 | 1M Alelq 1 jBUI|UO//SdNY) SUONIPUOD pue swie | 81 89S *[6202/80/c0] o Ariqiauluo Aol ‘Aiseaiun ueysbuoyz Ag 689212202 ©1Ue/Z00T OT/I0p/wod A8 | 1M Aelg1jul|uo//Sdny wou) pepeoumod ‘St ‘2202 ‘€LLETZST



+NAC
a— — » + Ph—=-S(NAC) + L—Au'—S-R
hypoxia
hv
PA-NAC
(k) —0 \
—30s \
IS -
c N 60s .
>
g N 90s )
o . ——120s
, —FiQ
\ ——PA-NAC
10 15 20 25

Retention time / min

d)
hv hypoxia

—~
2
-~

—— 0 min (i)
hv 3 min (ii)

400 450 500
Wavelength (nm)

Intensity

hv normoxia

Figure 2. a) Photochemical reaction of 1a with NAC under light
irradiation under hypoxia. b) HPLC analysis for the photoreaction of 1a
with NAC after 420 nm light irradiation for different time in DMSO.

c) Emission intensity of 1a and 1a after 420 nm photoirradiation for

3 min in DMSO. d) Photoirradiation of 1a under hypoxia turned on the
blue fluorescence in A375 cells.

to generate [Au"]. Based on density functional theory
(DFT) calculation, the reduced species from 1a displayed a
distorted geometry with a significant elongated Au-N bond
(A= +0.29 A) over other bonds (Figure S20a), indicative of
possible breakage at this site. In this regard, the R-S°
radical, generated from SET, may directly recombine with
Au" radical center (Figure S20a inset) by breaking the
Au—N bond, followed by reductive elimination to form PA-
NAC adduct and the Au' species. The latter complex can
further react with excess NAC and release the CN ligand
(Figure S20b). Indeed, when the radical scavenger 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, 1 mM, 0.5-fold rela-
tive to NAC) was present in the mixture of 1a and NAC,
the photoreduction was suppressed to 65 % conversion
(Figure S21).

Subsequently, we investigated whether the PDT/PACT
process would take place in living cells. A375 cells were
treated with 50 uM of 1a for 12 h to allow cellular uptake.
Then the cells were irradiated with 420 nm for 2.5 min under
hypoxic conditions (O, <0.1 %). HPLC analysis showed that
a majority of 1a was reduced in association with a significant
amount of FIQ ligand in the supernatant of cell lysate after
acetone precipitation (Figure S22). In contrast, at the same
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2.5 min light irradiation but under normoxia, a significant
amount of intact 1a with minimal FIQ ligand was detected
(Figure S22); instead, staining by Singlet Oxygen Sensor
Green (SOSG) showed significant formation of ROS under
this aerated condition (Figure S23), indicative of a typical
PDT process. Thus, the oxygen-dependent PDT/PACT
process can indeed happen under cellular conditions.

On the other hand, it is known that the FIQ ligand is
highly emissive, the emission of which is, however, fully
suppressed in the gold(III) complex."” As a result, the
photoreduction-triggered release of FIQ ligand is accompa-
nied by >70-fold increase of emission intensity (Figure 2c).
Then, we examined the photoactivation in cells by confocal
laser scanning microscopy (CLSM). When A375 cells were
treated with 20 uM of 1a and irradiated by 2.5 min of
420 nm irradiation, bright blue emission at cytoplasmic
region was detected in hypoxia but not under aerated
condition (Figure 2d), which is consistent with the cellular
reactivity by HPLC analysis (Figure S24) and is indicative of
the photochemical reduction of 1a under hypoxic tumor
cells. In addition, by using A375 3D tumor spheroids that
can mimic the hypoxic tumor microenvironment, similar
blue fluorescence and released FIQ ligand were detected
(Figure S25).

Since photoreduction of 1a could release thiol-reactive
gold(I) species, we tested its ability to inhibit thioredoxin
reductase (TrxR), the critical enzyme that regulates the
cellular redox homeostasis and is overexpressed in various
cancer cells."® The effects of 1a on purified TrxR enzyme
were first investigated. The findings showed that although
1a was not active in the dark (ICs, >50 nM), it significantly
reduced TrxR activity after photoactivation with an ICs,
value of 2.40+0.54 nM, which is comparable to the powerful
inhibitor auranofin (ICs,=1.53+0.39 nM). Next, its activity
on cellular TrxR was examined. A375 cells were incubated
with 1a for 12 h for effective uptake, and then the cells were
treated with or without light irradiation for 5 min under
hypoxia, followed by a further 30 min incubation to allow
binding/inhibition to TrxR. Results (Table S1) showed that
while 1a did not show inhibition at 25 uM in dark, it
potently inhibited TrxR with ICs, of 3.10+£0.62 uM under
light. Such a value is comparable to auranofin treatemnt for
30 min incubation (ICs,=2.97+0.50 uM), suggesting that
1a, after entering cancer cells, can be efficiently activated by
light to release active gold for TrxR inhibition under
hypoxia. Interestingly, while 1la did not show notable
reduction after 2.5 min photoirradiation under normoxia
(Figure S22), it potently inhibited TrxR after a longer 5 min
irradiation, with ICs, of 3.90+1.09 uM, suggestive of a
possible photoreduction to release active Au species after
the initial PDT process. Indeed, the protein bound gold
contents after precipitating the cell lysates of 1a treated cells
by acetone showed 15.1 ng/10° cells after 5 min irradiation
under aerated condition that is much higher than the dark
condition (2.69 ng/10° cells). Then, the cytotoxicity of the
gold complex towards four human cancer cell lines (melano-
ma cancer A375, colon carcinoma HCT116, lung cancer
A549 and hepatocellular carcinoma HepG2) was deter-
mined by MTT assay (Table 1). In dark conditions, 1a was
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Ta Auranofin
Dark Light™ Dark Light™
Normoxia Hypoxia Normoxia Hypoxia
A375 >100 0.47£0.03 2.07+0.09 0.95+0.35 0.4440.01 0.99+0.08
HCT116 >100 0.65+0.31 1.85+0.20 0.65+0.09 0.61+0.10 0.70+0.07
A549 >100 1.2340.08 2.10+0.11 4.14+0.10 4.2040.20 4.0440.40
HepG2 >100 0.90+0.27 5.08£0.40 2.23+0.15 1.60+£0.11 1.75+£0.23
[a] A total 48 h incubation. [b] 420 nm light irradiation for 5 min.
found non-toxic with ICs, >100 uM after 48 h incubation to (a) RSH
any of the four cancer cell lines. In contrast, after a short PS* RS + H
Smin of 420nm light irradiation, 1a exhibited potent 3 \k
cytotoxicity with ICsy of 0.47-1.23 pM in oxygenated con- 2 o3
ditions. Importantly, when the cells were subjected to 0,
hypoxic condition, 1a still exhibited a good photocytotox- Ayl — RS, Ad+L
icity with ICs, of 1.85-5.08 uM, which is ~5-fold weaker @ "
Au

than the normoxia condition but is comparable to auranofin
(0.95-4.14 uyM). Such a difference may be caused by a
combined PDT and PACT process under normoxia rather
than the single PACT-activated TrxR inhibition in hypoxia.
For comparison, the cytotoxicity of auranofin did not show
obvious change between normoxia and hypoxia conditions.

Conditional Photo-Reactivities Induced by Other
Photosensitizers in vitro and in vivo

Based on mechanism study, the gold(IIT) complex simulta-
neously acts as a photosensitizer and a substrate during the
photoactivation process (Figure 3a). We considered that
such a photocatalysis-like reaction may be triggered by
external photosensitizers provided that they can reduce Au™
into Au” (i.e., ¢ <—0.65V). For example, riboflavin (Rf,
[Rf]/[Rf*"]=—1.25V vs SHE)"" is an endogenous photo-
sensitizer that has been used as a PDT agent or
photocatalyst."®! Initially, we tested whether 1a can be
activated by Rf in solution. For the mixture of 1la, Rf
(2.5 equiv) and NAC (100 equiv) in aerated DMSO and
under 460 nm irradiation, a stationary stage of 1a was found
in the initial 4 min, followed by photochemical reduction
(Figure S26a,c); whereas for the same mixture under
degassed condition, an instant photoreduction was found as
revealed from UV/Vis absorption (Figure S26b,c) and
HPLC analysis (Figure S26d), suggestive of the PDT-to-
PACT evolving process in response to O, consumption. As a
control, in the absence of Rf, 1a with NAC cannot be
activated by 460 nm irradiation (Figure S26e).

In the literature, it is known that riboflavin transporters
(RFVTs) are overexpressed in various tumor tissues, and
particularly, melanoma was found to strongly overexpress
RFVT2 and RFVT3 both intracellularly and on the cell
membrane.'”! We tested whether the endogenous Rf (or its
metabolized flavin cofactors) could activate the cytotoxicity
of the gold(IIT) complex in cancer cells. Results showed that
after 460 nm light irradiation for 10 min, la displayed
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Figure 3. a) Mechanistic description of the PDT-to-PACT evolving
process induced by external photosensitizers. b) Selective photo-
cytotoxicity toward cancer (A375) over normal (L02) cells by “Ta+Rf”
after 460 nm photoirradiation under hypoxia. c) Induction of photo-
cytotoxicity by a combination of Ta and 5ALA by 630 nm red light
irradiation with or without a slice of pork.

cytotoxicity ICs, of 0.6 uM (A375), 3.0 uM (HepG2), 6.7 uM
(A549), and 5.0uM (HCT116). For comparison, after
420 nm irradiation (under which la could be directly
activated), it exhibited very similar cytotoxicity profile to
these cell lines (0.47-1.23 uM, Table 1). Thus, the different
cytotoxicity under 460 nm irradiation may be attributed to
their different cellular flavin levels."**!

Next, we investigated if 1a could be activated by 460 nm
light in hypoxia. At 25 pM, 1a moderately inhibited A375
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cells with cell viability of 78.8% whereas it was less
photocytotoxic to normal liver cell LO2 (viability 92.7 %)
under hypoxic conditions. Then, we tested if additionally
adding Rf could improve the potency and tumor selectivity.
When the cells were co-treated with 1a (25 uM) and Rf
(30 uM), and then the medium was replaced with fresh one
followed by 460 nm light irradiation for 5 min under
hypoxia, results showed that Rf significantly increased the
cytotoxicity of 1a toward A375 cells with viability of 18.5 %,
while the viability of L02 was only slight decreased to 81.5 %
(Figure 3b, Rf alone did not cause cytotoxicity under this
condition). That is, addition of Rf selectively increased the
cytotoxicity towards cancer A375 over normal LO2 cells.
Such a selectivity has been further confirmed in the A375/
L02 co-culture assay by using living/dead cell co-staining
assay (Figure S27). Thus, a clear selectivity of “la+ Rf”
towards cancer cells with high expression of riboflavin
transporters was identified.

Afterwards, we investigated if 1a could be activated by
photosensitizers with red absorption. In this regard, we
chose clinic protoporphyrin IX (PpIX, [PpIX]/[PpIX*|=
—1.07 V vs SHE, Figure S19b) that could be metabolized
from SALA.” After irradiating the equimolar mixture of
1a, PpIX, and 100 equiv NAC by 630 nm light in degassed
DMF, complete reduction of 1a was found within 30 min
based on HPLC analysis (Figure S28). Next, A375 cells were
treated with 200 pM of SALA for 8 h to allow uptake and
PpIX formation; then the cells were treated with 1a for 4 h
followed by aspiration of medium and 630 nm irradiation for
10 min under hypoxia conditions. As depicted in Figure 3c,
while single treatment by SALA or 1a did not cause obvious
cytotoxicity, the “SALA+1a” combo significantly sup-
pressed cell proliferation with 19% and 30 % viabilities at
50 uM and 25 uM of 1a, respectively. Notably, even when
the light went through a 6.3 mm slice of pork, such
inhibitions were still maintained showing 24 % and 47 %
viability, respectively. For comparison, when 420 nm light
went through the same pork, no photocytotoxicity was found
(Figure S29).

We further evaluated the phototherapeutic activity of
the gold(III) complex in vivo. Based on the fact that the
thiol-reactive gold(I) complexes can inhibit the blood vessel
formation that is associated with tumor angiogenesis,!'”! we
studied the activity of “la+5ALA” on blood vessel
formation during zebrafish development. The Tg (flk1-
EGFP)%*# zebrafish embryos were treated with “la
(50 uM) +5ALA (500 uM)”, or the same concentration of
single 1a, SALA, or solvent for 24 h, and then the embryos
were subjected to a transient hypoxia environment (<1 %
0,) for 30 min followed by 630 nm light irradiation for
15 min. After a total 3 days of embryo development, the
fluorescence images were taken. As shown in Figure 4A, in
the group treated by “la+5ALA” by 630 nm irradiation,
significant damages of blood vessels, particularly at inter-
segmental vessel (ISV), dorsal longitudinal anastomotic
vessel (DLAV) and caudal vein (CV) were observed,
whereas in the group treated by 1a alone, or SALA alone,
there were no such damage.

Angew. Chem. Int. Ed. 2022, 61, €202212689 (6 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

1a <. |s5ALA
630 nm LED ¢ | 630 nm LED
(8)
800 ~* Solvent control (i) 201
= Light (ii) C
€ 6004 = 1a (iii) S
é400 - fa+light (v) § 15 -~ Solvent control
E z = Light
= 200 3 - 1a
-+ 1a + light
0 T T T 10 T T T
0 5 10 15 0 5 10 15

Days after treatment Days after treatment

Figure 4. Anti-tumor activities in vivo. A) Fluorescence images of zebra-
fish (flk-GFP) after treatment of zebrafish embryos by “Ta-+5ALA”, 1a,
SALA or solvent after 630 nm light irradiation for 15 min under a
transient hypoxia condition (<1% oxygen for 0.5 h). B) The tumor
volume (left) and body weight (right) in mice-bearing A375 tumor
xenografts after treatment with 3 mgkg™' of 1a three times per week
with or without 465 nm light irradiation.

Next, the anti-tumor activity in mice bearing A375
xenografts were examined by taking advantage of endoge-
nous flavin in melanoma A375 cells. In general, the tumor-
bearing mice were injected (i.p.) with 3mgkg™' of 1a or
solvent once every other day, followed by 465 nm photo-
irradiation 4 h post injection. As shown in Figure 4B, treat-
ment by 1a in dark did not cause tumor inhibition compared
to the solvent control. For the group treated with light
irradiation alone, there was a marginal inhibition on the
tumor growth, which is likely caused by the PDT effect of
endogenous flavin in A375 tumor but is inefficient due to
hypoxic tumor microenvironments. Remarkably, 1la in
465 nm light irradiation significantly attenuated tumor
growth with a 92 % inhibition after 16 days treatment. No
mouse death or loss of body weight was found during the
treatment (Figure 4B, right). To further examine whether
photoreduction of 1a happened within tumors, the tumors
in the “la+light” group at the end of experiment were
homogenized and analyzed by HPLC and high-resolution
mass spectrometry (Figure S30), the released FIQ ligand
was clearly found in the LC chromatogram with m/z
([FIQ+H], 382.1796) and isotopic pattern matched the
simulated values, implying that the gold(III) complex is
indeed photocatalytically activatable for tumor inhibition in
vivo.

Conclusion

In conclusion, a PDT-to-PACT evolving strategy was, for
the first time, identified in cyclometalated gold(III) com-
plexes for tumor phototherapy. On the one hand, the
gold(IT) complexes can act as dual photosensitizers and
substrates, leading to conditional PDT activity in oxy-
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genated condition that progresses to highly efficient PACT
when O, is progressively depleted in solution and under
cellular environment. On the other hand, the PDT-to-PACT
evolving photo-reactivity can be equally triggered by exter-
nal photosensitizers which display potent PDT in normoxia
and switch to photocatalytic prodrug activation under
hypoxia in vitro and in vivo, giving additional tumor-
selectivity and deep tissue penetration by red-light irradi-
ation. In view that photocatalysis is potentially capable of
activate prodrugs of different complexes (e.g., Pt and Ru)
more than Au one, it is envisioned that such a PDT-to-
PACT evolving strategy could be extended to develop other
metal prodrugs for robust cancer phototherapy.

Experimental Section

The synthesis, characterization, photoreactivities, cellular and
animal studies can be found in the Supporting Information.
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