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ABSTRACT: Photocatalysis has found increasing applications in
biological systems, for example, in localized prodrug activation;
however, high-energy light is usually required without giving
sufficient efficiency and target selectivity. In this work, we report
that ion pairing between photocatalysts and prodrugs can
significantly improve the photoactivation efficiency and enable
tumor-targeted activation by red light. This is exemplified by a
gold-based prodrug (1d) functionalized with a morpholine moiety.
Such a modification causes 1d to hydrolyze in aqueous solution,
forming a cationic species that tightly interacts with anionic
photosensitizers including Eosin Y (EY) and Rose Bengal (RB),
along with a significant bathochromic shift of absorption tailing to
the far-red region. As a result, a high photoactivation efficiency of
1d by EY or RB under low-energy light was found, leading to an effective release of active gold species in living cells, as monitored by
a gold-specific biosensor (GolS-mCherry). Importantly, the morpholine moiety, with pKa ∼6.9, in 1d brings in a highly pH-sensitive
and preferential ionic interaction under a slightly acidic condition over the normal physiological pH, enabling tumor-targeted
prodrug activation by red light irradiation in vitro and in vivo. Since a similar absorption change was found in other morpholine/
amine-containing clinic drugs, photocages, and precursors of reactive labeling intermediates, it is believed that the ion-pairing
strategy could be extended for targeted activation of different prodrugs and for mapping of an acidic microenvironment by low-
energy light.

■ INTRODUCTION
Known for its capability to generate highly reactive species
under localized regions, photocatalysis has been demonstrated
as a useful tool in medicinal chemistry and chemical
biology.1−4 In general, the localized activation by light within
disease tissues can benefit a lot by minimizing the toxic side
effects,5−10 as exemplified by photodynamic therapy (PDT)
that has been clinically exploited as a potent strategy for cancer
killing.11−15 Nevertheless, the hypoxic tumor microenviron-
ment makes it difficult to implement PDT widely in vivo. To
this end, photoactivatable prodrugs, particularly photoactivated
chemotherapy, based on photoinduced uncaging of active drug
molecules or opening of active metal coordination sites have
been developed.16−19 In the literature, endeavors on both
inorganic and organic photoactivatable compounds have
shown great potential for cancer treatment by taking advantage
of the intrinsic photochemical properties of prodrugs [Scheme
1A(i)] or by additionally introducing chromophore functional
groups [Scheme 1A(ii)].20−25 Based on these strategies, a
series of successful examples including those red light-activated
prodrugs with multifunctions have been achieved.8,26−29

Alternatively, the prodrugs can be activated by photocatalysis,
which uses external photosensitizers and does not require the
light-absorbing feature of prodrugs [Scheme 1B(i)].30−33

Nevertheless, the efficiency of bimolecular photocatalytic
activation processes is largely interfered with by the complex
physiological environment; also, the photocatalysts do not
naturally offer disease tissue specificity. Therefore, it is of great
value to explore an efficient photocatalytic strategy for targeted
prodrug activation.

In the literature, it is known that electrostatic interaction is
critical in determining the conformation, dynamics, and
function of biomolecules.34 In the meantime, in photoredox
catalysis, the counterions could significantly influence the
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charge distribution of cationic photocatalysts giving divergent
photoreactivities.35−37 Therefore, we conceived that the ion-
pair strategy consisting of charged prodrugs and a long-
wavelength-absorbing photosensitizer may boost the photo-
therapeutic efficacy [Scheme 1B(ii)]. In view that reactive gold
complexes are strong thiol-enzyme inhibitors38−42 with
promising anticancer potential to overcome cisplatin resist-
ance43−52 and its bioactivities can be effectively tuned by
ligand modification for prodrug development,53−63 we started
to employ the gold-based metallodrug as a proof-of-concept
study to demonstrate the power of ion pairing in photocatalytic
prodrug activation.
Herein, we report that ion-pair photocatalysis can trigger

efficient and targeted prodrug activation by low-energy light.
This was demonstrated via a gold(III)-hydride prodrug64 (1d)
functionalized with a pH-sensitive morpholine moiety in
combination with an anionic photocatalyst Eosin Y (EY) or
Rose Bengal (RB). The two long-wavelength-absorbing
xanthene dyes can efficiently activate the thiol reactivity of
1d with full conversion time dropped to tens of seconds. In
aqueous solution, ion pairing between EY/RB and 1d is
featured by a bathochromic shift of absorption to the deep-red
region. This leads to red light-activated release of active gold
species in living cells and potent inhibition of thioredoxin
reductase (TrxR). Of note, this red-absorbing ion pair is more
tightly formed under a weak acidic environment, rendering a
selective prodrug photoactivation and targeted anticancer
activities in vitro and in vivo. To the best of our knowledge,
it is the first time that the ion-pairing strategy was used to
enable efficient and targeted photocatalytic prodrug activation
by red light. Since the weak acid-favored ion-pairing and
bathochromic-shift phenomena were also observed in morpho-
line (amine)-containing clinic drugs, photocages, and
precursors of reactive labeling intermediates, this ion-pairing

strategy is believed to be of potential to expand the repertoire
of chemical tools for medicinal and biological applications.

■ RESULTS AND DISCUSSION
Synthesis, Characterization, and Stability of the

Gold(III)-Hydride Complexes. The cyclometalated gold-
(III)-hydride complex 1d containing a morpholine moiety
(Figure 1) was prepared with a slightly modified procedure,64

where the [AuIII(C∧N∧C)Cl] was synthesized via a mercury-
free photochemical reaction starting from diazonium salts and
dimethyl sulfide-gold(I) chloride (Cl−Au−SMe2) using blue
LED light.65 The final product was fully characterized by 1H
NMR, 13C NMR, mass spectrometry, HPLC, and elemental
analysis (Figure S1). Complexes 1b and 1c containing
hydroxyl groups were prepared for comparative study (please
see the details of synthesis and characterization in Supporting
Information). All of the complexes are soluble in common
organic solvents such as THF, CH2Cl2, CHCl3, DMF, and
DMSO. Unless otherwise specified, the gold(III) complexes
were dissolved in DMSO to prepare a 10 mM stock, which was
then diluted in aqueous solution for subsequent experiments.
Complexes 1b−1d displayed obviously improved solubility
than 1a after dilution in aqueous solution (i.e., without forming
precipitates at 200 μM).

The stability of functionalized gold(III) complexes 1d was
studied. As shown in Figure S2a, after incubating 1d with a 5-
fold excess of N-acetyl cysteine (NAC) in DMSO-d6 at room
temperature for 24 h, there was no noticeable changes in the
1H NMR spectra. After treating human colorectal cancer cell
line HCT116 with 100 μM of 1d for 12 h in the dark, HPLC
analysis of the supernatant of cell lysates after acetone
precipitation showed that there was a high content of intact
1d with no new peaks in the LC chromatograms (Figure S2b).
Thus, the functionalization of 1d with a morpholine moiety did
not alter its high stability against biorelevant thiols.
Activating the Gold(III)-Hydride Complex by Photo-

catalysis. Then we tested if external photosensitizers can
activate the gold(III)-hydride complex. Complex 1d (100 μM)

Scheme 1. Concept of Ion-Pairing Photocatalysis for
Prodrug Activationa

a(A) Advantages and limitations of classical photoactivatable
prodrugs without (i) or with (ii) an additional photo-absorbing
chromophore. (B) Photocatalysis for prodrug activation (i) and how
the ion-pair strategy in this work addresses the challenges (ii).

Figure 1. Chemical structures. The structures of gold(III)-hydride
complexes 1a−1d and different photocatalysts used in this work were
shown. The pKa values of compounds 1a, EY, and RB are shown.
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was coincubated with 10% molar concentration of different
photocatalysts (Figure 2) and 10 mM of NAC in DMSO and

irradiated with light of different wavelengths based on their low
energy absorption maxima. After 5 min of irradiation, HPLC
showed that these photocatalysts can produce the Au(III)−
S(NAC) adduct with different efficiencies, in which the anionic
EY and RB under 530 nm irradiation outperformed other
photosensitizers giving product yields of 100 and 83%,
respectively (Figure S3). Since the gold(III)-hydride complex
itself is photoreactive under UV light,64 we compared the
photoreactivity of 1d under UV or with EY under long-
wavelength light irradiation. The UV−vis absorption spectra
show, in Figures 2(ii), and S4, that as the reaction proceeds
under UV irradiation, the absorbance of 1d at 365−400 nm
increased and reached a plateau by 270 s; of note, in the
mixture of 1d and EY and under 530 nm irradiation, the
absorbance of 1d quickly changed and leveled off by ∼50 s,
and even under 600 nm irradiation, the reaction began to level
out at 360 s [Figure 2(ii)], indicative of a very efficient
photocatalytic activation by EY. Along with the fast change of
absorbance of 1d in the UV region, the absorbance of EY (at
OD530nm) quickly decreased over time (Figure S4), implying
that the activation of 1d is associated with reduction of EY.66

Then we tried to understand the mechanism of photo-
activation. The emission quenching experiment showed that
NAC, rather than 1d, efficiently quenched the emission
intensity of EY (Figure S5a), which is consistent with the
photoredox mechanism.67,68 Since a radical is likely formed
during photoredox catalysis,35 the reaction mixture of 1a and
EY was added with 2 equiv of free radical 2,2,6,6-
tetramethylpiperidin-1-yloxy (TEMPO), which largely in-
hibited the photoreaction with <5% conversion of 1d based
on HPLC analysis (Figure S5b), suggestive of involvement of
radical species.69 Then, we tried to capture the radical
intermediates. When the radical trap, 1,1-diphenylethylene,

was added in the reaction mixture, the addition products with
NAC (thiyl radical) and 1d [gold(II) radical] were found by
HRMS (Figure S6). Also, with an allyl-TEMPO radical trap,70

both the gold(II) radical to allyl addition product (from
HRMS) and strong EPR signals of TEMPO were observed
(Figure S7), suggesting the involvement of the gold(II) radical
and thiyl radical in the photoactivation. In the DFT
calculation, the single-electron-reduced product EY•− has a
typical carbon-centered radical character (Figure S5c), which
may abstract a hydrogen atom from the gold(III)-hydride
complex.67,68,70,71 Based on these observations, the following
mechanism is proposed (Figure S8): after light irradiation, the
excited EY can oxidize NAC via single-electron transfer (SET),
generating a thiyl radical and an EY•− radical. The latter (or
possibly the thiyl radical) can abstract a hydrogen atom from
1d forming a gold(II) radical that can recombine with the thiyl
radical. This leads to formation of the Au(III)−S(NAC)
adduct and a reduced EY that could be reoxidized into EY.
Ion Pairing and Bathochromic-Shifted Absorption in

Aqueous Solution. Since EY is highly acidic with pKa1 = 2.0
and pKa2 = 3.8,72 whereas the morpholine in 1d is a weak base
(pKa = 6.9),73 there should be an acid−base reaction in the
mixture. When 1d and EY were mixed together in DMSO-d6,
1H NMR analysis (Figure 3a) showed significant chemical
shifts for the 1H signals around the morpholine moiety of 1d

Figure 2. Photocatalytic activation of 1d by EY and the proposed
reaction mechanism. (a) Upper panel: photocatalytic transformation
of 1d into the Au(III)−S adduct in the presence of a 100-fold excess
of NAC; lower panel: (i) reaction yields in the presence of different
photocatalysts after photoirradiation for 5 min based on HPLC
analysis; (ii) change of OD347nm of 1d under 365 nm UV irradiation
or 1d with EY under 530 or 600 nm light irradiation (#the lag time is
due to oxygen consumption33).

Figure 3. Formation of ion pairs. (a) 1H NMR spectra for EY, 1d, and
the mixture in DMSO-d6. The inset shows the proposed interacting
model. (b) UV−vis absorption spectra of EY with or without equal
molar concentration of 1a, 1b, 1c, or 1d in DMSO/H2O (1/9, v/v)
solution. The inset gives the picture of 1d, EY, or the “1d + EY”
mixture.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c00408
J. Am. Chem. Soc. 2024, 146, 8547−8556

8549

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c00408/suppl_file/ja4c00408_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00408?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c00408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and near the hydroxyl and carboxylate groups of EY, which is
typical of an acid−base reaction. For comparison, in the
mixture of EY and 1a without the morpholine group, there was
no change of 1H signals compared to individual compounds
(Figure S9).
Interestingly, when the “1d + EY” mixture was diluted in

aqueous solution (H2O/DMSO = 9/1, v/v), a significant color
change of EY from pink to rose red was observed (Figure 3b
inset). In the UV−vis absorption spectra, there is an obvious
bathochromic shift of the “1d + EY” mixture with a shoulder
peak at ∼560 nm in association with a long tail approaching
the near-infrared region (750−800 nm, Figure 3b), whereas
EY alone, peaked at 530 nm, did not show absorption beyond
560 nm. The absorption spectra for the mixture of EY with 1a,
1b, or 1c were similarly recorded; however, no change of
absorption in the visible region was found (Figure 3b). Instead,
morpholine itself, at a high concentration, can induce the red-
shifted absorption (Figure S10a), indicating that it is the
morpholine moiety that contributed to the color change.
Complex 1d similarly triggered a significant bathochromic shift
with RB (Figure S10b,c). A possible explanation for the
bathochromic shift is the high polarizability of the xanthene
dye that results in a distinct change of frontier orbitals upon
ion pairing, as revealed from the DFT calculation (Figure S11).
The binding constant between 1d and EY was determined to
be 1.2 × 105 M−1 (Figure S12). Of note, the distinct red shift
of absorption was maintained in the presence of a high
concentration of NaCl and bovine serum albumin (Figure
S13a,b), which is likely due to the fact that ion pairing induced
the formation of nanoaggregates as revealed from transmission
electron microscopy (TEM) and dynamic light scattering
(DLS) analysis (Figure S13c,d).
Red Light-Enabled Prodrug Activation in Living Cells.

On the distinct bathochromic shift of ion pairs, we assumed
that the system can be activated by a long-wavelength red light.
Surprisingly, even though “1d + EY” in DMSO shows weak
absorbance at 600 nm (molar extinction coefficient ε = 35.5
M−1·cm−1, Figure S14a) and “1d + RB” in DMSO has low
absorption at 630 nm (ε = 41.8 M−1·cm−1, Figure S14b), the
thiol reactivity of 1d can be successfully activated by 600 and
630 nm red light irradiation, respectively (Figure S15a,b).
Particularly, in the case of RB as a photocatalyst at an equal
molar concentration to 1d (100 μM), it showed >95% reaction
yield within 3 min of 630 nm light irradiation (Figure S15b).
In aqueous solution, red light can activate the thiol reactivity of
1d as well (Figure S16).
Then we examined whether red light can trigger the release

of active gold species in living systems. Since no small molecule
probe is available to detect reactive gold species in living cells,
an engineered Escherichia coli strain carrying the GolS-mCherry
system was employed.74 GolS is a sensory protein specific to
gold, and it functions as a transcriptional regulator induced by
gold ions, promoting the expression of the downstream red
fluorescence protein (mCherry) gene (Figure 4 inset). This
enables the highly sensitive and selective detection of active
gold species but not the inert ones. The E. coli cells were
incubated with 1d, EY, or both of them for 30 min in Luria−
Bertani medium and then irradiated with 600 nm light for 1 h
before another 12 h of incubation. As shown by the results in
Figure 4, there was no noticeable red fluorescence from the
engineered E. coli cells with 1d in the dark. Instead, strong red
fluorescence of living E. coli cells was observed in the presence
of 1d and EY and under red light irradiation. In the absence of

either 1d, EY, or light, negligible fluorescence could be found.
Therefore, while the gold(III)-hydride complex is stable in
living cells in the dark, it can be converted into active gold
species by red light irradiation in the presence of EY. In the
literature, the thiol-reactive gold is known to inhibit TrxR and
cancer cell proliferation.39,75 Indeed, the TrxR inhibitory
activity and cytotoxicity of 1d was activated by EY under 600
nm light irradiation (Figure S17a, b).
Targeted Activation under an Acidic Tumor Micro-

environment. As mentioned before, the ion-pairing-associ-
ated red shift of absorption is based on the cationic
morpholinium moiety in 1d with anionic EY, where morpho-
line has a pKa of 6.9. Based on the chemical equilibrium for
morpholine hydrolysis (Figure 5a), the fraction of the
hydrolyzed cationic form (δMorH+) only accounts for 0.24 of
the total morpholine at physiological pH 7.4 (total amount is
1), that is, a major amount (0.76) of 1d is in the charge-neutral
state and cannot form ionic interactions with EY. The plot of
the distribution coefficient of δMorH+ versus pH gives a steep
change of the MorH+ fraction under the slightly acidic
condition. For example, at pH 6.5, the MorH+ fraction
increases to 0.72, and at pH 5.5, the cationic fraction is further
increased to 0.96. Since EY is highly acidic with pKas of 2.0 and
3.8, EY should mostly be in the anionic state under weakly
acidic conditions. Therefore, the ionic interactions between 1d
and EY should be strongly pH-dependent in a weakly acidic
environment.

To test this hypothesis, the UV−vis absorption spectra of 1d
and EY under different pH values (aqueous solution
containing NaCl) were recorded. As shown in Figures 5b
and S18a,b, there are significant increases of absorbance in the
bathochromic-shifted region upon lowering the pH. For
example, at pH 7.4, the OD600nm is 0.08, which increased to
0.26 and 0.30 at pH values of 6.5 and 5.5, respectively. At pH
5.1, a maximal OD600nm was obtained, while further decreasing
the pH did not favor ionic pairing probably because EY cannot
maintain the anionic state in strong acidic conditions (Figure
S18a,b).

It is known that elevated acidity was found in various disease
tissues including those of cancer, inflammation, arthritis, and

Figure 4. Detecting active gold in living systems. A GolS-mCherry
system selectively responds to reactive gold species by expressing red-
fluorescent mCherry (inset). The E. coli cells the containing GolS-
mCherry system showed selective turn-on of red emission in the
presence of 1d (100 μM) and EY (100 μM) and under 600 nm red
light irradiation. In the absence of either 1d, EY, or light, red
fluorescence cannot generate the red fluorescence.
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ischemia.76 In tumor tissues, the local microenvironment has
an acidic pH ranging from 5.5 to 7.0.77 In this regard, we chose
pH values of 5.5 and 6.5 as compared to 7.4 to examine the
activation efficiency in living cells. To our delight, the GolS-
mCherry E. coli cells displayed an obvious pH-dependent red
fluorescence (Figure 5c), with intensity increased by 3.4-fold
and 4.5-fold at pH 6.5 and 5.5 relative to that at pH 7.4,
respectively, at 20 μM of 1d (similarly at 10 μM), which is in
good agreement with the strength of ion pairing as calculated
(Figure 5a) and measured (Figure 5b).
Then we examined whether the antitumor effect under an

acidic environment had a better performance than the
physiological pH. We exploited the red light-activated
cytotoxicity of “1d + EY” against colon carcinoma HCT116,
breast cancer MCF-7, and human non-small-cell lung cancer
A549 cell lines by MTT assays with a pH at 5.5 as an example.
As shown in Figure 5d and Table S1, the cell viability was
increased by 3-, 2.5-, and 4.5-fold at acidic pH compared to the
neutral conditions for HCT116, MCF-7, and A549 cells,
respectively. Similar increments of photocytotoxicity were

found at pH 6.5 (Figure S19). Thus, the ion-pairing effects
based on a pH-sensitive morpholine-containing prodrug and
EY may indeed render a targeted prodrug activation by red
light in an acidic tumor microenvironment.

Afterward, we tested whether 1d can be selectively activated
by red light in vivo. A zebrafish-based tumor xenograft model,
which can mimic the tumor microenvironment, was estab-
lished.78,79 HCT116 cells stably expressing EGFP (by the
CMV promoter) were injected into the yolk sac of new-born
wild-type zebrafish with immature immune systems. 1 day
later, the tumor-bearing zebrafish was treated with “1d + RB”
(RB was used to avoid the green emission interference of EY),
which was followed by 630 nm light irradiation for 30 min. As
shown by the results in Figure 6a,c(i), the green emission
almost fully vanished in the “1d + RB”-630 nm group
compared to the groups in the absence of either 1d, RB, or
light irradiation, suggesting the effective release of active gold
in the tumor model. Since previous reports have demonstrated
that active gold can effectively inhibit blood vessel formation
that is associated with tumor angiogenesis in zebrafish,39,80−82

Figure 5. Tumor-targeted photocatalytic prodrug activation. (a) Theoretical calculation for the equilibrium of morpholine (Mor) hydrolysis in
aqueous solution, showing a high increase of the cationic MorH+ content under slightly acidic conditions. (b) Absorbance of the 1d and EY in
aqueous solution (with 0.1 M NaCl) at the red color region. (c) Emission intensity of GolS-mCherry E. coli cells treated with “1d + EY”-600 nm
light at different pH. (d) Inhibition of cell growth after treating cancer cells at different pH.
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we further studied the activity of “1d + EY” on blood vessel
formation during zebrafish development. The Tg (flk1-
EGFP)S843 transgenic zebrafish embryos were treated with
“1d + EY” or the same concentration of single 1d, EY, or
solvent for 1 h, followed by 600 nm light irradiation for 30 min.
After a total of 5 days of embryo development, the fluorescence
images were collected. As exhibited in Figure 6b,c(ii), the
vasculature system in “1d + EY”-treated zebrafish plus red-light
irradiation was significantly impaired, especially in the DLAV
and ISV. For comparison, the blood vessels of zebrafish in the
group treated with 1d alone, EY alone, or without light were
growing normally, indicating the effective release of active gold
species in zebrafish.
Ion-Pairing Phenomena between EY and Clinic

Drugs, Photocages, and Precursors of Labeling Agents.
As mentioned before, the pH-dependent bathochromic shift is
induced by the morpholine moiety, which is a well-known
functional group in a number of clinical and experimental
drugs for treatment of cancer, infectious diseases, central
nervous system disease, etc.83 We tested if those morpholine-
containing drugs display a similar pH-dependent absorption
change by using alectinib and gefitinib, two clinic drugs for
non-small-cell lung cancer as examples. As shown in Figure
S20a−d, both compounds showed a significant red shift of
absorption, which is concentration- and pH-dependent.
Interestingly, similar bathochromic shifts were found in the

secondary-amine-containing mitoxantrone (Figure 7a). In
addition to therapeutic drugs, the morpholine-containing

phenyl azide, aniline, trifluoromethylphenyldiazirine, and
diazirin-alkyne (Figure 7B), which can act as caged groups
and/or photolabeling agents,84 also formed ion pairs selectively
at weak acidic pH (Figure S21a−d). In particular, a boronic
ester-caged alectinib prodrug (Ale-BE) was synthesized
(Figure 7c), which similarly displayed an acid-favored red
shift of absorbance with EY and RB (Figure S20e,f) and can be
efficiently converted into alectinib by, for example, RB under
630 nm irradiation. A selective cytotoxicity to lung cancer
H3122 cells (EML4-ALK rearranged) was found under acidic
conditions (Figure 7c and Table S2). Also, a pH-dependent
photoreactivity of MorAn and MorDiz to oligonucleotides was
found (Figure S22). These preliminary results suggest that the
ion-pair strategy may have applications in targeted activation of
different prodrugs and in localized proteome mapping.78

Figure 6. Antitumor activities in zebrafish models. (a) Inhibition of
tumor growth by 630 nm light-activated “1d (40 μM) + RB (40 μM)”
in zebrafish bearing HCT116/GFP xenografts. (b) Antiangiogenic
activity by 600 nm light-activated “1d (100 μM) + EY (100 μM)” in
Tg (flk1-EGFP)S843 transgenic zebrafish. The yellow and blue arrows
refer to dorsal longitudinal anastomotic vessel (DLAV) and
intersegmental vessel (ISV), respectively. (c) Quantified fluorescence
intensity (averaged) in zebrafish HCT116/GFP xenograft (i) and
transgenic zebrafish (ii) models. Figure 7. Ion-pairing interactions with other biorelevant molecules.

(a) UV−vis absorption spectra for the mixture of EY and
mitoxantrone (MTX) at different pH. The images for the solution
are also shown. (b) Chemical structures of the morpholine (amine)-
containing clinic drugs, caged groups, and precursors of reactive
labeling agents, all showing acid-driven ion-pairing phenomena. (c)
Chemical structure of Ale-BE, its photochemical conversion into
alectinib by RB under 630 nm irradiation for 30 min, and the relative
viability of H3122 cells treated with “Ale-BE + RB” and under 630
nm irradiation for 60 min.
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■ CONCLUSIONS
In summary, we have uncovered a feasible strategy for targeted
activation of morpholine-containing prodrugs by red light with
high efficiency. This was achieved by introducing the
photosensitizer EY/RB that could form ion pairs with the
morpholine-containing gold(III)-hydride prodrug 1d and
efficiently activate the thiol reactivity and anticancer activity
of this gold prodrug. Of note, the morpholine moiety renders
the ion-pairing effect to be pH-sensitive, and a significant
bathochromic shift of absorption tailing to the deep-red region
was found under slightly acidic conditions. This results in
selective formation of ion pairs in the tumor acidic micro-
environment rather than weakly alkaline normal sites, showing
prominent and targeted phototherapeutic efficacy to cancer
cells in vitro and in vivo. In view that the ion-pairing
phenomena were similarly found in morpholine (amine)-
containing clinic drugs, photocages, and precursors of reactive
labeling agents, it is believed that this ion-pair strategy may
afford ample opportunities not only for targeted drug
activation but also in mapping of interactomes within localized
surroundings.
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