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ABSTRACT: Selective inhibition of TrxR1 over TrxR2 is a highly
sought-after goal, because the two enzymes play distinct roles in
cancer progression. However, achieving targeted inhibition is
challenging due to their high homology and identical active site
sequence. Herein we report a new subcellular photocatalysis
approach for targeted inhibition by controllably activating
organogold(I) prodrugs within the cytosol, the exclusive location
of TrxR1. The NHC-Au(I)-alkynyl complexes are stable and evenly
distributed in the cell; they can meanwhile be efficiently
transformed into active NHC-Au(I)-L species (L = labile ligands)
via a radical mechanism by photocatalysts released into the cytosol
(from endosome/lysosome) upon light irradiation, leading to
selective inhibition of TrxR1 without affecting TrxR2. This results
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in strong cytotoxicity to cancer cells with much higher selectivity than auranofin, a pan TrxR inhibitor that cannot discriminate
TrxR1/2, along with potent antitumor activities in multiple zebrafish and mouse models. This subcellular prodrug activation may
thus suggest a novel approach to precision targeting using the remarkable spatial control of photocatalysis.

B INTRODUCTION

Living organisms are constantly exposed to an oxidative
environment, giving a myriad of oxidation reactions within our
body."” To counter oxidative stress, living systems have
evolved essential antioxidizing mechanisms to maintain redox
homeostasis.” Among them, the thioredoxin system is
ubiquitous and plays a crucial role in keeping the redox states
of proteins. Thioredoxin reductase (TrxR) is the sole enzyme
in this system responsible for catalyzing the NADPH-
dependent reduction of thioredoxin, facilitating the down-
stream reduction of protein disulfide bonds." Due to its
regulatory role that is potentially associated with cancer, TrxR
has been considered as a promising therapeutic target.” In past
years, tremendous endeavors have been dedicated to
developing TrxR inhibitors, with gold complexes bein%
among the most widely investigated types of compounds.®™

In particular, gold(I) complexes with N-heterocyclic carbene
(NHC),""~** alkynyl,>*~*” phosphine,”*~** thiolate,”~** and
others”’~>* have been extensively studied, and some of them
display low nanomolar or even picomolar inhibition activities
toward purified enzymes, with quite a few notable examples
display antitumor activities in vivo.

Nevertheless, humans generally express two isoforms of
TrxR throughout the body: TrxR1, located in the cytosol, and
TrxR2, found in the mitochondria.”>*® While both isoforms
are essential, they have distinct roles in cancer progression. For
example, in cancer patients of kidney renal papillary cell
carcinoma (KIRP), high TrxR1 expression is linked to poor
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survival outcomes, ie., a S-year survival rate of 44% in high
expression groups, compared to 83% in low expression groups,
p = 7.1 x 1077 (Figure la(i), upper panel, and Table S1),
whereas those with elevated levels of TrxR2 have significantly
higher S-year survival rates (80% for high expression groups
versus 51% for low expression groups, p = 6 X 1075, Figure
1a(i), lower panel, and Table S1). Similar opposite correlations
were found in patients with colorectal adenocarcinoma (Figure
la(ii), ovarian cancer (Figure la(iii), lung adenocarcinoma
(Figure 1a(iv), and others (Table S1). Furthermore, CRISPR
knockout studies involving 1152 cancer cell lines show that
loss of TXNRDI (encoding TrxR1) significantly impacts the
proliferation of most cancer cells (Figure 1b), highlighting
TrxR1 as a potential anticancer target. In contrast, knockout of
TXNRD?2 does not significantly affect cell growth (Figure 1b),
suggesting that TrxR2 plays a different role. In addition,
although human tumor tissues generally display moderate-to-
strong TrxR1 staining, the staining intensity of TrxR2 is
variable (Figure 1c). Together with the protecting role of
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TrxR2 in numerous normal tissues, it could be concluded
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Figure 1. Pathological analysis and gene effects of the two isoforms of
TrxR in cancer progression. (a) Survival of human patients of kidney
renal papillary cell carcinoma (KIRP), colon adenocarcinoma, ovarian
cancer and lung adenocarcinoma with high or low expression of
TXNRDI or TXNRD2 gene. Data were reproduced from The Human
Protein Atlas.’* (b) Proliferation of cancer cells upon CRISPR
knockout of the TXNRDI or TXNRD?2 gene. Chronos is an algorithm
designed to infer the fitness effects of gene knockouts. In this system,
a value of O indicates that a gene is nonessential for cellular
proliferation, while values approaching —1 signify that the gene is
essential for growth/survival. Data were from The Cancer Dependency
Map.63 (c) Representative staining images of TrxR1 and TrxR2 of
tumor tissues from human patients. Data were obtained from The
Human Protein Atlas.

that while targeting TrxR1 could offer therapeutic benefits,
care must be taken with TrxR2. The latter mitochondrial
isoform does not appear to be associated with cancer
proliferation, and its inhibition might compromise anticancer
efficacy while potentially inducing toxicity in normal tissues.
These differential roles underscore the complexity of redox
regulation in cancer and emphasize the need for precise
therapeutic strategies.

While TrxR1 and TrxR2 are encoded by separate genes, the
two isoforms exhibit high homology and share an identical
catalytic active site sequence (Gly-Cys-Sec-Gly, Figure 2a).”
The presence of a nucleophilic thiol (R-SH) adjacent to a
more nucleophilic selenol (R-Se™) allows TrxR to be inhibited
by various electrophiles, including both organic and inorganic
small molecules. Notably, increasing examples of gold
complexes have been identified that potently inhibited TrxR
rather than the analogous glutathione reductase, which lacks
selenocysteine.”* However, these gold complexes show limited
selectivity in discriminating cytosolic TrxR1 from mitochon-
drial TrxR2, with many preferentially accumulating in
mitochondria.'>"*%**° This would unavoidably damage
TrxR2 and cause undesirable side effects. On the other hand,
the distinct localization of TrxR1 and TrxR2 offers a potential
strategy for differentiating between the two enzymes through
subcellular targeting (Figure 2b).°° However, lipophilic
compounds tend to accumulate in mitochondria, while
hydrophilic compounds, such as those conjugated with
cytosol-targeting peptides, are typically trapped in endosomes
and only exceptional cases can escape into cytosol.”°”® It
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Figure 2. Approaches for targeted inhibition of TrxR1 over TrxR2:
(a) Conventional design based on structure—activity optimization,
which poses challenges due to the high similarity between the active
sites of TrxR1 and TrxR2; (b) subcellular targeting strategies,
including small molecule-drug conjugates that often lead to
endosomal trapping and subcellular photocatalysis, which allows for
selective TrxR1 inhibition through targeted cytosolic prodrug
activation (PC = photocatalyst).

remains a big challenge to controllably deliver inhibitors into
the cytosol to enable selective cancer targeting.

In the literature, it is known that light displays a high
spatiotemporal selectivity, with notable examples of photo-
dynamic therapy (PDT),**~”* which has been clinically used
for cancer treatment, and photoactivated chemotherapy
(PACT),”*™"7 which facilitates targeted drug release.””'"
Of note, while hydrophilic photosensitizers, such as rose
bengal (RB), and methylene blue (MB), enter cancer cells via
endocytosis and accumulate in endosome/lysosome,'**~""”
they can readily escape into cytosol upon irradiation by a
noncytotoxic dose of light.*>"""™""* In view of the robust
proximity control of photocatalysis in living systems,''>~"'” we
conceive the possibility of using photocatalysis to control the
subcellular activation of gold prodrugs for targeted TrxR1
inhibition. Herein we report a subcellular photocatalysis
strategy to controllably activate gold(I) prodrugs within the
cytosol but not mitochondria for selective inhibition of TrxRI.
The NHC-Au(I)-alkynyl complexes we developed are stable
against thiols under buffer conditions’’ and are evenly
distributed in the cell; upon light irradiation, they can be
selectively transformed into reactive NHC-Au(I)-L (L = labile
ligands) species by catalytic amount of RB or MB within the
cytosolic region, leading to potent inhibition of TrxR1 over
TrxR2, and strong cytotoxicity toward cancer cells but not the
normal ones under both in vitro and in vivo conditions. To the
best of our knowledge, this represents the first example of
utilizing subcellular photocatalytic activation to achieve
discriminative inhibition of tumor isoform targets.
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B RESULTS AND DISCUSSION

Organogold(l) Is Photocatalytically Activatable
through a Radical-Bimolecular Reductive Elimination
Process. At first, a robust photocatalysis system needs to be
developed. We focused on the previously reported NHC-
Au(I)- alkynyl complexes since they display high thiol-stability
before activation.”” However, bioorthogonal activation by
palladium(II) appears to suffer low activity in the presence of
physiological thiols. So, we checked whether these complexes
can be photocatalytically activated and if such a strategy can
improve the activation efficiency. We prepared la and its
analogues 1a’ and 1b—1g, in accordance with the literature
procedure (Figure 3, upper panel, see characterization data in
the Supporting Information). These complexes are soluble
(>10 mM) in organic solvents such as CH,Cl,, CH;CN, DMF,
and DMSO. These organogold(I) complexes were dissolved in
DMSO (as 10 mM stocks) and then diluted in aqueous
solution for characterization of reactivity and the biological
studies, unless otherwise noted.

We screened the commonly used photocatalysts including
Eosin Y (EY), RB, MB, [Ru(bpy);]Cl,, and [Ir(ppy),bpy]Cl
(where bpy = 2,6-bipyridine and Hppy = 2-phyenylpyridine;
the structures of the former three photocatalysts are shown in
Figure 3, upper panel). Probe-1, a nonemissive coumarin
precursor that can be selectively converted into fluorescent
coumarin only by active Au(I) species but not 1a, was used to
examine their activities (Figure 3, lower panel inset, and Figure
S1). Typically, 1a (100 uM) was mixed with 0.25 equiv of
different photocatalysts in PBS/CH;CN (8/2, v/v) and
subjected to light irradiation for 30 min, followed by addition
of probe-1 (200 uM) and incubation at 37 °C for another 6 h
before measuring fluorescence. Results showed that green-light
excited RB achieved the most significant emission enhance-
ment (Figure 3, lower panel, peak at 530 nm), which is
comparable to the emission intensity by incubating probe-1
with NHC-Au-Cl (Figure Sla). In the case of using the red-
light absorbing MB as a photocatalyst, a slightly lower but still
decent fluorescence intensity was observed (Figure 3, lower
panel). Meanwhile, the transition-metal photocatalysts were
unfavorable to this transformation.

With the preliminary results in hand, we then characterized
the photoreactivity of 1a with RB by HPLC analysis. After the
mixture was irradiated for 30 min by 530 nm light in PBS/
CH;CN (8/2, v/v), the signal of 1a (retention time = 9.9 min)
totally disappeared, in association with a new peak (retention
time = 6.5 min) which matched with that of NHC-Au-Cl
dissolved in the same solvent (see Figure 4a and Figure S2). In
the meantime, insoluble precipitate was found. Then, we
performed the photoreaction in CH3;CN, and the reaction
products became soluble after photoirradiation. HPLC analysis
showed a major peak that is consistent with 1,4-diphenylbuta-
1,3-diyne (dpby) in the LC chromatogram (Figure S3). This
was confirmed by a 'H NMR experiment, showing the 'H
signals of dpby at § = 7.62—7.43 ppm (see Figure 4b and
Figure S4). Similar results were obtained by using MB and 630
nm light irradiation conditions (Figure SS). Further HRMS
analysis showed the existence of NHC-Au-DMSO (m/z =
371.0488), NHC-Au-CH,CN (m/z = 334.0607) in different
solutions (Figures S6a—S6c), likely resulting from the
hydrolysis of the reaction products.'”’~'** These results are
consistent with the above fluorescence assays and collectively
indicated that 1a could be transformed into active NHC-Au-L
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Figure 3. (a) Description of the photocatalytic transformation of
stable 1a into reactive NHC-Au-L (L = Cl or solvents) and its
potential advantages. (b) Chemical structures of gold(I) complexes
and photocatalysts. (c) Detection of the efficiency of generating
reactive gold(I) by using probe-1. In this experiment, 1la (100 xM)
and PC (25 puM) in PBS/CH;CN (8/2, v/v) were mixed and
irradiated with light for 30 min. Then, probe-1 (200 M) was added,
and the mixture was further incubated in the dark for 6 h before the
fluorescence intensity. The values of “Fluorescence increment” were
calculated by the fluorescent intensity after incubating probe-1 with
the photoactivated mixture subtracted by the same procedure but
without light irradiation. The error bars indicate the standard
deviations derived from three independent experiments. The inset
shows the procedure and reaction mechanism by which probe-1
detects reactive gold(I) species. Created with permission from
Biorender.com.

(L = CI, solvent, or other weak donor ligands) by
photocatalysts under buffer conditions (PBS/CH;CN 8/2, v/
v).

Afterward, we tried to understand the photoactivation
mechanism. First, fluorescence quenching experiment showed
that the emission intensity of RB was significantly suppressed
by la (Figure S7), suggestive of the possibility for SET to
happen. When the free radical trap 2,2,6,6-tetramethylpiperdi-
nyloxyl (TEMPO) was added, significantly diminished photo-
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Figure 4. Photocatalytic reactivity and mechanism studies for photoactivation. (a) HPLC chromatograms for la (100 uM), NHC-Au-Cl (1 mM),
the mixture of 1a (100 uM) and RB (25 uM) in the dark, and the mixture of 1a (100 uM) and RB (25 uM) after 530 nm light irradiation for 30
min in aqueous solution. (b) 'H NMR analysis for the photoreaction of 1a (1 mM) and RB (0.25 mM) after 530 nm light irradiation for 90 min in
ds-DMSO, showing formation of dpby. (c) The proposed photocatalytic mechanisms: 1a is first oxidized by triplet excited state of RB (*RB*),
generating a gold(II) species that can undergo bimolecular disproportionation and transmetalation (TM), forming one molecule of NHC-Au-L and
a gold(III) species carrying two phenylacetylene ligands; the subsequent reductive elimination (RE) yields an additional molecule of NHC-Au-L.
(d) Photoreaction of 1f, 1g, and RB after 530 nm light irradiation generates the cross-coupling product diyne(CN-OMe) that is emissive. The
emission intensity of 1f, 1g, and RB after 530 nm photoirradiation in PBS/CH;CN (8/2, v/v) with or without GSH was shown (i), and the
fluorescence microscopic images of AS49 cells after photoirradiation of the cells treated by 1f, 1g, and RB were depicted (ii). Scale bar = 100 yM.

reactivity was found (Figure S3), indicative of involving radical
species. Of note, when 1a was replaced with 1b or 1c bearing
two bulky N-substituents on NHC, no obvious conversion was
found under the same irradiation conditions (Figures S8a and
S8b). Instead, 1a’, 1d and le containing less hindered N-
substituents can undergo similar photochemical transforma-
tions (Figures S9a—S9c). Considering the phenomenon in
which dpby was formed during photoactivation, it appears that
there was a bimolecular process.

To demonstrate the existence of digold intermediate, we
used two analogues 1f and 1g, which were added one-pot to
the photoreaction mixture. After irradiating with 530 nm light
for 30 min, HPLC analysis indicated the formation of the
cross-coupling 4-((4-methoxyphenyl)buta-1,3-diyn-1-yl)-
benzonitrile (diyne(CN-OMe)) as the major product (Figure
$10), with the homocoupling 1,4-bis(4-methoxyphenyl)buta-
1,3-diyne (OMeyne,) as a minor one, which is fully supportive
of the bimolecular process (formation of the byproduct
OMeyne, but not CNyne, is possibly due to a lower reactivity
of 1f than 1g that hinders the intermolecular recombination).
In addition, the necessity of adding O, to this transformation
was examined. When the reaction mixture was fully degassed
by three freeze—pump—thaw cycles, no obvious reaction was
found (Figure S11), suggesting that an oxidant is required for
the reaction. Nevertheless, the photoreaction proceeded very
well under hypoxia (1 vol % O,) with similar efficiency to the
aerobic conditions (Figure S12).

Based on these results, the following mechanism was
proposed (Figure 4c). Complex la is first oxidized by the
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photoexcited RB into a strongly reactive Au(II) radical A via
SET, and then two molecules of Au(II) could recombine and
proceed disproportionation,'”* forming a mixed-valent digold
complex B.'”* This bimolecular intermediate could facilely
undergoes ligand transfer to give one molecule of active Au(I)
D, accompanied by the production of dialkynylgold(III)
intermediate C, which could provide another molecule of D,
together with the reductive elimination product dpby.'**'*®
Consistent with this reductive-elimination mechanism, when
1h, the gold(I) complex containing two p-fluorophenylacety-
lene ligands, was subjected to similar photoreaction conditions,
the elimination product 1,4-bis(4-fluorophenyl)buta-1,3-diyne
(Fdpby) was detected (Figure S13).

Photocatalysis Abrogates GSH Interference and
Provides Robust Activation Efficiency in Cancer Cells.
Based on the radical photoactivation mechanism, we next
examined whether the photocatalytic approach could conquer
the influence of physiological GSH for robust activation within
cancer cells. In this regard, millimolar concentration of GSH
was added to the mixture of la and RB before photo-
irradiation, and the previously reported Pd(II)-mediated
transmetalation reaction was examined for comparative
study.”” First, HPLC analysis showed that in the presence of
1 mM of GSH, almost full conversion (>95%) of 1a could be
found after photoirradiation for 30 min with RB; however,
more than 55% of la remained intact in the Pd(Il)-mediated
transmetalation. When 2 mM of GSH is present, over 85%
conversion of 1a was found after photoirradiation for 1 h with
RB, but <10% of la reacted in transmetalation condition
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Figure S. Selective inhibition of TrxR1 and induction of apoptosis in cancer cells. (a) Description of the general process for cell-based experiments
which exclude the outside photoreactions.]% In general, the cells were treated with PC for 3 h; then, the PC-containing medium was removed, and
the cells were washed twice. Afterward, the medium containing 1a was added and incubated for another 2 h before light irradiation for 10 min.
Created with permission from Biorender.com. (b) Total cellular TrxR activity: AS49 cells were treated with the “la + RB” combo under dark or
light conditions, and then the cells were lysed and measured using the DTNB/TrxR/NADPH assay (added with GR inhibitor). (c) HRMS
spectrum for the mixture of GCUG peptide (100 M) with photoactivated 1a (100 #M) by RB (25 uM). Please refer to the full spectrum in Figure
$20. (d) Protein-bound gold (covalently/coordinatively) after incubating AS49 cells in the indicated treatment conditions, where the (subcellular)
cell lysates were precipitated by acetone, washed, and the proteins were collected for ICP-MS analysis. (e) Fluorescence images of AS49 cells after
the treatments following the process shown in panel (a), and the cells were subsequently stained with Hoechst 33342 (H33342) and either TRFS-
green or Mito-TRFS under various conditions. (f) Flow cytometry analysis for AS49 cells following the treatment as shown in panel (a) and labeled
with annexin V-FITC and PI under different conditions.

(Figures S14a and S14b). Then we used probe-1 to examine
the catalytic activity of the activated gold species (Figures S15a
and S15b). It was found that both transmetalation and
photocatalysis could boost the catalytic activity of la in the

absence of GSH. However, when 0.5 mM GSH (5-fold to 1a)
was present, the activation efficiency of transmetalation was
greatly attenuated, with only 14% fluorescence intensity,
compared to GSH-free conditions. When the concentration
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of GSH was increased to 1 mM, the capability of trans-
metalation for the activation of 1a was completely abolished as
depicted by negligible fluorescence enhancement. In contrast,
under the same situation, the reaction efficiency via photo-
catalysis approach was not affected as indicative of similar level
of fluorescence enhancement compared to GSH-free counter-
part, and maintained 11-fold emission increase, even when 2
mM GSH was present.

Compound diyne (CN-OMe), produced from the photo-
reaction in the 1f and 1g mixture (Figure 4d), has typical D-z-
A character and is highly emissive. Indeed, photoirradiation of
the reaction mixture is accompanied by an ~20-fold increase of
emission intensity at 475 nm (Figure 4d(i). Of note, such a
fluorescence switch on phenomenon could still be observed in
the presence of GSH, and again HPLC analysis showed that
the phototriggered cross-coupling proceeded equally well in
the presence of GSH with no obviously compromised
efficiency (Figure S16). With these results in hand, we then
examined the phototriggered cross-coupling reaction in living
cells by fluorescence microscopy. Human lung adenocarcino-
ma AS549 cells were treated with 1f, 1g, and RB for 4 h, the
culture solution was removed and changed with fresh medium,
and then the cells were subjected to 530 nm light irradiation
for 10 min. The cells were imaged after replacing the medium
with PBS. As shown in Figure 4d(ii), the cells treated with 1f
and 1g in the dark did not exhibit any notable blue
fluorescence, yet the cells cotreated with 1f and 1g followed
by light irradiation displayed bright blue fluorescence mainly in
the cytoplasmic region of cancer cells, which is consistent with
the results in aqueous solution, suggesting the efficient
photocatalysis-enabled reductive elimination process in living
cells. Furthermore, the photocatalytic reaction was found to be
accompanied by release of active gold species as revealed from
the strong red emission in living E. coli cells carrying a gold-
specific biosensor GolS-mCherry (Figure S17),"” and the
released gold could exert catalytic functions inside living cells
by using probe-1 (Figure $18)."”*7'*% Thus, these results
demonstrated that the strong Au—C (acetylide) bond could be
broken down via photocatalysis, leading to the release of active
gold(I) species in living cells.

Subcellular Photocatalysis Results in Selective In-
hibition of TrxR1 over TrxR2 in Cancer Cells. Given that
RB can efficiently convert stable la into active gold inside
cancer cells, we tested the ability of the “1a + RB” combo to
inhibit cellular TrxR,*”"* following the treatment procedure as
shown in Figure Sa."**~"*¢ Initially, the total TrxR activity of
AS49 cell lysates was assayed. Results illustrated in Figure Sb
showed that while the “la + RB” combo showed low TrxR
inhibition in the dark with ICg, value of 64.9 + 2.4 uM, it
effectively inhibited TrxR with ICsy of 2.0 + 0.4 uM after light
irradiation, which is only slightly weaker than the potent TrxR
inhibitor auranofin (ICs, = 0.67 + 0.13 uM). In the control,
the cells treated with RB only followed by light irradiation did
not show noticeable inhibition (Figure S19). A possible
binding mode with TrxR was examined by using the active site
of TrxR Gly-Cys-Sec-Gly (GCUG) tetrapeptide. After
incubating GCUG with the “la + RB” combo under light
irradiation, high-resolution mass spectrometry (HRMS)
showed that the m/z (580.9684) and isotopic pattern matched
well with a naked Au" simultaneously bound with the S and Se
of GCUG peptide (see Figure Sc and Figure S20). Binding of
active gold species (NHC-Au) toward the thiol-containing
model protein BSA or HSA was also observed (Figures S21a

and S21b). These results indicated that 1a could be efficiently
photoactivated by RB to release active gold(I) species that can
potently inhibit TrxR through a tight binding mode.

As mentioned previously, the photosensitizers can easily
escape from endosome/lysosome and accumulate in cytosol by
low dose irradiation,”*" " ~"'* so we checked whether RB and
MB can induce a selective activation and inhibition to TrxR1.
First, the subcellular distribution of 1a in A549 cells before
activation were examined (Figure S$22), showing a random
distribution in cytosol and mitochondria. Then, A549 cells
were treated with RB for 3 h, followed by medium removal and
cell washing, and subsequently, la-containing medium was
added for another 2 h incubation before 530 nm light
irradiation for 10 min (Figure Sa). After a further 2 h
incubation, the subcellular components were harvested
separately, and the protein-bound gold was detected by ICP-
MS analysis on the precipitates after acetone precipitation. As
the results show in Figure Sd, the gold contents (covalently/
coordinatively bound) in the protein precipitates were
increased significantly compared to the dark control group.
Especially, the cytosolic protein-bound gold was enriched to
4.0 ng in cytosol per 10° cells, accounting for 83% of the whole
cellular protein-bound gold (4.8 ng per 10° cells), suggestive of
a selective activation within cytosol. In contrast, cancer cells
treated with auranofin showed 46% of protein-bound gold in
mitochondria. Then, we employed TRFS-green, a TrxR-
responsive fluorescence off-on probe that is mainly localized
in cy’cosol,137 and Mito-TRFS, a selective mitochondrial TrxR2
fluorescent probe (note: gold did not have direct interference
on the unactivated and activated probes, Figures S23a and
$23b)."*7 As depicted in Figure Se, while the control cells
treated by 1a with light, RB with light, or “1a + RB” in the dark
showed bright green emission, cancer cells treated by “la +
RB” after light irradiation showed significantly diminished
emission intensity in the TRFS-green staining group but not in
the Mito-TRFS condition, suggestive of a selective TrxR1
inhibition. For comparison, A549 cells treated by auranofin, a
pan TrxR inhibitor, significantly decreased the emission
intensity in both TRFS-green and Mito-TRES conditions.
We have further isolated the treated cells by subcellular
fractionation and tested the TrxR activity by colorimetric assay,
which yielded consistent results (see Figures S24a and S24b).
When red-light absorbing MB was used as a photocatalyst,
similar results were detected (see Figures S25 and S26). For
comparison, direct use of the reactive NHC-containing gold(I)
complexes did not show selectivity (Figure S27). Thus, the
photocatalytic activation can indeed offer an advantage to
induce subcellular activation for targeted inhibition of TrxRI.
It should be noted that due to the capability of serum albumin
in the medium to bind active gold species outside the cells
(Figure S28), no obvious difference was found if 1a and RB
were added one-pot without the washing step for the cell-based
experiments (Figure $29).

Subcellular Photocatalysis Results in Potent Cytotox-
icity to Cancer Cells. Next, we examined the possible cellular
responses after TrxR inhibition (following a similar cell
treatment procedure shown in Figure Sa). First, we conducted
DCFH-DA staining to estimate the cellular ROS level. When
AS49 cells were treated by “la + RB” followed by light
irradiation, strong green fluorescence was observed intra-
cellularly whereas no obvious emission was found in the
absence of either photocatalyst, 1a or light irradiation (Figure
S30). Afterward, the mitochondrial membrane potential was
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examined by JC-1 staining. Results showed a strong green
emission in A549 cells treated by the photoactivated gold with
little red fluorescence, but the control groups only gave red
emission without green color (Figure S31), indicative of
mitochondrial depolarization that may be associated with
apoptosis."*® Then, the possibility of the photoactivated gold
for induction of apoptosis was carried out by using annexin V-
FITC and PI co-staining. Flow cytometry analysis (Figure 5f)
showed 31.8% of apoptotic cells (including both early and late
stage) in the “la + RB” under the light group. For comparison,
less than 10% of apoptotic cells were found in the groups
without 1a, RB, or light irradiation.

Subsequently, the cytotoxicity of the gold(I) complexes in
combination with RB against lung carcinoma A549 cells was
investigated by MTT assays. The results were summarized in
Table 1 and Table S2. All complexes are less-toxic in dark

Table 1. Cytotoxicity (uM)“ of the “la + RB” Combo in
Dark (D) or Light (L)” Conditions toward Different Cancer
and Normal Cells

Cytotoxicity (uM)

A549 A375 Hela  HUVEC NCM460
Combo(D) 748+9.7 61.9+80 652+ 700 + 854+ 4.5
38 7.4
Combo(L) 74+22 47+19 85+11 153+ 166=+19
3.1
PI° 10.1 132 7.7 4.6 5.1
AuRF? 44405 11+01 23+05 36+01 26+05

“Total incubation of 48 h. “Cells in RB (5 M) alone under light
irradiation maintain at least >80% cell viability. “PI = photoindex.
9Auranofin (AuRF) was also tested for comparison.

conditions with ICg, > 60 uM after 48 h of incubation. Instead,
the addition of RB followed by 530 nm light irradiation
significantly increased the cytotoxicity of 1a with ICs, values of
7.4 uM in normoxia and 8.2 uM in acute hypoxia (O, < 1%).
The reductive elimination product 1,4-diphenylbuta-1,3-diyne
(dpby) did not show noticeable TrxR inhibition or cytotoxicity
at 100 uM. Complex le with a long alkyl chain displayed
slightly better combinatorial effect with RB compared to 1a,
probably due to its higher lipophilicity that is beneficial to
cellular uptake. It is worth noting that 1b showed no apparent
therapeutic effects under the same conditions, which was
consistent with the above-mentioned mechanism studies.
Similar combined therapeutic effect of 1a and RB was found
in human melanoma A375 and cervical cancer Hela cells
(Table 1). Importantly, in view of the fact that MB is also a
good photocatalyst for this transformation and displays a
longer absorption in the red region, we tested whether MB
could activate the cytotoxicity of the gold(I) complexes in
cancer cells. As shown in Table S3, both 1a and le can be
activated by MB under 630 nm light irradiation under acute
hypoxic conditions (O, < 1%), with a 6- to 14-fold increase in
cytotoxicity. We further checked whether the specific
inhibition of cytosolic TrxR1 over mitochondrial TrxR2
could lead to selective cytotoxicity against cancer cells while
sparing normal ones. To this end, the cytotoxicity of the “1a +
RB” combo toward normal cells, including human umbilical
vein endothelial cell line HUVEC and human colon cell line
NCM460, was examined for comparative study. Results shown
in Table 1 indicate that the “la + RB” combo was generally
less cytotoxic toward normal cell lines (ICs, of 15.3—16.6 uM)

than that toward cancer cells such as A549, A375, and HelLa,
with ICs, of 4.7—8.5 uM, i.e., up to 3.6-fold selectivity. Similar
cytotoxicity was found following the procedure depicted in
Figure Sa after a total of 48 h of incubation (Table S4),
whereas the pan TrxR inhibitor, auranofin, failed to display
selectivity under the same conditions.

Subcellular Photocatalysis Leads to Robust Anti-
cancer Activities In Vivo. Afterward, we investigated if
photocatalytic activation works under in vivo conditions by
using the red-light-absorbing MB as photocatalyst. Initially,
wild-type zebrafish was used to examine the catalytic activity.
The zebrafish was treated with 1la and MB, together with
probe-1 as a reporter; bright coumarin green emission was
observed after 630 nm light irradiation for 10 min (Figure
$32), suggestive of efficient generation of active gold species.
Considering that active gold(I) is antian3giogenic with
capability to inhibit forming blood vessels,”* we used a
transgenic zebrafish line (GFP-Lc3) expressing green fluo-
rescent protein in vasculatures'”” to examine whether the
active Au(I) species generated by photocatalytic activation
may elicit antiangiogenesis activity in vivo. The embryos were
treated with the “la (10 uM) + MB (2.5 uM)” combo,
followed by 630 nm light irradiation for 10 min. Three days
later, the fluorescence images were captured by inverted
fluorescence microscope. As the results show in Figure S33a,
the “la + MB” combo under red-light treatment potently
suppressed angiogenesis particularly in the intersegmental
vessels (ISV) and dorsal longitudinal anastomotic vessels
(DLAV). In the control, negligible change was observed in the
groups treated with 1a only, MB only, or “la + MB” in the
dark. Besides, similar results could be found when RB was used
as a photocatalyst under 530 nm irradiation (Figure S33b).
The antitumor activities were also tested in the zebrafish tumor
models. The HCT116 cells stably expressing EGFP were
microinjected into the yolk sac of new-born wild-type
zebrafish. Two days later, the zebrafish bearing HCT116/
GFP tumor xenografts was treated with “la + MB” combo
along with 630 nm light irradiation for 10 min. One day after
treatment, the fluorescence images were collected. As the
results depicted in Figure 6a, the “1a + MB” combo with red
light irradiation significantly suppressed tumor growth as
indicated by reduced green emission by 60% (p < 0.05) in
comparison with solvent control group. It should be noted that
MB alone under light irradiation did not show significant
inhibition of the fluorescence intensity under similar
conditions.

We further examined the in vivo antitumor activity of the
“la + MB” combo using mice bearing AS49 tumor xenograft
(Figure 6b). In general, AS49 cells were inoculated (s.c.) in the
right flank of mice. Five days later, the tumor-bearing mice
were treated with the “1a + MB” once every two or 3 days for a
total five times treatment, and the tumors were irradiated with
635 nm light for 4 h each post-treatment (Figure 6b(i). After
22 days, the “la + MB” group, after 635 nm irradiation,
strongly suppressed tumor growth by 83% compared to the
solvent control (Figure 6b(ii—iv)). In the case of MB under
light irradiation, only ~30% tumor inhibition was found,
without statistical significance. The treatment did not cause
mouse death or mouse body weight loss.

Bl CONCLUSION

In summary, a subcellular photocatalytic strategy was
developed to controllably activate organogold(I) prodrugs
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Figure 6. Red light-activated antitumor activity in vivo. (a) Inhibition of tumor growth in zebrafish bearing HCT116/GFP xenografts, where the

green fluorescence in zebrafish indicates tumor burden. The cartoon

images of zebrafish were created with permission from Biorender.com. (b)

Description of the timeline for the mouse experiment (i) during which AS49 cells were inoculated in the right flank of mice by subcutaneous
injection S days before drug administration. The tumor-bearing mice (n = 6 for each group) were treated by the “la (3 mg/kg) + MB (2 mg/kg)”
combo on day 0, 2, 4, 7, 9 and were irradiated with 635 nm LED light for 4 h each post-injection. Tumor volume (ii, left) and body weight (i,
right), tumor weight (iii) and tumor images (iv) were shown. [Legend: (*) p < 0.0S, (**) p < 0.01, (***) p < 0.001.]

within cytosol for targeted inhibition of tumor-associated
TrxR1. The organogold(I) complexes are stable under
physiological conditions, effectively preventing off-target
interactions, particularly with extracellular serum albumin.
However, after a short green/red light irradiation time, it can
be transformed into active Au(l) species with almost
quantitative yield at the target site. Mechanistic studies show
that a photoinduced radical-bimolecular reductive process was

involved, which can greatly decrease glutathione interference in
solution and in living cells. Such a character was harnessed and
demonstrated useful for controlled activation in the cytosol
over mitochondria due to the capability of photocatalysts that
can escape from endosomal trapping and accumulate in
cytosol. This enables selective photocatalytic conversion of
organogold(I) complexes into active NHC-Au-Cl within the
cytosol, leading to targeted inhibition of TrxR1 rather than
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TrxR2, along with potent cytotoxicity to cancer cells. Of note,
the photocatalytic prodrug system displays a significantly
higher selectivity than auranofin—a pan TrxR inhibitor unable
to differentiate between TrxR1 and TrxR2, and shows robust
antitumor activity in vivo in tumor xenografts. This platform
may allow additional strategies such as conjugating tumor
targeting peptides or using drug delivery system to further
improve the selectivity toward cancer cells."*”"*" In view of the
capability of photocatalysis in the activation of different
prodrugs and the ease with which the system can be built, this
subcellular photocatalytic activation strategy holds the
potential to be extended to differentiate and target other
enzyme isoforms with distinct organelle specificity and
functions, which, we believe, may open a new avenue for
precision therapies.
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