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Alkylgold(III) Complexes Undergo Unprecedented Photo-Induced f-
Hydride Elimination and Reduction for Targeted Cancer Therapy

Jia Jiang®, Bei Cao", Yuting Chen", Hejiang Luo, Jiaying Xue, Xiaolin Xiong, and

Taotao Zou*

Abstract: Spatiotemporally controllable activation of
prodrugs within tumors is highly desirable for cancer
therapy to minimize toxic side effects. Herein we report
that stable alkylgold(IIT) complexes can undergo un-
precedented photo-induced B-hydride elimination, re-
leasing alkyl ligands and forming gold(III)-hydride
intermediates that could be quickly converted into
bioactive [Au™-S] adducts; meanwhile, the remaining
alkylgold(IIT) complexes can photo-catalytically reduce
[Au"-S] into more bioactive Au' species. Such photo-
reactivities make it possible to functionalize gold com-
plexes on the auxiliary alkyl ligands without attenuating
the metal-biomacromolecule interactions. As a result,
the gold(IIT) complexes containing glucose-functional-
ized alkyl ligands displayed efficient and tumor-selective
uptake; notably, after one- or two-photon activation, the
complexes exhibited high thioredoxin reductase (TrxR)
inhibition, potent cytotoxicity, and strong antiangio-
genesis and antitumor activities in vivo. )

Introduction

There has been a burgeoning interest in developing
prodrugs that can be controllably activated within tumors
because they can minimize the toxic side effects on normal
cells.l'! In past years, tremendous efforts have been made in
developing stimuli-activatable prodrugs by using intrinsic
tumor microenvironments or by external stimuli.”y’ Among
these endeavors, metal-based photoactivatable prodrugs, or
photoactivated chemotherapies (PACTs) are highly attrac-
tive for their spatiotemporal resolution during cancer
treatment.’! For example, Pt" complexes can be photo-
chemically or photo-catalytically reduced into active Pt"
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species for DNA binding;¥ Ru" complexes can efficiently
undergo photo-induced ligand dissociation to release bio-
active ligands and/or to allow for DNA binding via metal
coordination.”! Of particular interest are those prodrugs in
which tumor-targeting moieties are introduced as auxiliary
ligands to improve the tumor specificity without attenuating
the bioactivity of the parent compounds.*® Nonetheless,
despite being highly promising,” only a handful of PACT
complexes are available in the literature and their photo-
reactivities are largely restricted to photo-reduction or
-substitution reactions by breaking not-so-strong bonds such
as Pt—-O/N and Ru-N/S.P Tt is challenging to develop
photo-reactions based on activating robust bonds such as
M-C bond (M=Pt, Au, Ru, Rh..., C=carbanion ligands) in
noble metal organometallic complexes® that can fully resist
strong nucleophiles and reductants for the avoidance of
systemic adverse effects.

Gold complexes have well-known anti-proliferative
activity towards various cancer cells including the cisplatin-
resistant variants.”) Such activities are due to their high
binding affinity towards thiol- and/or selenol-enzyme targets
such as thioredoxin reductase (TrxR) that is overexpressed
in many tumors."”) However, the high redox potential (Au’*
/Au* 1.36 V, Aut/Au’ 1.83 V)"l and the strong thiol-affinity
of gold posed big hurdles to develop gold complexes with
enough stability to combat off-target interactions and with
high tumor-specificity to minimize side effects.’® Pioneering
works of using strong donor ligands such as phosphine,'? N-
heterocyclic carbene (NHC),['3 alkyne,[1214]
dithiocarbamate ™  porphyrin,' and cyclometalated
ligand™” have shown the ability to improve the anti-tumor
activity of gold complexes. In efforts to develop photo-
activatable prodrugs, we have previously reported that
cyclometalated gold(III) complexes containing hydride li-
gand [(C"N~C)AuH] (H,C"N~C=2,6-diphenylpyridine,
1a, Figure 1) can undergo photo-induced hydride-substitu-
tion to activate its thiol-reactivity and anti-cancer activity;"#
however, the hydride ligand cannot be modified to tune the
physiochemical properties such as water solubility and
tumor-specificity that are critical for further drug develop-
ment.

In the literature, certain d® metal complexes (e.g., Ni'-
phthalocyanine, Pt"-terpyridines) were known to induce
axial ligation at the excited state via the expanded coordina-
tion sites.™™ In view that the electrophilic metal complexes
with open coordination sites could proceed with B-hydride
elimination,'"” it is conceived that the isoelectronic d® Au™
complexes containing alkyl ligands may undergo photo-
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Figure 1. Chemical structure of gold(I1l) complexes.

induced B-H elimination to form the gold(IIT)-hydride
species,”™?"! which could be harnessed to develop next-
generation gold-based prodrugs. Herein we report a type of
stable alkylgold(IIT) complexes that can efficiently initiate
photo-induced B-H elimination followed by photocatalytic
reduction to controllably release active gold species, render-
ing the complexes to display efficient cellular uptake, potent
inhibition on thioredoxin reductase (TrxR), strong and
cancer-selective cytotoxicity in vitro, and antiangiogenic and
anti-tumor activities in vivo. To the best of our knowledge,
it is the first time that the photo-induced p-hydride
elimination reaction is identified for robust prodrug activa-
tion.

Results and Discussion
Synthesis, Solution Stability and Photochemistry

The cyclometalated gold(IIT)-alkyl complexes 1b and 1c¢
(Figure 1) were synthesized by reacting [(C*"N*C)AuOACcF]
with Grignard reagents,” and 1d, le, 2, and 3 were
prepared from the reaction of [(CA"N"C)AuH] with styrene
derivatives in the presence of radical initiator azodiisobutyr-
onitrile (AIBN). These complexes are highly soluble (>
10 mM) in THF, CH,Cl,, DMF and DMSO, and they have
been fully characterized by 'H NMR, “C NMR, high-reso-
lution mass spectrometry (HRMS), HPLC and elemental
analysis (Supporting Information, Figure S1-S6). The 'H-'H
COSY/NOESY NMR of 1c¢ and le have also been
performed (Figure S7). Unless otherwise mentioned, the
gold(IIT) complexes were dissolved in DMSO to prepare a
10 mM stock solution and then diluted in aqueous solution
for the following experiments.

The stability of the alkylgold(III) complexes was firstly
examined. Taking 1¢ as an example, after 48 h incubation in
dark, it did not show noticeable change in the UV/Vis
absorption spectra or in the LC chromatograms in DMSO,
DMSO/H,O0 (1/1, v/v) or DMSO/PBS (1/1, v/v) with or
without 100 equiv of N-acetylcysteine (NAC) or sodium
ascorbate (Figure S8a—¢), indicative of high thiol stability.
However, UV/Vis experiments revealed that upon 365 nm
light irradiation in DMSO, 1¢ displayed red shift of vibronic
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absorption and increase of absorbance at 350—-410 nm which
became levelled-off in 20 min (Figure 2b). The reaction
quantum yield ¢ was calculated to be 0.028 (Figure S9)
that is comparable to the photo-reactivity of 1a (¢=0.018,
Figure S9). Interestingly, in the presence of 10 equiv (1 mM)
of NAC, the vibronic absorption at 350-410 nm gradually
vanished (Figure 2c) after 365 nm light irradiation, and in
10 mM of NAC, the vibronic absorption decreased even
faster (Figure 2d).

The photo-reactions were then studied by HPLC (Fig-
ure 2¢). In the absence of NAC, 1lc (retention time
15.68 min) gradually disappeared in association with a new
peak at 12.14 min (Figure 2e and S10), which was identified
to be [Au(C"N"C)(DMSO)] (Figure S10). Notably, this
peak could be similarly generated from [Au(C"N”C)H]
(1a) in DMSO under light irradiation (Figure S11). By using
'HNMR, a singlet peak at 5.43 ppm was detected after
irradiating 1¢ in dg-DMSO for 30 min (Figure 2f), and this
peak disappeared after bubbling with N,, indicative of
forming C,H,;*! for 1d after light irradiation, 4-meth-
oxystyrene and [Au(CAN~C)-(DMSO)] were detected in
the LC chromatogram as well (Figure S12). When perform-
ing the '"H NMR experiment in CDCl; for 1¢ (Figure S13),
besides C,H, (5.40 ppm), CHDCl, with a signature 1:1:1
triplet at 528 ppm (J=1.1 Hz) was detected, suggesting
formation of a short-lived metal-hydride species.’”! Thus,
photo-induced B-hydride elimination reaction likely oc-
curred which simultaneously generated alkene and hydride
intermediate that further underwent a hydride transfer
reaction. For comparison, 1b containing the methanide
ligand slowly decomposed by ~30 % in DMSO after 20 min
light irradiation by forming uncharacterizable peaks in the
LC chromatogram (Figure S14).

In the presence of 1mM of NAC and under light
irradiation (Figure 2e and S15a), 1c¢ disappeared slightly
faster in the LC chromatogram accompanied by generating
a dominant peak of [Au(C*"N"C)-NAC] adduct at 7.16 min
(Figure S15a), and this product could be similarly generated
by reacting 1a with NAC (Figure S15b). In the meantime, a
minor peak at 7.03 min appeared after 5 min of photo
irradiation showing m/z of 393.2 (M+1, Figure S16) that
could be attributed to C*N*C-NAC losing the Au ion, and
this peak became more notable with elongated photo-
irradiation (Figure S15a); meanwhile, in the negative mode
of mass spectra, a peak with m/z of 521.2 consistent with
forming [Au(NAC),]” was found (Figure S17). When
10mM of NAC was present (a reachable cellular thiol
concentration),” the peak at 7.16 min was initially formed
in association with a minor but more remarkable one at
7.03 min after 5 min light irradiation (Figure 2e); interest-
ingly, the peak intensity at 7.16 min gradually decreased
while that at 7.03 min became more dominant upon further
photo-irradiation, with intensity ratio at 7.03 min vs 7.16 min
from 3:7 after 5 min irradiation, to 6:4 after 10 min, and 8:2
after 15 min (Figure 2¢), implying [Au(C*"N*C)NAC] to
CANAC-NAC conversion. Therefore, two reaction processes
happened for 1c with NAC: firstly, 1c¢ initiated photo-
induced B-hydride elimination by generating ethylene and
[Au(C"N"C)H] with the latter product being quickly
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Figure 2. The photo-reactivity of 1c. a) Reaction of 1¢ with NAC under light irradiation. b—d) UV-vis absorption spectra of 1¢ (100 uM) in the

absence (b) or presence of 1 mM (c) or 10 mM (d) of NAC under 365 nm

light irradiation in 20 min. e) LC chromatograms for the reaction of 1¢

with or without 1 or 10 mM of NAC after 365 nm light irradiation for 5, 10 or 15 min in DMSO. f) "H NMR for the photo-reaction of 1c in d¢-

DMSO after 365 nm irradiation for 30 min, showing ethylene formation.

converted into  [Au(CANAC)NAC]; then, [Au-
(CANAC)NAC] was reduced into C*"N"C-NAC and [Au-
(NAC),]” (Figure 2a). In contrast, 1b reacted with NAC in a
slower rate by forming several new peaks in the LC
chromatogram and no [Au(CA"N~C)NAC] was detected
(Figure S18).

Mechanism Study

To elaborate the photo-induced B-hydride elimination
reaction, additional experiments were performed. We found
the reverse reaction can happen as well. When mixing
[Au(CAN"C)H] with 4-methoxystyrene in a non-coordina-
tive solvent such as EtOAc, 1d was obtained in 15-18 %
yield after 365 nm light irradiation for 10 min (by HPLC and
"H NMR, Figure 3a, and S19), suggestive of the microscopic
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reversibility of the reaction that is characteristic of f-hydride
elimination.'”**®! Then, computational calculations were
performed to understand the mechanism based on DFT and
TDDFT using generalized gradient approximation ex-
change-correlation density functional PW91 and basis set of
6-31G* except Stuttgart/Dresden ECP(SDD) for Au. As
depicted in Figure 3b, S20 and Table S1, S2, the natural
transition orbital analyses of the triplet (T;) excited state
show that the electron is mainly localized in pyridine (57 %)
and the two phenyl moieties (30 %), whereas the hole is
located at the phenyl rings (72 %) together with a significant
portion at Au (24%). Thus the gold(III) complex has a
triplet phenyl-to-pyridine intra-ligand (*IL) charge transfer
mixed with triplet metal-to-ligand charge transfer *MLCT)
character,” rendering the Au ion to be highly electrophilic
that may favor the axial coordination.® In the meantime,
while 1c¢ displays an ideal square planar geometry at S, it
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Figure 3. Mechanism studies. a) Photoreaction of 1a with 4-meth-
oxystyrene in non-coordinative solvents, which is reverse to the photo-
induced f-H elimination. b) Electron—hole distribution of 1c at T,
excited state. c) The optimized geometry of 1c at Sy and T, states. The
symmetry groups of D, and D, are also shown.”

becomes distorted showing out-of-plane bending of the
cyclometalated ligand at the T, excited state (Figure 3c),
which is typical of symmetry decrease from pseudo Dy, to
D,y for d® complexes at the excited states,* leading to
metal-centred (MC) *d-d excited states lying close to the
*MLCT and *LC excited states (Figure S21).”"! Indeed, the
molecular orbital analyses show that the T, excited state of
1c involves a minor but noticeable d._, orbital in its
electron composition (Figure S20), which is consistent with
the engagement of low lying *d—d state. In the literature, the
*d-d excited state has been known to expand the coordina-
tion number and favor axial coordination as in the case of
Ni"-porphyrins."®! Therefore, the photo-induced electro-
philic character and the possible involvement of *d-d excited
states make it possible for 1¢ to take the vacant site for the
B-hydride elimination to occur.

Afterwards, we tried to understand the mechanism for
[Au(NAC),]” formation. As shown in Figure 2e, C"N~C-
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NAC was generated from [Au(C*"N*C)NAC]. However,
when [Au(C*"N"C)NAC] was directly irradiated with light,
no reactions occurred in the absence or presence of NAC or
4-methoxystyrene (Figure S22a—c). On the other hand, it
was noticed that during the transformation, the reaction
mixture always contained a tiny but observable amount of
1c in the LC chromatogram (Figure 2e and S15), which may
additionally act as a photocatalyst. To verify this hypothesis,
the analogue complex [Au(CAN~C)(NHC)]" or 1b (0.5 or
1 equiv) was added in the mixture of [Au(C"N"C)NAC]
(100 uM) and NAC (10 mM), complete conversion of [Au-
(CAN"C)NAC] into CAN~C-NAC was found within 10 min
of light irradiation (Figure S23 and S24), implying that the
photo-catalysts are indeed active for photoreduction. In fact,
we found that the reduced form of 1e¢, which could be
generated from the reductive quenching of its excited state
by thiols (Figure S25), is a strong reductant ([Au™]/[Au"]=
—1.92 V, Figure S26) that can convert [Au(C*"N*C)NAC]
(reduction potential of —1.02 V, Figure S26b) into C*"N~C-
NAC and [Au(NAC),]". Therefore, besides photo-induced
B-H elimination, 1c¢ additionally acted as a photocatalyst to
reduce the [Au"-S] adduct into C"NAC-NAC and [Au-
(NAC),]".

Photo-Activated In Vitro Activities

Complex 1d, with 4-methoxystyrene derivative as auxiliary
ligand, proceeded with the dual photo-induced B-H elimi-
nation and photo-reduction as efficiently as 1¢ (Figure S27).
Thus, it became feasible to introduce functional groups into
the gold complexes by styrene derivatives. Complexes 1e, 2,
and 3 containing glucose moieties were synthesized to tune
the water solubility and tumor-targeting capability. Of note,
by bringing in either methyl group on the phenyl ring (2) or
—CF; moiety on the pyridine ring (3) of C*N”C ligand, the
gold complexes were endowed with absorption at visible
region (Figure S28). Like 1¢, complexes 1e, 2, and 3 showed
good thiol-stability and displayed comparable or even higher
photo-reactivity based on UV/Vis analysis (Figure S29) or
HPLC experiments (Figure S30).

Subsequently, the cellular stability and photo-reactivities
of the gold(IIl) complexes were tested. Human melanoma
A375 cells were incubated with 100 uM of 3 for 12-36 h, and
then the cells were washed and lysed, followed by acetone
precipitation. After analysing the supernatant by HPLC
(Figure S31), a significant amount of 3 (retention time
12.35 min) was detected, and this peak gradually decreased
with elongated incubation accompanied by forming a new
species with retention time at 15.23 min that was identified
to be the glucose-hydrolyzed product [Au(C*N~C)-(CH,),-
Ph-pOCH,CH,OH] (13) in which the cyclometalated gold-
(III)-alkyl scaffold remained intact. Similar activities were
found in A549 lung cancer cells and for 1e and 2 (Figure S32
and S33). However, when 3-treated A375 cells were
irradiated with light before cell lysing, neither the complex
nor the glucose-hydrolysed product were detected in the
supernatant by HPLC (data not shown). Instead, inductively
coupled plasma-mass spectrometry (ICP-MS) analysis of the
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insoluble proteins after acetone precipitation showed the
amount of protein-bound gold (13.3 ng per 10° cells) is 2.2-
fold higher than that in the dark condition (5.9 ng per
10° cells), suggesting the activation of thiol-reactivity of the
gold complexes.

Next, we investigated whether the photo-activated gold
complexes can inhibit TrxR. A375 cells were treated by the
gold complexes for 2 h, followed by light irradiation and a
further 2h incubation, and then the TrxR activity was
measured (Table 1, Figure S34). Results showed that 1c¢
inhibited TrxR with ICs, of 8.04 pM that was slightly weaker
than 1a (IC5=3.18 uM) but more potent than 1b (ICs,=
11.1 uM). Notably, complex 3 displayed extremely strong
inhibition on TrxR with ICsy of 0.79 pM that was compara-
ble to auranofin (ICs,=0.68 uM). Consistent with the
stability test, in dark condition, all the gold(III) complexes
did not show inhibitory activity (ICs,> 100 uM, Table 1).

To understand the mechanism of TrxR inhibition, we
examined the binding preference of the photoactivated
gold(IIT) complex towards nucleophilic amino acids includ-
ing Glu, His, Met, Cys and Sec by HRMS. After incubating
the equimolar ratio mixture of 1e/Glu/His/Met/Cys under
365 nm light irradiation for 20 min, peaks with m/z of
545.0618 and 436.9914 were found, indicative of forming
[Au(CAN"C)-Cys] and [Au(Cys),]” (Figure S35a), but no
adducts with Glu, His or Met were found. If 1 equiv of Sec is
additionally added in the reaction mixture (1e/Glu/His/Met/
Cys/Sec), the adducts with isotopic pattern and m/z (Fig-
ure S35b) consistent with [Au(C”N~C)-Cys] and [Au-
(Sec),]” were detected, without noticeable adduct with other
amino acids, suggesting the binding preference towards Sec
and Cys.'™?! Importantly, when Sec- and Cys-containing
TrxR C-terminal GCUG tetrapeptide was mixed with
equimolar of 1e and irradiated with 365 nm light for 20 min,
the product agreeing with a single Au” ion simultaneously
binding to S and Se of GCUG ([GCUG-Au-2H] m/z=
580.9674, Figure S35¢) was found. In the model proteins of
BSA and HSA containing free Cys, adducts formation were
observed, giving m/z of 66861.40 (vs intact BSA mi/z
66436.40, Figure S36) and 66875.70 (vs intact HSA mi/z
66450.70, Figure S37), respectively, attributed to the attach-
ment of [Au(C*N”C)] moiety to the proteins, thus support-
ing the possible involvement of direct binding of photo-
activated gold with the Sec/Cys motif for TrxR inhibition."

In light of the photo-activated TrxR inhibition on cancer
cells, the cytotoxicity of the photo-activatable gold com-
plexes (lc-e, 2, and 3) was examined in different human
cancer cells including colorectal carcinoma HCT116, mela-

Table 1: TrxR inhibition activity (ICso, pM) of A375 cells after treatment
by the gold complexes. The cells were treated with each complex for
2h and were then irradiated with light, followed by a further 2h
incubation. The TrxR activity of the cell lysates was measured.

Entry T1a 1b¥ 1 30! Auranofin

Dark >100 >100 >100 >100 0.68+0.21
Light 3.18+0.52 11.1+£0.1 8.04+0.90 0.79+0.02 -

[a] 365 nm irradiation for 5 min. [b] 420 nm irradiation for 10 min.
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noma A375, hepatocellular carcinoma HepG2, non-small
cell lung carcinoma A549, breast cancer MCF-7, and triple-
negative breast cancer MDA-MB-231. In general, cancer
cells were treated with the gold(IIT) complex for 2h,
followed by 5 or 10 min light irradiation; after a total 24 h
incubation, the cytotoxicity was evaluated by MTT assay. It
turned out that while the gold(III) complexes did not show
obvious cytotoxicity in the dark with ICs,>100 uM (except
1e with IC5,>20 pM), they were highly cytotoxic with ICs,
of 0.25-23.3 uM in light (Table S3). Of significance was the
cytotoxicity of the glucose-containing le, 2, and 3 showing
sub-micromolar ICy, values and up to 400-fold photo-index
(ICs0 qure/ICsoign) that was much stronger than le and 1d.
For comparison, cisplatin and auranofin did not show
obvious change of ICy, after light irradiation (Table S3). In
addition, we tested whether the photoactivated gold com-
plex at extracellular medium contributed to the photo-
cytotoxicity or not by replacing the drug-containing medium
after 2 h incubation with fresh one (Figure S38). Results
showed that the photocytotoxicity of the gold(IIT) complex
(1e as an example) did not change (ICs, of 0.29+£0.01 pM)
compared to the condition without changing medium (ICs,
of 0.32+0.03 uM), indicating that the photocytotoxicity was
mainly caused by the intracellularly photoactivated gold(I1T)
complexes.

We also studied whether the photocytotoxicity involved
direct generation of reactive oxygen species by co-treatment
of 3 with 'O, suppresser NaN; (5 mM), or OH* inhibitor d-
mannitol (50 mM), or O,*” scavenger tiron (5 mM). The
photocytotoxicity ICs, was found to be 0.86 uM, 0.73 uM,
0.98 uM, respectively, which was similar to its original
photocytotoxicity ICy, of 0.74 uM, indictive of little to low
contribution of direct photo-induced ROS (Table S4). For
comparison, the photocytotoxicity of the less reactive 1b
was more significantly influenced by these ROS inhibitors
(Table S4).

For the glucose-containing complexes such as 3, the
cyclometalated gold(I1T)-alkyl scaffold is planar and hydro-
phobic, whereas the glucose moiety is hydrophilic (Fig-
ure 4a); such an amphiphilic character may render the
complex with a self-assembly property.’!! Indeed, dynamic
light scattering (DLS) study showed that 3 formed nano-
particles with an average size of 160 nm in aqueous solution
(Figure 4b), and transmission electron microscopy (TEM)
analysis also revealed that 3 formed pseudo round-shaped
nanoparticles with a slightly smaller size of ~90 nm (Fig-
ure 4c). Then we examined whether the self-assembly
property contributed to the mechanism of uptake. HCT116,
HepG2 or A375 cells were co-treated with 3 and dynamin-
dependent endocytosis inhibitor dynasore (DNS, Figure 4d
and S39a) or clathrin-mediated endocytosis blocker chlor-
promazine (CPZ, Figure 4e, S39b), both at a non-toxic
10 uM concentration. MTT assay showed that the photo-
cytotoxicity of 3 was significantly decreased by DNS with
ICy, value raising from 5.0 uM to 10.3 uM (p <0.01) and
diminished by CPZ with ICs, from 2.1 uM to 5.8 uM (p<
0.0001). In the meantime, the glucose transporter (GLUT)
inhibitor phlorizin (Pz) also attenuated the photocytotoxicity
of 3 from ICy=14puM to ICs=2.1uM (p<0.001, Fig-
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Figure 4. Tumor-selectivity of complex 3. a) Self-assembly of 3 in aqueous solution to form nanoparticles. b, c) DLS (b) and TEM (c) analysis of the
aqueous solution of 3 at 50 pM. d—f) Influence of photo-cytotoxicity of 3 on HCT116 cells after co-treatment by dynamin-dependent endocytosis
inhibitor dynasore (DNS, 10 pM, in no FBS condition, d), clathrin-mediated endocytosis blocker chlorpromazine (CPZ, 10 uM, e), and glucose
transporter inhibitor phlorizin (Pz, 2 mM, f). g) Photocytotoxicity of 3 towards different types of cancer and normal cells.

ure 4f). The reduced cytotoxicity after co-treatment of 3
with DNS, CPZ and Pz is consistent with the attenuated
cellular uptake as revealed from ICP-MS analysis (Fig-
ure S40) showing 79.7 %, 64.7 % and 51.2 % of gold content,
respectively, compared to the treatment by 3 only. These
results collectively indicate a GLUT-associated endocytosis
cellular uptake mechanism.

In the literature, many cancer cells have been reported
to abnormally overexpress GLUT.F? Accordingly, the
photocytotoxicity of 3 towards normal cells was explored for
comparative study (Figure 4g). Encouragingly, results
showed that the gold complex was generally less cytotoxic
towards normal cells including human hepatic cell line L02
(ICsy=12.8 uM), epidermal keratinocyte line HaCaT (ICs,=
5.0 uM), and embryonic kidney 293 cell line HEK293 (IC5,=
9.8 uM) than that towards cancer cells such as A375,
HCT116, and MDA-MB-231, with IC;; of 1.25-2.40 uM, i.e.,
up to 10-fold selectivity. Compared to 3, complex 1lec
displayed 3.8- to 5.7-fold lower cytotoxicity towards these
cancer cells but 1.9- to 3.1-fold higher cytotoxicity to the
normal cells under similar conditions (Table S5).

Photo-Activated In Vivo Activities

The in vivo anti-tumor activities of the gold(III) complexes
were then examined. As reported before, reactive gold(I) is
highly  effective  in  inhibiting  tumor-associated
angiogenesis.'”” Herein the embryo of transgenic zebrafish
(GFP-flk) was treated with 3 for 12 h and then irradiated
with 420 nm light for 30 min. After 3 days of embryonic
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development, the group treated by 3 with light irradiation
showed significantly impaired vasculature particularly in the
dorsal longitudinal anastomotic vessel (DLAYV) as depicted
in Figure 5a. In contrast, for the 3-treated group in dark or
the light-only control group, there was no such damage
(Figure 5a).

We further performed the anti-tumor activity of the
gold(IIT) complexes in mouse models. After treatment of
mice bearing A375 xenograft with 3mgkg™' of 3 (ip.)
followed by 420 nm light irradiation for 10 min once every
two or three days, significant inhibition of tumor volume by
85% (versus solvent group, p<0.05) was observed after
treating for 18 days (Figure 5b). The treatment did not cause
mouse death or body weight loss (Figure 5b). In the control
experiments, 3 in the dark or light irradiation only did not
show obvious inhibition (Figure 5b).

Two-Photon Activation

Since certain cyclometalated metal complexes could be
excited by two-photons,'®” we tested the possibility of
long-wavelength laser irradiation to activate the gold(I11)-
alkyl complexes. A375 cells were treated with 3 for 2h
followed by laser irradiation at 800 nm (0.52 W) for 5 min.
The living/dead cells were analyzed by co-treatment with
ethidium homodimer-1 that can specifically stain dead cells
(red emission) and Calcein AM that can distinguish living
cells (green fluorescence). As depicted in Figure S41, red
emission was only found in the laser-irradiated area of 3-
treated cells where no green emission was detected; in
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Figure 5. Antiangiogenic and antitumor activities in vivo. a) Inhibition of blood vessel formation during zebrafish embryo development after
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volume (i) and body weight (ii) after treatment of mice bearing A375 xenografts by 3 under 420 nm light irradiation 10 min per day, or by 3 in the
dark, or by solvent control, or only by light irradiation. The representative images of tumors after sacrifice of mice on day 18 were shown.

contrast, only green fluorescence but not red emission was
found in the surrounding non-irradiated region. In the
control group with laser irradiation only, there was no red
emission. Thus, the gold(IIT) complex is indeed activatable
by two-photon irradiation that may benefit tumor treatment
needing a deeper penetration.

Conclusion

In conclusion, alkylgold(III) complexes are found to pro-
ceed with unprecedented dual photo-reactivities to control-
lably release bioactive gold species with high tumor specific-
ity. They are stable against thiols and ascorbates in the dark
but become highly reactive to initiate B-hydride elimina-
tions, which release the alkyl ligand and form [Au-
(CAN~C)H] that can be further transformed into the
[Au™-S] adduct. Such a reactivity makes it possible to
functionalize the gold(III) complexes at the auxiliary alkyl
moieties without diminishing the binding interactions to-
wards enzyme target(s). In this regard, a glucose moiety is
introduced, leading to efficient and tumor-selective cellular
uptake. In the meantime, the [Au™-S] adduct could be
further photo-catalytically reduced into more active Au'
species, a phenomenon that is similar to the photocatalytic
reduction of Pt"Y prodrugs***! but has not been reported for
gold complexes. Consequently, after one- or two-photon
irradiation, the gold complex was found to strongly inhibit
cellular TrxR, display up to >400-fold increases of cytotox-
icity, and strong antiangiogenic and anti-tumor activities in
animal models. These results collectively demonstrate that
our strategy by harnessing the dual photo-reactivities of
alkylgold(III) complexes can not only spatiotemporally
control the reactivity of gold against off-target interactions
but also enable to effectively tune the drug-like properties
such as solubility and formulation for in vivo tumor-targeted
therapies.
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For PACT complexes in the literature, the M—O, M—N
or M-S bonds were usually constructed which were respon-
sible for photo-substitution or -reduction reactions. While
these metal-ligand bonds have proven stable in certain
metal prodrugs, these donor ligands may not construct stable
complexes for metals with high redox potential or with high
binding affinity to physiological nucleophiles as in the case
of gold-based drugs. In this work, we uncovered a strategy
for photoactivated prodrugs based on breaking the strong
M-C bond into a reactive M—H bond by photo-induced -
hydride elimination. The alkylgold(III) complexes are highly
stable and can meanwhile efficiently undergo such an
elimination reaction and the following reduction to spatio-
temporally deliver active gold species within tumor tissues.
Since B-hydride elimination is a common organometallic
reaction and many metal complexes are known to be
electrophilic at excited states where vacant or expanded
coordination sites are possibly available for p-hydride
elimination to happen, it is believed that the novel photo-
reactions of building gold-based prodrugs could be extended
to other metal centers such as the isoelectronic Pt** to
construct prodrugs with good stability, high tumor selectiv-
ity, and low side effects.

Experimental Section

All the characterization data, experimental procedures and support-
ing figures/tables are included in the Supporting Information.
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