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Anti-Cancer Agents

Hejiang Luo, Bei Cao, Albert S. C. Chan, Raymond Wai-Yin Sun, and Taotao Zou*

Abstract: The specific gold-sulfur binding interaction renders
gold complexes as promising anti-cancer agents that can
potentially overcome cisplatin resistance; while their unbiased
binding towards non-tumoral off-target thiol-proteins has
posed a big hurdle to clinical application. Herein we report
that cyclometalated gold(IIl) complexes bearing hydride
ligands are highly stable towards thiols in the dark but can
efficiently dissociate the auxiliary hydride moiety and generate
a gold-thiol adduct when excited with visible light. In
consequence, the photo-activated gold(I1I) complexes potently
inhibited thioredoxin reductase in association with up to > 400-
fold increment of photocytotoxicity (vs. dark condition) with-
out deactivation by serum albumin and along with strong anti-
angiogenesis activity in zebrafish embryos. Importantly, the
gold(I1l)-hydride complexes could be activated by two-photon
laser irradiation at the phototherapeutic window as effectively
as blue-light irradiation.

Introduction

There has been a burgeoning interest in developing gold-
based anti-cancer therapeutics due to their intriguing mech-
anism-of-action that is different from cisplatin.'! Both gold(I)
and gold(IIT) have proven specificity to target proteins/
enzymes containing thiol (cysteine) or selenol (selenocys-
teine) moieties (e.g., thioredoxin reductase), leading to
potent cytotoxicity towards cancer cells, including cisplatin-
resistant variants.”) However, reactive gold complexes can
also strongly bind a number of off-target thiols present in non-
tumoral regions (such as serum albumin in blood and thiol-
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enzymes in normal cells), which largely hampered their anti-
cancer potency and also caused devastating side effects in
vivo.l'4:2031 T previous works, ligands such as N-heterocyclic
carbene (NHC),™ phosphine,”! alkyne,*® dithiocarbamate!”!
and thioureal containing different substituents have been
employed to tune the thiol-reactivity of gold(I) and gold(III)
complexes with some of them showing impressive in vivo anti-
tumor activities. Nevertheless, it remains a big challenge to
design gold complexes having a controllable thiol reactivity
capable of inhibiting thiol-enzyme target(s) specifically in
cancer cells with minimal effects on normal cells.

Photoactivatable metal anti-cancer prodrugs,” in which
the activity is triggered by ligand dissociation or photo-
chemical reduction, have been demonstrated to show high
tumor specificity.'” For example, Sadler and co-workers
developed an organometallic [(n’-p-cymene)Ru(bmp)(py)]*"
(bmp =2,2'-bipyrimidine) complex that could selectively
photo-dissociate the pyridine moiety and form an aqua
derivative for DNA binding.'"! Moreover, several PtV
prodrugs have been reported to be photochemically!'? or
photocatalytically™ activated to generate active Pt!! species
able to bind DNA. In the literature, cyclometalated [Au"-
(CANAC)L] (H,CANAC =2,6-diphenylpyridine) complexes
have shown potent activity for TrxR inhibition via ligand-
thiol exchange reactions (when L = phosphine, pyridine, Cl or
other labile ligands),"¥ whereas those with strong o-donor
ligands (such as NHC, alkyl, alkyne) resulted in high thiol-
stability without suppression of TrxR.!"" In view that hydride
is a strong o-donor and its associated metal complexes have
shown potential photo-reactivity,'® we conceive the hydride-
bearing cyclometalated gold(III) complexes may be devel-
oped as photoactivatable prodrugs. Herein we report a series
of [Au"(C*NR**C)H] complexes that are stable against thiols
in the dark but exhibit visible-light-induced thiol-reactivity
and can act as photo-activated anti-cancer agents under in
vitro and in vivo conditions. To the best of our knowledge, this
is the first example of photoactivatable gold-based prodrugs
with controllable thiol-reactivity.

Results and Discussion

The gold(IIT) hydride complexes 1a-1d (Figure 1) were
prepared following a modified literature procedure!'” by
treating [Au"(CANRAC)CI] with LiAIH, at —78°C, with
products purified by column chromatography (see Supporting
Information for synthesis and characterization details). In the
'HNMR spectrum, these complexes show typical hydride
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Figure 1. Chemical structures of the gold(IIl)-hydride complexes Ta—
1d and the related gold(I1l) complexes 2—4 for comparative study.

signals at 0 =—6.57 to —6.51 ppm in CDCl;. The 'H-'H
NOESY and COSY NMR spectra of 1a are shown in
Figure S1 in the Supporting Information. Complexes 1a-1d
are well soluble in common organic solvents such as CH,Cl,,
CHCl;, THF, DMSO and DMF, with a solubility of
>10 mgmL~". The photo-reactivity of gold(III)-hydride com-
plexes were initially examined (Figure 2). In the dark, these
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Figure 2. a) Reactions of 1a/1b with PyH"-OTf", HOAc and NAC in
CH;CN or DMSO under dark/light conditions. For reactions with
PyH"-OTf™ and HOAc, the two solvents (CH;CN and DMSO) gave
similar yield for adduct formation. NAC is insoluble in CH;CN and
therefore only DMSO was used. b) LC diagram for the mixture of 1a
(1 mm) with 10-fold NAC in DMSO after 420 nm light irradiation for
different time.
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complexes display low hydricity with no reaction against 10-
fold excess (10 mm) of pyridinium triflate (PyH"-OTf") and
acetic acid.'"® Interestingly, after 365 nm light irradiation
(6.87 mW cm )" for 10 min, a clean peak with a retention
time of 3.88 min in the liquid chromatogram was detected for
the mixture of 1a with PyH"-OTf™ in DMSO (=10 % yield,
Figure S2a), which was identified to be [Au™(C*N~C)Py]"
based on ESI-MS analysis (Figure S2b; 1b gave similar
results); further 365 nm light irradiation did not increase the
yield and the solution became dark colored. By using
"H NMR spectroscopy, a singlet peak at 4.62 ppm was
detected in [Dg]DMSO, but disappeared after shaking the
NMR tube (Figure S3), appearing to be H, formation.”” In
the case of 1a with 10-fold HOAc (10 mm) in CD;CN, H,
formation (4.57 ppm) is more obvious after 365 nm light
irradiation (Figure S4). Simply using the H, content detected
in the solution by 'HNMR spectroscopy, the yield is
calculated to be ~40 % after 25 min irradiation. The adduct
[Au™(CANRAC)OAc] was also detected in the reaction
mixture by ESI-MS (Figure S5). Both results suggest a pho-
to-induced hydride transfer process.!"**?!!

Subsequently, the stability/photo-reactivity of 1a towards
bio-relevant thiols was examined. Similarly, 1a was stable
with no change of the 'H NMR spectrum in the presence of
10-fold (10 mm) excess of N-acetyl cysteine (NAC) after 72 h
incubation (Figure S6). Notably, 1a (1 mm) efficiently gen-
erated a single peak with a retention time of 3.78 min in the
LC chromatogram (>90% yield) after either 420 nm
(11.10 mWcem 2, completed within 30 min, Figure 2b) or
365 nm (completed within 15 min, Figure S7) light irradiation,
which was identified to be the [Au-S] adduct of [Au™-
(CAN"C)Snac)] based on LC-MS analysis (m/z =589.1, Fig-
ure S8). Such efficiency is significantly higher than that
towards PyH"-OTf  and HOAc. Also, H, was detected as
revealed from 'HNMR spectroscopy (4.62 ppm in
[D¢]DMSO, Figure S9) and GC analysis (retention time
2.70 min, Figure S10). At a 100 um concentration, 1a is more
photo-reactive with complete conversion within 10 min after
365 nm irradiation (Figure S11). The photo-substitution
quantum yield is calculated to be 7.1 x 10~* (Figure S12).

To elucidate the possible mechanism for the photo-
reactivity of 1a, density functional theory (DFT) and time-
dependent DFT calculations were performed by using
generalized gradient approximation exchange-correlation
density functional PW91 and basis set of 6-31G* except
SDD for Au. As shown in Table S1, the HOMO is composed
of 12.6% d(Au), 60.1% m(Ph+Ph’) and 27.2% mn(Py). The
LUMO mainly consists of 24.4% m*(Ph+ Ph’) and 68.7%
7*(Py). Therefore, the excited state could be assigned to
intraligand phenyl to pyridyl transition mixed with a minor
metal to ligand charge transfer transition.”! Noticeably, from
ground-state (S,) to the lowest triplet excited-state (T}), the
bond length of Au—N(Py) and the two Au—C(Ph) shortens by
0.032 A and 0.025 A, respectively, via & interaction in LUMO
orbital (Figure 3), indicative of stronger bonding at the
excited state. In contrast, the Au—H bond, which is at the
trans position of Au-N(Py), weakens with increase in bond
length (0.008 A) at the T, state, suggestive of the photo-
lability of the Au™-H bond upon light irradiation.
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Bond  Alength(Sy—T,)/A

Au-N(Py) -0.032
Au-C(Ph) -0.025
Au-C(Ph) -0.025
Au-H +0.008

Figure 3. HOMO and LUMO orbital of 1a (left, isovalue=0.02) and
bond length change from ground state (S,) to the lowest triplet excited
state (T,).

We then tested whether the photo-induced thiol-reactivity
can happen in aqueous solution. Complex 1a (100 um) was
incubated with NAC (10 mm) in H,O containing 20 % DMF
(v/v); no change of 1a was found after 48 h based on LC-MS
analysis (Figure S13). After irradiation with 365 nm light,
efficient generation of [Au"(CA"N"C)Syac)] was identified
(>90% conversion in 30 min, Figure S14). Similar results
were obtained in PBS-containing solution (Figure S15a) or by
using glutathione as thiols (Figure S15b), showing that the
gold(I1T)-hydride complexes maintained the photo-reactivity
towards thiols under physiological-like condition.

Then we examined their activity toward TrxR inhibition.
Complex 1b was used, which displays a similar thiol reactivity
(Figure S16) but a higher water solubility. The gold complexes
were firstly incubated with recombinant rat TrxR1 in the
presence of NADPH for 1 h, and then the enzyme catalyzed
reaction was initiated by adding 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB) as substrates. As shown in Table 1, in dark
condition, 1b showed no inhibition at 100 nM. However, this
complex potently suppressed TrxR with ICs, of 7.52 +£1.43 nm
after 365 nm irradiation for 5 min, which is comparable to 2
[Au(CAN"C)PPh;]" (IC5,=6.38+0.36 nm) and 3 [Au-
(CANMO)CI] (IC5,=4.83+0.07 nm) containing labile auxil-
iary ligands (Table 1), suggestive of efficient photo-induced
breakage of the Au—H bond. For comparison, complex 4
[Au(C*"N*C)NHC]" containing a stable Au—Cyc, bond, did
not show TrxR inhibition with ICs, > 100 nm. Subsequently,

Table 1: The effects of gold complexes on the inhibition of purified or
cellular thioredoxin reductase.

Complex TrxR inhibition
Recombinant TrxR1 [nm] Cellular enzyme [um]®

1b (dark) >100 >20

1b (light)®! 7.5241.43 1.68+0.62

2 6.384+0.36 1.24£0.31

3 4.83+£0.07 n.d.

4 >100 >20

Auranofin n.d. 1.20£0.25

Research Articles

[a] 365 nm light irradiation for 5 min after incubation. [b] The cellular
TrxR activity was estimated by using DTNB as substrates. n.d.=not
determined.
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their activity on cellular TrxR was performed by treating
human liver hepatocellular carcinoma (HepG2) cells with
gold complexes and was assayed using cell lysates. Results
showed that 1b displayed potent inhibition with ICs, of 1.68 &
0.62 pm, similar to that of 2 (ICs,=1.24 +£0.31 um) and the
potent TrxR inhibitor auranofin (ICs,=1.20+0.25 pum).
Again, 1b in dark and 4 did not display obvious TrxR
inhibition at the highest concentration we used (20 um).

Based on the photo-induced thiol-reactivity, it is envi-
sioned that the cellular TrxR inhibition is induced by covalent
(coordinative) binding with cellular proteins. We verified this
hypothesis by measuring the covalently bound gold content
after incubating HepG2 cells with 1 pm of 1b for 1 h, followed
by further 5 min light irradiation. ICP-MS analysis of the gold
content in acetone-precipitated cell lysates showed 91.7 ng Au
per 10° cells after 365 nm light irradiation, which is 3.8-fold
higher than that in dark conditions (24.2 ng Au per 10° cells).
Additionally, since the Au™-H complexes are emissive (Fig-
ure 4a), its cellular localization was examined by confocal
laser scanning microscopy (CLSM), which showed 1b mainly
localized in cytoplasm instead of the nucleus (Figure 4b).
Such result is consistent with its potent cellular TrxR
inhibition since both TrxR1 and TrxR2 are cytoplasmic
enzymes.” It is worth noting that the cells after 405 nm light
excitation by CLSM displayed significant morphology
changes typical of apoptosis (Figure 4c), including shape
shrinkage, membrane blebbing, and phagocytosis by neigh-
boring cells.”! We then used live/dead co-staining experi-
ments to study the photo-activity by using the greenly-
fluorescent calcein AM to indicate esterase activity of live
cells and redly emissive ethidium homodimer-1 (EthD-1) to
indicate damaged plasma membrane of dead cells. As shown
in Figure 4 e—h, the region after 2-min 405 nm laser irradiation
displays red emission without green color, whereas the
surrounding non-irradiated region exhibits green color with
no red emission (the 405 nm laser itself does no harm to
cancer cells, Figure S17). Therefore, the gold(IIT)-hydride
complexes, after light irradiation, are able to attenuate
cellular TrxR activity and to activate apoptosis-related cell
death.

Subsequently, the dark- and photo-cytotoxicity of the
gold(III)-hydride complexes towards human colon carcinoma
(HCT116), lung carcinoma (A549), breast adenocarcinoma
(MCF-7), and hepatocellular carcinoma (HepG2) was exam-
ined by MTT assay.”™ All complexes are non-toxic in dark
conditions with ICs, > 100 um after 48 h incubation (Table 2
and Table S2-4). Instead, after a short 5 min 365 nm light
irradiation, the cytotoxicity of 1a-1d significantly increased
with ICy, ranging from 0.24 to 5.86 pm, suggestive of up to
> 400-fold stronger cytotoxicity. Under visible 420 nm irradi-
ation for 10 min, these complexes are strongly cytotoxic as
well, with ICs, of 0.95-16.8 um. Shining a longer-wavelength
light at 460 nm also induced cytotoxicity in the case of 1b, 1¢
and 1d; in particular, 1d which has a significantly red-shifted
absorption (Figure S18), shows an ICs, of 5.43 um (for
HCT116) by 460 nm irradiation, which is still >18-fold
stronger than dark conditions.

We further examined whether the photo-induced cytotox-
icity involves direct generation of singlet oxygen ('O,) or

Angew. Chem. Int. Ed. 2020, 59, 11046 —11052
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Figure 4. a) Emission spectrum of 1b in dichloromethane. b) Fluorescence microscopy image of HepG2 cells treated with 10 um of 1b for 1 h.
c) Bright field showing characteristics of apoptotic morphology change after irradiation. d) Merged image. e-h) Fluorescent images of HepG2
cells treated with 10 um of 1b for 1 h followed by 405 nm laser irradiation at selected region (dashed box) for 2 min. e) bright field; f) green

channel; g) red channel; h) merged fluorescent image.

Table 2: Photo-cytotoxicity 1Cs, [um] of gold(I11)-hydride complexes after
light irradiation at different wavelength. HCT116 cells were treated with
gold(Ill) complexes for 1 h and then irradiated with light for 5 or 10 min.
The cytotoxicity was measured after a total 48 h incubation.

Complex Conditions

In dark 365 nmt! 420 nm®! 460 nm
Ta >100 1.01+0.34 1.53£0.75 >50
1b >100 0.30+0.15 1.22£0.61 10.8£3.0
1c >100 0.954+0.10 2.31+£1.25 13.7+45
1d >100 5.86+£0.28 1.45+0.64 5.43£2.69
auranofin 2.234+0.15 4.71+0.36 4.01+0.47 1.81£0.16
cisplatin 9.66+3.29 28.0£1.1 11.0£0.4 14.0+£2.0

[a] 5 minirradiation; [b] 10 min irradiation. In all cases, the control group
(with no drug treatment) did not show obvious cytotoxicity under light
irradiation.

other reactive oxygen species such as hydroxyl radical (HO").
HepG?2 cells were co-treated with 1a and the 'O, suppressor
NaNj; (5 mm) or the HO® scavenger d-mannitol (50 mm), and
then subjected to 365 nm light irradiation; a total 48h
incubation resulted in cytotoxic ICs, of 3.81 £0.52 um for 1a
+ NaNj, and 1.26 £0.31 um for 1a + d-mannitol, which are
comparable to the photocytotoxicity of 1la (ICs,=1.34+
0.65 um) under similar conditions, indicative of little to low
photo-generated ROS. Therefore, the photocytotoxicity of
gold(I1T)-hydride complexes could be attributed to photo-
activated thiol reactivity rather than photosensitizing prop-
erty.

Serum albumin is the major off-target thiol whose
presence would lower the bioavailability of reactive gold to
tumor cells. We tested if our photo-activation approach can
help to decrease the influence of serum albumin by measuring
the cytotoxicity in minimal essential medium (MEM) in the

Angew. Chem. Int. Ed. 2020, 59, 11046 —11052
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presence/absence of bovine serum albumin (BSA,
40 mgmL ™). Consistent with previous reports,*! while aur-
anofin is strongly cytotoxic in a medium without BSA (IC5,=
0.19 pum), its cytotoxicity decreased dramatically in the BSA-
containing medium with IC5y = 13.2 um that is only 1.4 % of its
original cytotoxicity (i.e., BSA-free condition, Figure 5).
Likewise, the cytotoxicity of thiol-reactive 2 dropped by
~90% from ICs,=1.57 um in BSA-free medium to 16.23 pm
in MEM with BSA. Encouragingly, the photo-cytotoxicity of
1a is barely influenced, with ICs, of 2.93 um and 3.11 um in
BSA-free and BSA-containing medium, respectively; that is,
1a maintained 94% of original cytotoxicity when facing
a high blood concentration of BSA, which provides a strong
indication of using the photo-activation strategy to control

Percentage [IC4,(+BSA)J/[IC;5,(-BSA)]x100%

0 20 40 60 80 100
4| .8.2.3% R
| . . BSAfree
i | ~ with BSA
AuRF [a.1.4%
ol 9:7%
fa s Tm 94.2%
0 5 10 15 20 25

Cytotoxicity IC5, / uM

Figure 5. Cytotoxicity of gold complexes towards HepG2 cells in BSA-
free and 40 mgmL™" BSA-containing minimal essential medium.
AuRF =auranofin.
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thiol-reactivity and to combat the drug deactivation issue
caused by serum albumin. Interestingly, the cytotoxicity of 4
decreased heavily by BSA, possibly due to its characteristic
non-covalent interactions.!">"!

Inhibition of thiol-enzymes by gold complexes (e.g.,
gold(I)-alkyne, gold(I) phosphine) has been demonstrated
to possibly induce anti-angiogenesis activity in vivo.***26 We
tested if the photo-activated gold(Ill)-hydride complex
displays similar activity by using a transgenic GFP-Lc3
zebrafish model which shows green fluorescence in vascula-
ture. The embryos were treated with 1a for 1h and then
420 nm light for 20 min. Four days later, impaired caudal
artery (CA) and intersegmental vessels (IV) and absence of
dorsal longitudinal anastomotic vessels (DLAV), particularly
in the tail region, were found in the treatment group.

For comparison, the embryos treated with solvent control
(Figure 6) or 1a without light irradiation (Figure S19) did not
show noticeable inhibition. In view that thiol-reactive gold-
(III) complexes, as compared to gold(I), have seldom been
reported to display anti-angiogenesis activity in vivo, the
activity of photo-activated 1a implies reactive gold(III)
species could act similarly to gold(I) for blood vessel
inhibition in animal models.

Control

150 pm

Figure 6. Formation of blood vessels during zebrafish embryo develop-
ment. The transgenic embryos were treated with Ta (100 ugL™") for

1 h followed by 420 nm light irradiation for 20 min. Blood vessels were
monitored 4 days after fertilization. Left: solvent control; right: 1a-
treated.

Since the gold(111)-hydride complexes consist with cyclo-
metalated donor-acceptor ligands and show strong charge
transfer characters at the excited state (Figure 2), we estimate
that these complexes could be activated by two-photon
irradiation with long wavelength at the phototherapeutic
window (650-1350 nm).”””! Two-photon fluorescence micros-
copy analysis showed that the cytoplasmic fluorescence of 1b
in cancer cells can be efficiently excited with 690-700 nm laser
light (Figure S20), the image of which is the same as the case
by 405 nm excitation. By using a calcein AM/EthD-1 co-
staining assay (Figure S21a), irradiation with 690-700 nm
laser light for 5 min efficiently induced cell death, with
phenomenon and activity similar to 405 nm irradiation. In the
control group with laser irradiation only, no cell death was
found (Figure S21b). These results indicate the gold(III)-
hydride complexes are two-photon activatable, rendering the
possibility to reach deep tumor tissues.
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Conclusion

In summary, a series of cyclometalated gold(I1T)-hydride
complexes has been identified to display photo-induced
reactivity towards thiols, leading to potent inhibition of
thioredoxin reductase with an up to >400-fold increase of
cytotoxicity (vs. dark) and strong inhibition of angiogenesis
on zebrafish embryos after one- or two-photon light activa-
tion. Notably, the gold(III)-hydride complexes did not under-
go reduction reactions, but instead formed photo-substituted
adducts with thiols, which could be attributed to the high
reactivity and photo-lability of monohydride ligands."® In the
literature, both gold(I) and gold(IIl) complexes are well-
known thiol-enzyme (e.g., TrxR) inhibitors, but few displays
controllable thiol-reactivity to inhibit enzyme targets highly
specifically in cancer cells. The photo-activatable gold(IIT)-
hydride complexes in this study offer a possibility to, on the
one hand, overcome the longstanding drug deactivation issue
caused by serum albumin, and on the other hand to achieve
high tumor specificity via spatial and temporal control of light
irradiation. This study, as we believe, will pave the way for the
design of gold-based therapeutics with high anti-tumor
activity and low side effects.

Experimental Section

Details for synthesis and characterization of the gold(III)-hydride
complexes, DFT and TD-DFT calculations, TrxR inhibition assay,
cytotoxicity MTT assay, one-/two-photon laser fluorescence micros-
copy analysis, anti-angiogenesis experiment and live/dead co-staining
experiments can be found in Supporting Information.

Zebrafish model was used in our study. The experiment was
performed under the guideline of the Institutional Animal Care and
Use Committee of Sun Yat-sen University.
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