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Abstract: Controllably activating the bio-reactivity of metal
complexes in living systems is challenging but highly desirable
because it can minimize off-target bindings and improve
spatiotemporal specificity. Herein, we report a new bioorthog-
onal activation approach by employing Pd(II)-triggered trans-
metallation reactions to conditionally activate the bio-reactivity
of NHC–Au(I)–phenylacetylide complexes (1a) in vitro and
in vivo. A combination of 1H NMR, LC-MS, DFT calculation
and fluorescence screening assays reveals that 1a displays
a reasonable stability against biological thiols, but its phenyl-
acetylide ligand can be efficiently transferred to Pd(II), leading
to in situ formation of labile NHC–Au(I) species that is
catalytically active inside living cells and zebrafish, and can
meanwhile effectively suppress the activity of thioredoxin
reductase, potently inhibit the proliferation of cancer cells and
efficiently suppress angiogenesis in zebrafish models.

Introduction

Gold(I) complexes have profound potential applications
in biological systems by acting as anti-cancer drugs, biological
catalysts and others.[1] These properties could mainly be
accounted for by the “soft Lewis/p acid” nature of Au+ ions.[2]

However, the presence of large quantities of physiological

nucleophiles (e.g., thiols) has posed a big hurdle for their bio-
applications in vitro and in vivo because the nucleophiles can
competitively bind and deactivate/poison gold(I) before
reaching the target sites.[1h] This issue is particularly severe
when developing gold(I) anti-cancer drugs since the non-
specific binding with serum thiols and on-target inhibition of
intracellular thiol-enzymes are both related to the thiol-
reactivity of gold(I).[1c,e,h, 3] In past years, tremendous efforts
have been made by introducing ligands with variable donor
strength to generate gold complexes having suitable thiol-
reactivities.[3, 4] Among these endeavors, strong s donor li-
gands such as N-heterocyclic carbene (NHC),[5] phosphine,[6]

and alkyne[7] have attracted particular attention due to their
ability to improve the stability of gold while keeping enzyme-
inhibiting activities. However, it still remains a big challenge
to controllably deliver active gold(I) to the target site with
high spatiotemporal selectivity.

Transition metal-mediated bioorthogonal activation is
a powerful strategy to highly selectively convert inactive
prodrugs, profluorophores or caged proteins into active forms
via spatial and temporal administration of chemical induc-
ers.[8] Notable reactions include uncaging,[9] cross coupling,[10]

transfer hydrogenation,[11] reduction,[12] cycloaddition,[13] iso-
merization[14] etc. Nonetheless, the repertoire of bioorthogo-
nal reactions, especially for transformations in living cells or
animals, is far from the limit. In the literature, organometallic
transmetallation is known to be a key step in cross coupling
reactions by transferring alkynyl, aryl, vinyl etc., groups to
metal catalysts (e.g., Pd).[15] In this process, strong metal-
carbon bonds in the substrates are broken down, producing
labile metal-ligand species. In view that organogold(I) com-
plexes display a reasonably high stability under physiological
conditions and can potentially undergo transmetallation
reaction,[15,16] we conceive the possibility to conditionally
activate gold(I) complexes by bioorthogonal transmetalla-
tion. We herein report that Pd(II) can efficiently trigger
transmetallation reaction and activate organogold(I) in living
systems, leading to forming active gold(I) species that can
catalyze p-bond activation reactions and induce anti-cancer
activities inside living cells and zebrafish in a highly control-
lable manner. To the best of our knowledge, this is the first
example of using bioorthogonal activation approach to
modulate the biological activity of gold complexes in living
systems.
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Results and Discussion

Synthesis, stability and transmetallation reaction of gold(I)
complexes

Since certain NHC–gold(I)-alkyne complexes have been
reported to display high stability against thiols,[17] we prepared
analogue complexes by employing imidazole-based carbene
ligands and phenylacetylide or phenyl ligands to generate
organometallic complexes of 1a, 1b and 1c containing two
Au@C bonds (Figure 1, see details of synthesis and character-
ization in the Supporting Information). Complexes 1a–1c are

highly soluble (> 10 mgmL@1) in common organic solvents
such as DMSO, DMF, CH2Cl2, EtOH, and acetone, and can be
dissolved in water after dilution from DMSO stock solutions
(1a shows the highest solubility,> 300 mM in 1% DMSO). We
initially tested the stability of these complexes towards bio-
relevant thiols. After incubating 1a (8.5 mM) with 5-fold of
N-acetyl cysteine (NAC) for 48 h in [D6]DMSO, 1H NMR
showed no obvious change of 1H signals of 1a (Figure 2b). By
using phosphate-buffered saline (PBS, pH 7.4, containing
20% DMSO) as a solvent, 1a (100 mM) also did not form new
species with glutathione (GSH, 2 mM) after 48 h incubation
as revealed from HPLC analysis (Figure S1). After incubating
1a (100 mM) with living non-small cell lung cancer A549 cells
for 10 h, followed by aspiration of medium, washing and cell
lysis, we detected a significant amount of intact complex in the
supernatant of cell lysates after acetone precipitation by
HPLC analysis (Figure S2), suggesting that 1a has a good
stability against physiological thiols. Complex 1b displays
comparable stability (Figure S3), whereas 1c slowly reacted
with NAC based on 1H NMR analysis (Figure S4).

Then we tested if 1a could undergo transmetallation
reaction by co-incubating with Pd1. Noticeably, once mixing
1a with Pd1 (1:1 ratio) in [D6]DMSO, instant color change
from yellow to dark brown was observed. 1H NMR (Fig-
ure 2b) showed that the aromatic proton of phenylacetylene
(7.15–7.28) dramatically disappeared, accompanied with
downfield shift of CH(Im) from 7.39 ppm to 7.42 ppm and

upfield shift of N-CH3 from 3.76 ppm to 3.73 ppm, and the
shifted signals matched well with that of NHC-Au-Cl (2,
Figure S5), suggestive of efficient transmetallation of metal-
alkyne which is consistent with the literature report.[15,16]

Additionally, HPLC analysis showed formation of 1,4-diphe-
nylbuta-1,3-diyne (dpby) as the major product containing
phenyl moiety (detected at OD254nm, Figure S6) and X-ray
photoelectron spectroscopy (XPS) experiments revealed
generation of Pd0 species (Figure S7), suggesting that the
Pd(II)-alkyne underwent further reductive elimination.

Notably, transmetallation reaction also happened when 5-
fold NAC was present in the mixture of 1a and Pd1, though
the full conversion requires a longer time (completed within
24 h, Figure 2 b). Again, changing the solvents to PBS/DMSO
(80:20 v/v) did not influence the reaction efficiency: HPLC
analysis showed that 1a (100 mM) was fully converted in
10 min with Pd1 (100 mM, Figure S8), and it completely
reacted with Pd1 as well in the presence of GSH (2 mM,
Figure S9) in 24 h. Complex 1a reacted with other Pd(II)
compounds such as Pd2, Pd6 in a similar efficiency (Fig-
ure S10, S11). These results collectively indicate that Pd(II)
can efficiently trigger transmetallation reaction to break Au-
C(acetylide) bond under physiological-like conditions.

DFT calculations on the reaction mechanisms

To elaborate the possible mechanism of transmetallation
process, density functional theory (DFT) calculations were
performed at wb97XD level using basis-sets of LanL2DZ for
Au and Pd atoms and 6–31 + G(2df) for other atoms, which

Figure 1. Chemical structures of gold complexes and the formula of
Pd(II) reagents used in this work.

Figure 2. a) Pd(II)-triggered transmetallation effectively activated the
reactivity of 1a (m= 1, 2). b) 1H NMR of 1a (8.5 mM) in the absence
or presence of NAC (5 equiv.), or Pd1 (1 equiv.), or Pd1 (1 equiv.) +
NAC (5 equiv.) for the indicated time in [D6]DMSO. NAC was
neutralized by equal amount of Et3N in each condition.
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indicates a stepwise mechanism (Figure 3). The reaction is
initiated by releasing a chloride ion from Pd1 which consumes
free eneygy of + 11.5 kcal mol@1, leaving a vacant orbital in
Int1 that favors the binding with phenylacetylide moiety of 1a
(@10.5 kcalmol@1) via p bonding (Figure 3b). Then Int2
isomerizes to a 3-centered transition state (TS1) featuring
an Au-Pd-C triangule geometry, where the Au-Pd distance is
2.878 c that is shorter than the sum of Au + Pd van der Waals
radii (3.29 c).[18] This metal-metal interaction stablizes the
transition state, leading to a rather small energy barrier
(+ 4.1 kcalmol@1). TS1 is followed by the events of Au@C
bond breaking to form Int3 in which the terminal carbon of
phenylacetylene is coordinated to Pd whereas the NHC-Au
moiety is weakly bound to the triple bond via metal-p
interaction (Figure 3b), finally leading to formation of labile
NHC-Au-Cl.

By contrast, 1a reacts with NAC more endothermically.
Initial attempts to locate a transition state via a direct thiol to
gold-phenylacetylide nucleophilic addition in a trigonal-pla-
nar geometry failed, despite of using different functionals and
basis sets. Instead, we found a transition state (TS1’’) featuring
a proton transfer process from thiol to terminal phenyl-
acetylene (Figure S12) by consuming an energy as high as
+ 29.4 kcalmol@1, followed by releasing phenylacetylene and
generating NHC-Au-S(NAC) product. This energy barrier is
much higher than that in the transmetallation process and
agrees with the stability test as shown above.

Turning on the catalytic activity of gold(I) in buffer solutions

Since palladium-mediated transmetallation generates la-
bile NHC-gold(I) species that is potentially active for
catalysis, we tested its ability for p-bond activation by using

a coumarin precursor as substrates (probe-1, Figure 4a).
After incubating the mixture of 1a (20 mM), probe-
1 (100 mM) and different Pd(II) reagents (40 mM, 2-equivalent
of 1a to ensure complete transmetallation) for 1 h in CH3CN,
remarkable emission increase (peaked at 530 nm) was
detected in the case of Pd6 (Pd(TFA)2, TFA = trifluoroace-
tate) by > 1000-fold compared to probe-1 (yield = 52 %),
though Pd6 itself also triggered 5% yield of background
emission (Figure S13, but 1a alone could not induce emission
enhancement). However, 1a with other Pd(II) compounds
cannot trigger similar emission increment (Figure S13), which
may be due to the auxiliary ligands (such as Cl@ and OAc@)
transferred back from Pd(II) deactivated gold catalysts. In
fact, NHC-Au-Cl (2) is inactive to catalyze the cyclization
reaction in CH3CN.

Interestingly, addition of 50% volume of water in
acetonitrile elevated the catalytic activity of 2 (Figure S14)
with & 33-fold increase of emission intensity after 1 h (yield
3%. Note: the emission intensity of coumarin varies in
different solvents). This result is consistent with the previous
report showing that water can help liberate Au-Cl bond and
form active catalysts.[19] Notably, “1a + Pd1” also became
catalytic active in CH3CN/H2O (1/1 v/v), with 675-fold
increase in emission intensity (yield 66%, TON 3.3) in 1 h
which is 20-fold higher than that by 2 (Figure S14). Complete
conversion of 0.05 mmol of probe-1 was identified after 24 h
catalyzed by 10 % mol “1a + 10% mol Pd1” (isolated yield
78%, TON 7.8) in CH3CN/H2O (1/1 v/v). Based on this
phenomenon, we speculate to use fluorescence measurement
as a screening method to study the transmetallation efficiency
in aqueous media. After incubating the mixture of 1a (20 mM)
+ Pd(II) (40 mM) and probe-1 (100 mM) for 1 h in CH3CN/
H2O (1/1 v/v), we detected emission enhancement in 11 out of
12 Pd reagents (green column, Figure 4c, except Pd5 which
needs a longer reaction time), and “1 a + Pd9” generated the
highest emission intensity (yield 96 %, TON 4.8). It is
noteworthy that the intensity of “1a + Pd” is generally
higher than the similar condition by Pd(II) (red column,
Figure 4c). The insoluble Pd0-containing precipitate (Pd0-iso)
isolated from the reaction of “1a + Pd1” triggered < 2%
yield that is comparable to Pd1; other Pd reagents such as the
species generated from “1a + phenylene + Et3N” (Pd0-prep,
characterized by HPLC and XPS, Figure S15a,b), Pd/alkyne
species generated in situ by transmetallation from [CuI(C/C-
Ph)] to Pd1, Pd0

2(dba)3, Pd0(PPh3)4, Pd0/C, and trans-Pd(II)-
(PPh3)2Cl(C/C-Ph) all induced < 3% yield (Figure S16),
suggesting that the active catalyst is Pd(II)-activated gold(I).
Complexes 1b and 1c display comparable activity (Fig-
ure 4c). Replacing the solvent to PB (without Cl@) or PBS
(containing 137 mM of Cl@) attenuated the catalytic efficiency
but the background emission induced by Pd(II) was much
weaker (Figure 4b,d). By comparing the intensity ratio of “Au
+ Pd” I(Au+Pd) and “Pd alone” I(Pd) (Figure 4d), 1a in PBS was
found to display the highest ratio in the presence of 6 out of 12
Pd(II) compounds (Pd1, Pd3, Pd6, Pd7, Pd8, Pd10, Fig-
ure 4d). These results indicate that Pd(II)-triggered trans-
metallation works efficiently and the as-formed gold species is
catalytically active for p-bond activation under buffer con-
ditions.

Figure 3. DFT calculations for the reactions between 1a and Pd1:
a) The computed reaction pathway and free energies of the trans-
metallation reaction. b) Computed structures of key reaction intermedi-
ates and transition state.
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Activating the catalytic activity of gold(I) inside cancer cells

In the literature, physiological thiols have been reported
to poison gold catalysts. Indeed, we found 2 (100 mM), in the
presence of an equal amount of GSH, lost its catalytical
activity with < 5-fold emission increase in aqueous solution
(Figure S17). Surprisingly, “1a (100 mM) + Pd1 (100 mM)”
still displayed a good activity with 95-fold emission enhance-
ment in the presence of 100 mM of GSH (Figure S17), and
maintained 65-fold emission increase when 5-equivalent of
GSH (500 mM) was present (Figure S18, Pd1 alone triggered
< 5-fold emission increase), indicating that the transmetalla-
tion–activation approach could minimize the influence of
thiols for gold catalysis.

Then we examined if this reaction would take place in
living cells. Here Pd4 was used because it displays a low
cytotoxicity (IC50 > 500 mM, 24 h) and is catalytically active.
A549 cells were first treated with 100 mM of probe-1 (cytotoxic
IC50 > 500 mM, 24 h) for 5 h. Then the medium was aspirated,
and the cells were rinsed with PBS to wash out extracellular
probes. Subsequently, fresh medium containing “1a + Pd4”,
or “1a”, or “Pd4” was added for another 1 h incubation. The
cells were imaged after replacing the medium with PBS
(Figure 5a). As shown in Figure 5b, while only weak emission
was detected in the treatment group by 1a or Pd4 alone,
remarkable green emission was detected in A549 cells by “1a
+ Pd4” co-treatment, which is mainly localized in cytoplasmic

regions (Figure S19). The treatment did not cause obvious
cytotoxicity as revealed from the intact cell morphology
(Figure 5b, S16). For comparison, complex 2 and the Pd0

species (Pd0-iso and Pd0-prep) did not induce noticeable
emission at the similar treatment condition (Figure S20, S21).
These results collectively indicate that Pd(II)-triggered trans-
metallation is an effective strategy to activate in-cell gold
catalysis.

Boosting the thiol-reactivity and anti-cancer activity of gold(I) by
transmetallation

In view that Pd(II) can efficiently trigger transmetallation
inside cancer cells, the activated gold(I) species is expected to
inhibit cellular thiol- and/or selenol-containing enzymes (e.g.,
thioredoxin reductase, TrxR, a flavin enzyme containing
cysteine and selenocysteine residues at C-terminus[1c,d,h]) and
induce cytotoxicity after a longer incubation time. Indeed, it
was found despite that treating A549 cells with 1a or Pd4 for
1 h did not show obvious TrxR inhibition (IC50 > 100 mM),
addition of Pd4 significantly increased the inhibitory activity
of 1a to an IC50 value of 14.8: 3.5 mM that is & 7-fold higher
than 1a alone and is more potent than compound 2 (IC50 =

24.0: 2.3 mM). Other Pd(II) compounds such as Pd1, Pd2,
and Pd4’’ could also activate 1a with TrxR inhibitory IC50 of
14.1–27.0 mM (Table S1). Then we tested if the Pd(II) com-

Figure 4. Screening of active Pd(II) reagents. a) Pd(II)-activated NHC-gold(I) species catalyzed the cyclization of probe-1 to form fluorescent
coumarin. b) Absorption and emission spectra of probe-1 (100 mM) after treatment by 1a (20 mM), Pd1 (40 mM), or 1a (20 mM) + Pd1 (40 mM)
for 1 h in CH3CN/PBS (1:1) solution. c) Emission intensity (I530 nm) of probe-1 (100 mM) and organogold(I) (20 mM) in the presence of different
Pd(II) reagents (40 mM) in solution of H2O, PB or PBS after 1 h (except Pd5 for 24 h). An equal volume of CH3CN was added in each case to
ensure all the reactants/products are soluble in the reaction mixture. d) Ratio (IPd+Au/IPd) of emission intensity of probe-1 in the presence of
Pd +Au and Pd.
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pounds could serve as a trigger for the cytotoxicity of gold(I)
complexes. Initial test by using Pd4 showed that the
cytotoxicity IC50 of 1 a, after adding the Pd(II) salt, increased
from 63.3 to 17.5 mM towards A549 cells. The other two non-
toxic Pd(II) compounds Pd4’’ and Pd5 could induce a slightly
higher cytotoxicity to IC50 values of 13.1 mM (Table 1). We
also tested their cytotoxicity towards human hepatocellular
carcinoma HepG2, breast cancer MCF-7 and glioblastoma
U87 cells. Again, 1a alone displayed low cytotoxicity, with
IC50 of 52.4 to 70.6 mM. Addition of Pd4’’ and Pd5 significantly
increased the cytotoxicity to 8.5–13.1 mM and 6.4–18.5 mM,
respectively. Complex 1b could be activated in a comparable
potency by Pd4’’ and Pd5 with notable cytotoxicity improve-
ment in HepG2 (from 84.0 mM to 8.5 mM) and A549 (from
36.6 mM to 4.4 mM) cells after Pd4’’ co-treatment (Table S2).
For comparison, the cytotoxicity of 2 was marginally in-
creased with IC50 value from 48.1 mM to 19.4 mM after Pd4’’
co-treatment. Also, Pd0-iso and Pd0-prep are non-toxic (IC50

> 100 mM) and dpby displays low cytotoxicity (IC50 =

81.3 mM). These results reveal that Pd(II) is able to activate
the thiol-reactivity and cytotoxicity of organogold(I) com-
plexes (1a and 1b) in cancer cells. In addition, “1 a + Pd1”
effectively induced ROS formation as revealed from DCFH-
CA staining (Figure S22) and initiated apoptosis according
to Annexin V-FITC/PI co-staining assay (Figure S23), which

are consistent with the
TrxR inhibitory activity
and cytotoxicity as shown
before.

HRGDH-Pd for tumor-
targeted drug activation

Based on the fact that
Pd(II) is key to the cyto-
toxicity of organogold(I),
we considered the possibil-
ity for cancer-specific drug
activation by introducing
tumor targeting groups into
Pd(II) instead of gold(I).[20]

It has been reported that
peptides containing two
His moieties at i and i + 4
positions could act as bi-
dentate ligands to form cat-

alytically active, stapled Pd(II) complexes.[21] Here we em-
ployed an RGD-containing peptide and prepared an
HRGDH-Pd complex[21] for selective recognition and accu-
mulation of Pd(II) in integrin-overexpressing cancer cells
(Figure 6a,b).[22] MTT assay showed that HRGDH-Pd
(50 mM) renders 1a to display very different cytotoxicity
towards integrin-high expressing HeLa cells[22a] and integrin-
low expressing normal LO2 cells[22b] with cell viability of
22.0% and 79.6% respectively at 25 mM of 1 a (i.e., 3.8-fold
improvement), and 2.6% and 59.0% respectively at 50 mM of
1a (i.e., 12-fold improvement) after 48 h treatment (Fig-
ure 6c).

We further used a HeLa/LO2 co-culture experiment to
examine the capability of “1a + HRGDH-Pd” for targeted
activation in integrin-high expressing cancer cells (Figure 6d).
The red-orange fluorescent tetramethyl-rhodamine (TMR)
moiety tagged on HRGDH-Pd was used to indicate the
cellular content/uptake of Pd(II), and the viable cells were
distinguished by calcein AM staining which shows green
emission after esterase cleavage in living cells. An equal
number of HeLa and LO2 cells were co-cultured in a single
dish and treated with HRGDH-Pd (100 mM) for 6 h; sub-
sequently the medium was removed and replaced with fresh
one containing of 1a (100 mM) for a further 10 h incubation.
The cells were treated with calcein AM for 30 min before cell
imaging. As depicted in Figure 6d, near 50% of cells were
stained with red color, indicative of efficient uptake of
HRGDH-Pd in cancer cells. Notably, the red emission of most
cancer cells could not overlay the green emission of living
cells (dashed circle, upper panel, Figure 6d), indicating that
the cells with high Pd(II) contents tend to die. For compar-
ison, in the HRGDH-Pd treatment group without 1a, the red
fluorescent cells are merged well with the green emission of
living cells (merged in yellow color, Figure 6d, lower panel),
suggesting that the cytotoxicity after “1a + HRGDH-Pd”
treatment is originated from Pd(II)-activated gold(I) rather
than the Pd(II) compounds. Therefore, it is indeed possible

Table 1: Cytotoxicity IC50 (mM) of 1a in the presence/absence of Pd4’’ or
Pd5 towards HepG2, A549, MCF-7 and U87 cells after 72-h treatment.

Entry 1a 1a + Pd4’’[a] 1a + Pd5[b] Pd4’’[c] Pd5[c]

A549 63.3:1.1 13.1:2.8 13.1:4.0 >200 >200
HepG2 70.6:0.7 12.0:3.6 18.5:1.2 >200 >200
MCF-7 54.3:0.2 11.8:1.9 13.8:0.3 >200 >200
U87 52.4:0.2 8.5:0.2 6.4:1.8 >200 >200

[a] [Pd4’’] =200 mM. [b] [Pd5] =200 mM; [c] The cell viability at 200 mM is
>90 %.

Figure 5. Activating the cellular catalytic activity of 1a by Pd(II) reagents: a) A549 cells were treated with
100 mM probe-1 for 5 h, and then the medium was aspirated followed by washing with PBS twice; after that
the cells were treated 1a (100 mM) + Pd4 (300 mM) or 1a (100 mM) or Pd4 (300 mM) for 1 h before the cells
were washed and exposed for cell imaging. b) Fluorescence images of A549 cells after treatment by the above
conditions (ex: 480:15 nm, em: 535:20 nm). Scale bar: 100 mm.

Angewandte
ChemieResearch Articles

4137Angew. Chem. Int. Ed. 2021, 60, 4133 – 4141 T 2020 Wiley-VCH GmbH www.angewandte.org

 15213773, 2021, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202013366 by Z

hongshan U
niversity, W

iley O
nline L

ibrary on [03/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.angewandte.org


for gold complexes to distinguish between cancer and normal
cells by using functionalized Pd(II) for drug activation.

Bioorthogonal activation in zebrafish models

To investigate if transmetallation activation works under
in vivo conditions, wild type zebrafish (AB) were treated with
Pd4 (10 mM) for 2 h, the culture solution of which was then
removed followed by adding an equal molar of 1a (10 mM)
and probe-1 for another 1 h incubation. Fluorescence micro-
scopic analysis showed highly bright green emission in
zebrafish by “1 a + Pd4 + probe-1” co-treatment (Figure 7a,
mainly in head and belly region), whereas the fluorescence
was much weaker in the absence of either 1a or Pd4 or “1a +

Pd4”. A lower concentration of “1a + Pd” could also induce
significant emission increase (Figure S24).

As reported before, zebrafish is a good model to study
tumor angiogenesis and certain thiol-reactive gold(I) com-
plexes can inhibit angiogenesis in this model.[4e,7b] We
employed a GFP-flk transgenic zebrafish model, which shows
green fluorescence in vasculature, to examine whether the
activated gold(I) is able to inhibit angiogenesis. The zebrafish
embryos were incubated with 1a and/or Pd4 and the

fluorescence images were captured three days post fertiliza-
tion. As depicted in Figure 7b, “1a + Pd4” co-treatment
significantly impaired the vascular structures of zebrafish

Figure 6. Targeted drug activation: a) Structure of HRGDH-Pd which contains a red-orange fluorescent TMR tag. b) Proposed mechanism for
targeted drug activation by selective accumulation of Pd(II) in integrin-overexpressing cancer cells followed by transmetallation activation on the
cytotoxicity of 1a. c) The viability of HeLa and LO2 cells after treatment by HRGDH-Pd (50 mM) for 6 h and then 1a (25 or 50 mM) for 48 h. *
p<0.05, *** p<0.001. d) The co-cultured HeLa/LO2 cells were treated with HRGDH-Pd (100 mM) for 6 h; then the medium was aspirated and
replaced with fresh one containing 1a (100 mM) for a further 10 h incubation. The cells were imaged after adding calcein AM for 30 min. Red
channel: ex 561 nm, em 576–626 nm; green channel: ex 488, em 500–540 nm.

Figure 7. a) Fluorescence images of wild type zebrafish treated with
Pd4 (10 mM) for 2 h, followed by replacing culture solution with fresh
one containing 1a (10 mM) and probe-1 (P, 10 mM) for another 1 h
incubation. b) Blood vessel formation during zebrafish embryo devel-
opment after treatment by 1a (10 mM), Pd4 (20 mM) or “1a (10 mM) +
Pd4 (20 mM)”. The images were taken 3 days after fertilization.
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particularly in posterior cardinal vein (PCV) and caudal vein
(CV) regions. For comparison, single 1a or Pd4 treatment did
not obviously damage blood vessel formation, implying that
the activated gold(I) species is indeed active for anti-angio-
genesis.

Conclusion

In summary, we have developed a novel bioorthogonal
activation approach that can transform stable organogold(I)
complexes into active gold(I) inside living systems in a con-
trollable manner. This approach is based on a combination of
using organogold(I) complexes with a reasonable stability and
using palladium(II)-triggered transmetallation reactions for
gold(I) activation. The organogold(I) complex remains in an
“off” state before being activated by Pd(II) salts. The in situ
activation, on the one hand, renders gold(I) with high
catalytic activity for p-bond activation via forming highly
fluorescent coumarin inside living cells and zebrafish. The
Pd(II) compounds, on the other hand, boosted the thiol-
reactivity of gold(I) to suppress the cellular activity of
thioredoxin reductase and to inhibit the proliferation of
cancer cells, along with potent anti-angiogenesis in zebrafish
models. It is noteworthy that RGD-functionalized Pd(II) can
selectively activate organogold(I) and convey cytotoxicity in
integrin-overexpressing cancer cells over normal cells, thus
providing an opportunity for targeted tumor therapy via site-
specific delivery of Pd(II) rather than direct ligand modifica-
tion on gold(I) drugs.

In the literature, gold(I) is known to have profound
applications in organic catalysis and is also known as potent
thiol-enzyme inhibitors, but their applications in vitro and in
vivo are largely hampered by off-target interactions. We
believe our approach offers an opportunity to minimize off-
target bindings and improve spatiotemporal specificity by
bioorthogonal activation that can be tuned for a broad
spectrum of biological applications.
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