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A B S T R A C T   

Gasotransmitters like nitric oxide, carbon monoxide, and hydrogen sulfide with unique pleiotropic pharmaco-
logical effects in mammals are an emerging therapeutic modality for different human diseases including cancer, 
infection, ischemia-reperfusion injuries, and inflammation; however, their clinical translation is hampered by the 
lack of a reliable delivery form, which delivers such gasotransmitters to the action site with precisely controlled 
dosage. The external stimuli-responsive prodrug strategy has shown tremendous potential in developing gaso-
transmitter prodrugs, which affords precise temporospatial control and better dose control compared with 
endogenous stimuli-sensitive prodrugs. The promising external stimuli employed for gasotransmitter activation 
range from photo, ultrasound, and bioorthogonal click chemistry to exogenous enzymes. Herein, we highlight the 
recent development of external stimuli-mediated decaging chemistry for the temporospatial delivery of gaso-
transmitters including nitric oxide, carbon monoxide, hydrogen sulfide and sulfur dioxide, and discuss the pros 
and cons of different designs.   

1. Introduction 

Gasotransmitters represent a class of endogenously generated 
gaseous molecules carrying important biological information under both 
physiological and pathological conditions. To date, nitric oxide (NO), 
carbon monoxide (CO), and hydrogen sulfide (H2S) are widely recog-
nized as the triumvirate of gasotransmitters in mammals, despite that all 
of them been believed to be toxic gases for many years [1–3]. NO is the 
first gasotransmitter identified in mammals, of which discovery led to 
the award of Nobel prize in Physiology or Medicine in 1998. NO is 
endogenously generated by the catabolism of glycine by NO synthases 
(endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS 
(iNOS)), and is initially identified as the endothelium-derived relaxing 
factor (EDRF) [4]. After that, mounting evidence indicates NO’s physi-
ological roles in a wide range of biological processes, including neuro-
transmission [5], innate immunity [6], and vasomotor tone [7], among 
others [4,8]. Following NO’s discovery, CO was also generated endog-
enously by the catabolism of heme in the presence of heme oxygenases 
(HO-1/2) at a rate of 18 μmol/h in humans [9]. Over the past decades, 
ample studies demonstrated that CO was broadly involved in the 

regulation of immune response [10], modulating inflammation [11], 
and tissue damage control [12], with importance akin to NO. Hydrogen 
sulfide was the third gasotransmitter identified with important roles in 
the immune, gastrointestinal, endocrine, and central nervous systems 
[13]. It was primarily generated by the catabolism of cysteine and ho-
mocysteine in the presence of cystathionine β-synthase (CBS), cys-
tathionine γ-lyase (CSE), and cysteine aminotransferase (CAT)/3- 
mercaptopyruvate sulfur transferase (3-MST) [14]. In addition to the 
triumvirate of gasotransmitters, others are emerging as potential gaso-
transmitter candidates, including sulfur dioxide, ammonia, methane, 
hydrogen [15], and in particular SO2, whose regulating roles in the 
cardiovascular system have been firmly established [16]. SO2 is 
endogenously generated by the catabolism of sulfur-containing amino 
acids (e.g. L-cysteine) in the presence of cysteine oxidase [17]. In 
addition, the oxidation of H2S by NAPDH oxidase also leads to the for-
mation of SO2 [18]. Mounting evidence presents SO2 as the fourth family 
member of gasotransmitters. For example, endogenous SO2 displays 
vasorelaxant effect via the cGMP pathway, and exhibits synergistic ef-
fects with NO on smooth muscle relaxation [19]. 

In addition to their physiological roles, tremendous studies indicated 
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that these gasotransmitters exhibited promising therapeutical effects 
against a wide range of human diseases [3,20,21]. NO presents a myriad 
of pharmacological effects, including vasodilative, anticancer, anti- 
infective, anti-thrombotic, and anti-inflammatory effects [22]. Some of 
these pharmacological effects have led to the approval of several NO- 
based therapeutics, such as inhaled NO for pulmonary hypertension 
[23], nitroglycerine for the treatment of acute angina [24], and Vyzulta 
for glaucoma. CO also exhibits pleiotropic pharmacological effects, 
including anti-inflammatory, anti-cancer, and anti-microbial, among 
others [25], and some clinical trials using CO gas or CO releasing mol-
ecules (CORMs) to treat human diseases (i.e. sickle cells disease, organ 
transplantation, pulmonary fibrosis, acute respiratory distress syndrome 
and pulmonary hypertension) have been initiated [26]. Similarly, H2S 
also showed promising therapeutic effects against a wide range of 
human diseases, including cancer, ischemia-reperfusion injury, acute 
and chronic inflammatory diseases, and Parkinson’s and Alzheimer’s 
disease [17,20,27,28]. H2S-based therapeutics is being tested in clinic as 
well [29–31]. Ample studies have established the therapeutic potential 
of SO2 against several human diseases, including cancer, bacterial in-
fections, and fibrosis, among others [32,33]. 

Despite the above-mentioned progress, the translation of gaso-
transmitters into clinical practice is faced with several challenges, 
foremost among which is their delivery in a controllable and targetable 
way. The inhaled form is not ideal for clinical practice because of the 
difficulties in dosage control. All the above-mentioned gasotransmitters 
were toxic when overdosed. In addition, gasotransmitters are featured 
with biphasic (or bell-shaped) pharmacological effects, which means the 
gasotransmitters will exhibit different or even opposite biological phe-
notypes at different concentrations. For example, at low concentrations 
(< 200 μM), H2S was demonstrated to be pro-tumorigenic, while was 
anti-tumorigenic at high concentrations [34]. In another instance, H2S 
at low concentrations (0.01 to 1 μM) functions as a mitochondrial sub-
strate to protome the ATP synthesis and metabolism [35], while at high 
concentrations (3–30-fold), H2S inhibits the activity of cytochrome C 
oxidase, leading to the generation of free radical, glutathione deletion 
and pro-apoptotic responses [36]. CO, NO and SO2 were also reported to 
show similar biphasic effects [33,37,38]. Consequently, it is pivotal to 
precisely control the dosage delivered. The other issue associated with 
the inhaled form is the lack of targetability. Targeted delivery is also of 
crucial importance for the clinical translation of gasotransmitters. 
Firstly, due to their toxic profiles and biphasic effects, it is highly 
desirable to deliver the gasotransmitters to the disease site with a pre-
cisely controlled dosage. Secondly, NO is chemically unstable with a 
half-life of only seconds under physiological conditions. H2S is also 
chemically reactive and is prone to rapid thiol exchange with other 
endogenous persulfide species. SO2 will form HSO3

− /SO3
2− pair quickly in 

an aqueous solution. Although HSO3
− /SO3

2− was ever used as an SO2 
surrogate to study SO2 biology, the phenotypes obtained with HSO3

− / 
SO3

2− and gaseous SO2 are different from each other in some cases [19]. 
In contrast, CO is chemically inert and is not metabolizable. However, it 
shows a very high affinity toward hemeproteins, such as hemoglobin 
and myoglobin, both of which are abundantly and ubiquitously 
distributed, and thus these two proteins will function as CO scavengers 
to lower the real effective concentrations of CO. Therefore, compared 
with localized delivery, a much higher dosage is required for the non- 
targetable delivery form to elicit the same phenotype, which will inev-
itably result in off-target toxicity effects. 

Prodrug strategy has been demonstrated to be very successful and 
fruitful in addressing drug delivery issues [39]. Over the past decades, 
tremendous progress has been witnessed in the development of gaso-
transmitters prodrugs, a few of which have been approved for clinical 
usage or tested in clinical studies. The majority of these prodrugs employ 
the traditional prodrug strategy, which relies on endogenous metabo-
lites or enzymes to unleash the active gasotransmitters. Such prodrugs 
are not ideal for targeted delivery and dosage control. In most cases (if 
not all), the endogenous stimuli are ubiquitously distributed and not 

disease-specific. Thus, premature activation is frequently noted before 
reaching the targeted site. Additionally, the levels of the endogenous 
stimuli vary from individual to individual, or even from cell to cell (i.e. 
cancer heterogeneity), and thus the same dosage of the prodrug does not 
necessarily mean the same dosage of the active gasotransmitter in 
different individuals. In recent years, external stimuli activated prodrug 
strategy has aroused increasing attention for temporospatial delivery of 
drug molecules. Such external stimuli include light [40], chemical [41], 
X-ray [42,43], and mechanoforce [44]. As compared to endogenous 
stimuli, external stimuli possess several advantages, especially in terms 
of drug activation with very high temporospatial specificity and precise 
dosage control irrespective of the individual differences among subjects. 
Over the past decades, external stimuli mediated bond-cleavage has 
found successful applications in the development of gasotransmitter 
prodrugs (Fig. 1). Herein, we highlight various external stimuli-based 
prodrug strategies for gasotransmitters, including NO, CO, H2S as well 
as SO2, and discuss the pros and cons of different systems. Noteworthy, 
the focus of this article is primarily placed on external stimuli mediated 
decaging chemistry for gasotransmitter prodrug design. The design of 
external stimuli-sensitive nanoparticles to release the encapsulated 
active drugs is fall out of the scope of this review, for which the readers 
may refer to excellent reviews for more details [45–48]. 

2. External stimuli-responsive NO prodrugs 

NO prodrugs are the most well-developed among the gaso-
transmitters with several of them being approved for clinical usage. All 
the approved NO prodrugs as well as most of the reported ones are in 
response to endogenous stimuli. However, NO is a reactive radical and 
possesses a very short half-life (seconds) under physiological conditions 
[49], thus untargeted NO delivery may result in some unwanted off- 
target effects, such as heart rate acceleration and blood pressure 
reduction. In contrast, NO prodrugs in response to external stimuli 
possess a much better spatiotemporal control over NO activation. In this 
section, we will summarize NO prodrugs in response to various external 
stimuli, including light, chemical (click and release strategy), transition 
metals, and exogenous enzymes, and we only focused on organic small- 
molecule NO prodrugs. The readers are referred to other reviews for 
transition metal-based NO prodrugs [40]. 

2.1. Photoresponsive NO prodrugs 

The past few decades have witnessed the development of enormous 
photoresponsive NO prodrugs, which can be generally categorized into 
three types based on the activation mechanism (Fig. 2). Dia-
zeniumdiolates (NONOates) were known to decompose to NO sponta-
neously in an aqueous solution with half-lives ranging from seconds to 
minutes [50]. However, its O2-alkylated derivatives are quite stable 
with no NO release under the same conditions, and a series of NO pro-
drugs were thus devised by installing various enzyme-responsive func-
tional groups at this position [51,52]. It is thus deduced that putting a 
photoremovable protecting group (PPG) at the O2 position will yield a 
photoresponsive NO prodrug (Fig. 2A). o-Substituted nitrobenzene 
represents another type of photosensitive NO prodrugs. Photoirradiation 
of o-substituted nitrobenzene resulted in isomerization to yield the ni-
trite intermediate, which thermally liberates NO to form phenol 
(Fig. 2B). The N-nitroso amine is the third type of photoresponsive NO 
prodrug, which can be readily activated upon photoirradiation to 
liberate NO and corresponding amine. Normally, the amine functions as 
a light-absorbing antenna to activate NO release, and when the 
employed amine is a fluorophore, a fluorescence turn-on is concomi-
tantly observed upon NO activation, which greatly facilitates the track 
and self-calibration of NO release (Fig. 2C). 

Tsien and co-workers introduced an o-nitrobenzyl protecting group 
at O2 position of NONOates, and the afforded compounds were stable in 
oxygenated aqueous solutions, and readily release NO upon UV 
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Fig. 1. External stimuli mediated decaging chemistry for the on-demand activation of gasotransmitters for treating various human diseases.  

Fig. 2. Photoresponsive NO prodrug design with different activation mechanisms.  
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Fig. 3. Representative NO prodrugs.  
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irradiation [53]. Appealingly, two such NO prodrugs 1a/b achieved 
temporal-spatial NO release (Fig. 3A). Specifically, prodrug 1a with two 
carboxylic acid groups was membrane impermeable, and thus extra-
cellular NO release can be achieved. However, prodrug 1b with the 
carboxylic acid group esterified with acetoxymethyl groups was 
membrane-permeant and intracellularly hydrolyzable. The acetox-
ymethyl group was removed by esterase after entering the cell, and the 
afforded compound 1a was confined to the intracellular compartment. 
With these two prodrugs, NO release can be precisely controlled with 
high temporal-spatial resolution. 

To facilitate the visualization of NO release in a biological system, a 
fluorogenic self-immolative linker was inserted between the o-nitro-
benzyl protecting group and diazeniumdiolate (2). Photodecaging fol-
lowed a 1,8-elimination liberated diazeniumdiolate for NO release, and 
a fluorescent reporter molecule was also concomitantly formed, which 
was employed in live cells to visualize the NO release process [54]. 
Alternatively, Ericson and coworkers employed a latent anthracene 
fluorophore-based PPG to cage cupferron (3). After the removal of PPG 
by UV light (370 nm, or 745 nm two-photon), cupferron was efficiently 
unmasked to release NO, and a blue fluorescent anthracene photo-
product was simultaneously generated as a self-reporter to track NO 
release in cells [55]. Replacing the PPG with a meso-methyl BODIPY 
group yielded a visible light-activated NO prodrug 4 [56]. Prodrug 4 can 
be activated to release NO by green light (530–550 nm) with a quantum 
yield of 0.008. The treatment of 4 plus green light irradiation unam-
biguously displayed NO-associated vasodilation effects on rat aorta, 
which was attenuated by the pretreatment with an sGC inhibitor, indi-
cating that the observed phenotype was attributable to NO release. 

Sortino and colleagues found that photoirradiation (UV to visible 
light) of flutamide 5 led to efficient NO release (Fig. 3B) [57]. It was 
shown that the presence of the o-CF3 group is crucial to NO release, 
because it sterically forced the nitro group to adopt a twisted geometry. 
The introduction of a more electron-donating amino group at the para 
position constructed an electron push-pull system (6), which bath-
ochromically shifted the absorption band by 80 nm and enhanced more 
than one order of magnitude in the average absorption coefficient. As 
such, visible-light excitation of 6 led to a neat release of NO in PBS buffer 
[58]. To facilitate the visualization of NO release in a biological system, 
compound 7 was conjugated with the anthracene fluorophore via an 
alkylic linker, and the fluorescence of the anthracene was quenched by 
the trifluoromethylnitrobenzene moiety via an energy transfer mecha-
nism [59]. Upon a 420 nm light irradiation, NO release occurred with 
the formation of a photoproduct resuming the fluorescence of the 
anthracene moiety, which was employed in Hela cells to visualize NO 
release. Compound 6 was also conjugated with other functional moieties 
(i.e. photosensitizer) for combinational therapy [60]. Other nitroarenes 
also exhibited photoactivated NO-releasing property. 6-nitroBap (8a) 
can be photoexcited to release NO, however, its structural analogs 1- 
nitroBaP (8b) and 3-nitroBaP (8c) presented no NO release upon pho-
toirradiation. It was reasoned that the nitro group in 6-nitroBaP was 
more sterically hindered than the ones in 1-nitroBaP and 3-nitroBaP, 
and thus presented a nonplanar torsional conformation, which has 
been demonstrated to be critical for photoinduced NO release [61]. 
Based on this observation, the Miyata group synthesized a series of 2,6- 
dimethylnitrobenzene derivatives (9–10) and studied their photoin-
duced NO release profiles. As expected, the presence of the two methyl 
groups is vital for NO release. Derivatives with extended conjugation 
π-electron systems displayed better NO release activity. In addition, one 
representative analog 10 was applied in HCT116 cells, and the NO- 
induced cytotoxicity was precisely controlled by photoirradiation 
(330–380 nm) with high temporospatial resolution [62]. However, the 
maximum absorption band is still in the UV-A range. To overcome this 
limitation, 2,6-dimethylnitrobenzene moiety was conjugated with a 
two-photon excitation chromophore fluorescein to yield compound 11, 
which showed efficient NO release (8.3% within 10 min) upon a pulse 
laser irradiation (720–800 nm) [63]. Photoinduced NO release from 

compound 11 was also confirmed in HCT116 cells by a fluorescent NO 
probe. Importantly, the administration of prodrug 11 plus NIR pulse 
laser irradiation resulted in NO release in living mouse brains with very 
high spatiotemporal accuracy and elicited NO-associated vasodilation 
effects [64]. To achieve suborganelle targeted NO delivery, the 2,6- 
dimethylnitrobenzene moiety was appended to a mitochondria- 
targeted fluorophore. The afforded prodrug 12 was specifically local-
ized in the mitochondrial matrix, and after UV irradiation (330–380 
nm), mitochondria-targeted NO activation was readily realized [65]. In 
another instance, the 2,6-dimethylnitrobenzene moiety was conjugated 
with the mitochondria-targeted fluorophore via a conjugated ethylene 
group [66]. As such, prodrug 13 not only possessed mitochondria- 
targeting capacity but also could be excited to release NO by green 
light (530–590 nm). Mitochondria-targeted NO delivery was achieved in 
HEK293 cells using prodrug 13 plus green light irradiation, and NO- 
induced mitochondrial fragmentation was also observed at relatively 
low concentration (1 μM) due to the localized NO activation. 

The third type of photoresponsive NO prodrugs is N-nitroso amine. 
The N-nitroso amine is a very versatile scaffold for NO prodrug design. 
The proof of concept was established by Fujimori and co-workers in 
1997. The designed compound 14 released two equivalents of NO upon 
irradiation with UV light in PBS buffer (Fig. 3C) [67]. After the seminal 
work of Fujimori, a myriad of photoresponsive NO prodrugs were 
developed to redshift the activation wavelength to the biologically 
transparent window and/or to endow the NO prodrugs with a fluoro-
genic nature after NO release, such that NO release can be self-calibrated 
and visualized in a biological system. In most cases, such NO prodrugs 
were designed by direct nitrosylation of fluorophores bearing secondary 
aromatic amino groups. The fluorophore can serve as not only a light- 
absorbing antenna to activate N-nitroso amine moiety to release NO, 
but also a self-reporter to calibrate NO release due to the fluorogenic 
nature upon NO activation. Shown in Fig. 3C were a selection of such 
photoresponsive NO prodrugs. Based on the scaffold of rhodamine, 
several photoactivated NO donors (15–17) were devised with the acti-
vation wavelength ranging from 365 nm to 540 nm [68–70]. All these 
NO prodrugs exhibited fluorescence turn-on upon NO activation. Pro-
drug 15b with a morpholine moiety displayed lysosome targetability 
[71]. It was interestingly found that the nitrosamine group was 
orthogonal to the plane of the chromophore in the structures of prodrug 
16–17, while in the case of prodrug 17, the nitrosamine group was 
restricted to a coplanar geometry, and as such, the N-N bond in the later 
was much weaker than the one in the formers. Consequently, prodrug 17 
displayed more efficiently NO release (~23-fold) than prodrug 16 under 
the same conditions [72]. Prodrugs 18 and 19 exhibited two-photon 
activated NO release at a wavelength of 740 nm and 800 nm, respec-
tively [73,74]. Interestingly, prodrug 19 showed ratiometric fluores-
cence change (from blue to green) upon NO activation due to the 
switched-on FRET effect after NO release [74]. Appealingly, com-
pound 20 also displayed efficient NO release upon visible light irradi-
ation (>420 nm), despite that no phenyl ring was present in its structure. 
Bathochromic shift of the absorption of compound 20 was attributed to 
HOMO (n) to LUMO (π*) transitions associated with the nonplanar 
structure of the N-NO moiety [75]. For in vivo applications, NIR- 
activated NO prodrugs are highly desirable. In 2018, Chan and co- 
workers devised a NIR-activated NO prodrug 21 bearing an aza- 
BODIPY skeleton. Appealingly, prodrug 21 displayed ratiometric fluo-
rescence change upon NO activation. In addition, prodrug 21 can also 
function as an excellent photoacoustic sensor, and thus the NO release 
can be monitored by photoacoustic tomography in vivo, which is a 
noninvasive technology combining the advantages of tissue-penetrant 
NIR excitation with ultrasonic detection to realize imaging at depths 
up to 10 cm in vivo. Importantly, administration of prodrug 21 plus NIR 
irradiation significantly attenuated tumor growth in a murine model for 
breast cancer with no weight loss or other side effects observed [76]. 

Very recently, the Hu group also devised a NIR photoactivatable NO 
prodrug 22 based on the aza-BODIPY scaffold. Importantly, the 
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introduction of the N-nitrosamine moieties to aza-BODIPY derivatives 
endowed prodrug 22 with a J-aggregate forming capacity, which dis-
played a remarkable bathochromic shift of 109 nm to the NIR window 
(820 nm). In addition, changing the loading ratio of 22 within the 
micellar nanoparticle can fine-tune the NO release and photothermal 
conversion efficiency for combinational therapy. Importantly, such a 
nanoprodrug displayed promising antibacterial effects against MRSA 
infection both in vitro and in vivo [77]. Alternatively, the Hu group 
creatively devised a NIR-activated NO prodrug via a photoredox catal-
ysis strategy. The NO prodrug 23 can only be excited to release NO by 
UV light. However, in the presence of a NIR-activated photosensitizer 
palladium(II) tetraphenyltetrabenzoporphyrin (PdTPTBP, 24), prodrug 
23 can be activated by NIR light (700 nm) to liberate NO via a photo-
induced electron transfer mechanism [78]. 

Besides direct nitrosation of the chromophore with a second amine, 
nitrosamine-based NO prodrugs can also be designed by linking N- 
nitrosoaminophenol moiety to chromophore via a methylene unit, and 
several photoresponsive NO prodrugs were devised following such a 
strategy [79,80]. The suggested NO release mechanism involves 
photoinduced electron transfer from the N-nitrosoaminophenol group to 
the excited chromophore. Therefore, the distance between the N-nitro-
soaminophenol moiety and the chromophore is important for NO release 
efficiency. For example, prodrug 26 showed the most efficient NO 
release among these analogs due to the proximity effect between the N- 
nitrosoaminophenol group and the rhodamine moiety. Interestingly, 
installing an additional group at the phenolic hydroxyl group 
completely blocked photoactivated NO release. Based on this, the 
Nakagawa group conjugated a D-galactose moiety with the hydroxyl 
group, and the afforded compound 27 displayed no NO release upon 
green light irradiation. However, after removing the D-galactose moiety 
by β-galactosidase, the photoactivated NO release was resumed [81]. 
Therefore, the scaffold of prodrug 26 could serve as an excellent mo-
dality for the design of NO prodrugs, of which activation is gated by a 
molecular “AND” logic trigger (photoirradiation plus the other 
stimulus). 

In aggregate, photoresponsive NO prodrugs possess the advantage of 
on-demand activation with high temporospatial resolutions, which 
serves as invaluable tools not only for targeted NO delivery but also for 
elucidation of the mechanisms of action of NO. However, it should be 
kept in mind that although a myriad of photoresponsive NO prodrugs 
have been devised, NIR-activated NO prodrugs remain sporadic, and 
further efforts should be devoted to the development of photoresponsive 
NO prodrugs activated by NIR-I or NIR-II light for in vivo applications. 

2.2. Transition metal-responsive NO prodrugs 

Diazeniumdiolates (NONOates, 29) were known to decompose to 2 
equivalents of NO spontaneously in an aqueous solution with half-lives 
ranging from seconds to minutes [50]. However, its O2-alkylated de-
rivatives are quite stable with no NO release under the same conditions, 
and a series of NO prodrugs were thus devised by installing various 
enzyme-responsive functional groups at this position [51,82]. In 2018, 
Huang and co-workers installed a propargyl group at the O2 position, or 
O-propargyl, O-allyl, or O-1,2-allenyl group masked self-immolative p- 
hydroxybenzyl alcohol linker, yielding potential NO prodrugs 28 and 
30a-c, respectively [83]. Palladium (0) is widely known to mediate 
depropargylation and deallylation efficiently under physiological con-
ditions to activate drug payload release [84–87]. Therefore, in the 
presence of a palladium (0) catalyst, compound 28 will be depro-
pargylated to yield diazeniumdiolates for NO release, and in the case of 
30, palladium(0)-mediated dealkylation will unmask the self- 
immolative linker, which elicits a fast 1,6-elimination to afford the 
diazeniumdiolates 29 for NO release (Fig. 4A). Both compounds 28 and 
30 were quite stable in PBS buffer and bovine serum, and thus presented 
reduced cytotoxicity in cancer cells (IC50s: 25.0–33.9 μM), while in the 
presence of 1 μM of Pd(dba)2, NO release was concomitantly observed 
with a maximum releasing yield of around 58%, and much enhanced 
antiproliferative activity was yielded accordingly (IC50s: 1.5 to 7.0 μM). 
In addition, the antiproliferative potency was correlated well with the 
intracellular NO-releasing yield, as indicated by a NO-responsive 

Fig. 4. NO prodrugs activated by transition metal palladium (A) and a click reaction (B).  
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fluorescent probe. Although in-vivo activation of NO was not probed in 
this work, it is anticipated that on-demand NO activation can be readily 
achieved by employing Pd(0) based nanomaterials. In addition, many 
other transition metal-mediated decaging reactions were reported and 
can be adapted for the specific activation of NO in a biological system 
[88–90]. However, the presence of a transition metal in the biological 
system may raise toxicity concerns, in particular in the case of long-term 
exposure. The transition metal-associated toxicity issues need to be fully 
addressed before clinical translation. 

2.3. Click chemistry-responsive NO prodrugs 

The click chemistry has significantly facilitated the studies at the 
interface of chemistry and biology due to its bioorthogonality [91,92]. 
In recent years, click reactions with a bond-cleavage nature have been 
widely leveraged for the design of bioorthogonal prodrugs. Unlike its 
traditional counterpart, a bioorthogonal prodrug is inert to the endog-
enous stimuli, and is specifically activated upon a click reaction with an 
externally applied agent. A series of such strategies have been elegantly 
developed for the on-demand activation of cytotoxic agents both in vitro 
and in vivo [93–95]. The click reaction between tetrazine and isonitrile 
was recently employed to activate a masked fluorophore or cytotoxic 
agent [96]. Inspired by this, Huang and co-workers devised a bio-
orthogonal NO prodrug 32 using the click pair of tetrazine and isonitrile 
[97]. As depicted in Fig. 4B, the initial 4 + 1 cycloaddition between 32 
and 33 led to the formation of 34. After tautomerization and hydrolysis, 
37 was formed, which underwent a beta-elimination to liberate the 
NONOates for NO activation. Prodrug 32 was very stable in PBS and 
bovine plasma for at least 24 h, while the addition of tetrazine 33 led to 
63% of NO release within 2 h. Tetrazine 33 was also able to specifically 
switched on NO-associated antiproliferative activity in cancer cells, in 
particular HCT116 cells. Noteworthy, one molecule of acrolein 38 was 
generated at the beta-elimination step, which also contributed to the 
inhibition of cancer cell proliferation. For in vivo application, both 32 

and 33 were encapsulated into liposomes separately, and the afforded 
liposomes were co-incubated with zebrafish implanted with HCT116 
cells, resulting in specific NO activation at the tumor site and very 
pronounced anti-tumor effects, while mono-treatment with either lipo-
some exhibited no such effects. These results demonstrated the advan-
tages of the bioorthogonal prodrug in temporospatial control over drug 
activation. Noteworthy, the reaction rate constant between tetrazine 
and isonitrile is below 10 M− 1 s− 1, which translates into a half-life of 
around 3 h with an initial concentration of 10 μM. In addition, some 
tetrazines were reported to be liable to fast in vivo clearance (t1/2: mi-
nutes) [98]. Therefore, the reaction rate needs to be fine-tuned for 
optimal performance in vivo. 

2.4. Exogenous enzyme-responsive NO prodrugs 

As mentioned above, NO prodrugs in response to endogenous en-
zymes will likely cause off-target effects due to the widespread distri-
bution of endogenous enzymes in blood and specific tissues. To address 
this issue, Zhao and co-workers proposed a “bump-and-hole” strategy 
for specific NO activation [99]. As shown in Fig. 5A, compound 39 can 
be activated by endogenous glycosidases to unleash the dia-
zeniumdiolate for NO activation. Due to the ubiquitously distributed 
nature of endogenous glycosidases, prodrug 39 will inevitably lead to 
unspecific NO activation. To mitigate this inherent limitation, an analog 
40 with an additional “bump” methyl group at the 6-position was syn-
thesized. Due to the bumpy methyl group, the endogenous glycosidase is 
unable to recognize compound 39 to activate NO release. Meanwhile, a 
mutant glycosidase was engineered by replacing the bulky His residue at 
position 363 with a much smaller alanine residue. As such, a “hole” was 
generated at the active site to accommodate the bumpy 6-methyl group, 
and thus prodrug 40 can be specifically recognized by this mutant 
glycosidase to activate NO release (Fig. 5A). In situ implantation of 
chitosan hydrogel loaded with mutant glycosidase into a targeted site, 
followed by the injection of prodrug 40 yielded very specific NO release 

Fig. 5. NO prodrugs activated by exogenous enzymes. Fig. A was adapted with permission from reference [99]. Copyright 2019 Nature Research.  
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at the targeted site, while the injection of prodrug 39 afforded non- 
specific NO activation at various organs. As a result, the application of 
mutant glycosidase and prodrug 40 exhibited no NO-associated side 
effects in vivo such as heart rate acceleration and blood pressure 
reduction, which were observed in the case of prodrug 39. Importantly, 
compared with 39, prodrug 40 also exhibited enhanced therapeutic 

efficacy in tissue repair and function recovery in both rat hindlimb 
ischemia and mouse acute kidney injury models. Altogether, these re-
sults highlighted the advantages of targeted NO delivery in attenuating 
side effects and enhancing the efficacy, and also presented the “bump- 
and-hole” strategy as a very promising strategy for localized drug 
activation. 

Fig. 6. Photoresponsive CO prodrugs based on various releasing mechanisms.  
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Beta-lactamase is a bacteria-derived enzyme with no homologs in 
humans and thus has been applied as an exogenous enzyme to specif-
ically activate anti-cancer drugs at the tumor site [100–102]. Several 
β-lactamase-activated NO prodrugs were also devised [103,104]. As 
shown in Fig. 5B, compound 41 is quite stable in PBS buffer, while in the 
presence of β-lactamase, the lactam ring is hydrolytically opened, and 
the formed intermediate 42 undergoes 1,4-elimination to afford the NO 
donor 29, which decomposes directly in PBS buffer to generate NO. Such 
NO prodrugs were studied for bacterial biofilm eradication in vitro. 
Although not investigated in those works, it is conceivable that prodrug 
41 together with beta-lactamase can be potentially applied in vivo for 
localized NO delivery by using an antibody-directed enzyme prodrug 
therapy (ADEPT) or other related technology [105]. Because the exog-
enous enzyme possesses no endogenous homologs, specific activation of 
NO can be precisely controlled to significantly alleviate NO-associated 
off-target effects. However, special techniques (i.e. ADEPT) are needed 
to achieve the pretarget of the exogenous enzyme, which may make such 
a strategy less accessible for widespread applications. 

3. External stimuli-responsive CO prodrugs 

Unlike NO, CO is extremely stable under physiological conditions. 
However, CO has a very high binding affinity toward heme-containing 
proteins (i.e. hemoglobin), and thus localized CO activation is also 
highly desirable for therapeutic purposes. As summarized above, the 
activation of NO involves the breakage of an “N-N" or carbon- 
heteroatom bond, which can be readily achieved under physiological 
conditions. However, the activation of CO from an organic molecule 
normally involves the breakage of a carbon-carbon bond, which can 
hardly be achieved by enzyme-mediated cleavage under physiological 
conditions [106–108]. Consequently, the development of small- 
molecule organic CO prodrugs is severely lagged. Although a myriad 
of transition metal carbonyl complexes were prepared as an alternative 
way to deliver CO in the biological system, [109–113] the perceived 
and/or confirmed transition metal associated bio-incompatibility urges 
the development of metal-free CO prodrugs. In this section, we sum-
marize organic CO prodrugs in response to various exogenous stimuli 
and discuss their biological applications. 

3.1. Photoresponsive CO prodrugs 

The first transition metal-free photo-sensitive CO prodrug was re-
ported by the Klán group [114]. Fluorescein analog 44 (Fig. 6A) was 
very stable in phosphate buffer saline (PBS) buffer (pH = 7.4), yet upon 
irradiation with visible light (λ = 503 ± 15 nm), CO release was readily 
detected with a quantum yield of (6.8 ± 3.0) × 10− 4, which could be 
trapped quantitatively by hemoglobin to form carboxyhemoglobin. The 
CO release mechanism was proposed to involve the formation of an 
α-lactone intermediate, which is known to undergo ready decarbon-
ylation. However, the synthesis of compound 44 is very tedious, and 
thus it is challenging to optimize its druggability by structural deriva-
tization. Although visible light is considered to be biocompatible, it can 
hardly be applied in vivo due to the light inaccessibility of deep tissues. 
Klán and co-workers devised a new type of photoresponsive CO pro-
drugs 45 bearing a BODIPY skeleton, which can be activated by visible- 
to-NIR (up to 730 nm) light depending on the R group (Fig. 6A) [115]. 
Compound 45a released CO in response to visible light with a quantum 
yield of (2.7 ± 0.4) × 10− 2, and 45b with extended conjugation sub-
stitution redshifted the activation wavelength to 732 nm. In both cases, 
the existence of oxygen significantly lowered the CO release yield, 
presumably attributed to the bleaching of the starting materials by the 
generated singlet oxygen. The CO release mechanism was also proposed 
to be via the formation of α-lactone, as in the case of compound 44. 
Neither 45a/b nor their photoproducts exhibited any cytotoxicity 
against HepG2 and SH-SY5Y cells at concentrations up to 100 μM. 
Importantly, the administration of 45b to mice with white light 

irradiation led to an increase in both the carbonylhemoglobin (COHb) 
concentration in blood and the CO content in the liver and kidney, 
demonstrating the ability of 45b to efficiently release CO in a fully 
controllable way. 

Naturally occurring 3-hydroxyflavone are known to release CO upon 
UV irradiation. To adapt the 3-hydroxyflavone as a versatile scaffold for 
CO prodrug design, a couple of groups conducted a series of seminal 
works focusing on 3-hydroxyflavone, yielding a number of CO prodrugs 
in response to either photoirradiation (visible-to-NIR light) or multiple 
stimuli (Fig. 6B-F) [116,117]. By extending the conjugation system 
(46a), the activation wavelength of 3-hydroxyflavone derivative 
redshifted to the visible light range with a quantum yield of 0.007 [118]. 
The introduction of two bromo substitutions (46b) to the chromophore 
core increased the decomposition quantum yield (0.16) and also CO 
production yield (from 80% to 95%) [119]. Thiolated analog 46c 
exhibited significantly enhanced CO release quantum yield (0.45). 
Appealingly, compound 46a exhibited bright green fluorescence, and 
yet its photoproduct after CO release displayed no emission at all. This 
feature was employed to track the location of prodrug 46a and indicate 
CO release in A549 cells. Replacing the “O” at 4-position with an “NH” 
(48) retained CO release capacity by visible light irradiation. However, 
its oxidized form (47) is photochemically stable and can be reduced to 
compound 48 by biothiols [120]. Intriguingly, compound 47 exhibited a 
high affinity toward albumin, and the formed complex retained photo-
activated CO release ability. Photoirradiation of the formed complex 
switched on CO-associated antiproliferative activity and anti- 
inflammatory effects in cells. Notably, due to a localized CO delivery 
nature, the 47@albumin complex produced CO-associated cytotoxicity 
with IC50 values among the lowest reported to date (~4 μM). In addi-
tion, 47@albumin complex with irradiation also displayed significant 
anti-inflammatory effects at nanomolar concentrations. 

The 3-hydroxyflavone scaffold is amendable for chemical derivation 
to optimize corresponding profiles [117,121]. For example, installing a 
sulfonate group at the phenyl ring yielded a water-soluble and 
membrane-impermeable CO prodrug 49, which was used to demon-
strate that extracellular CO release was less toxic and produced a similar 
anti-inflammatory effect as compared with intracellular CO release 
[122]. In another instance, a mitochondrial targeting CO prodrug 50 
was devised by conjugating with a triphenylphosphonium (TPP) group, 
which displayed specific mitochondria localized CO release upon pho-
toirradiation. In addition, prodrug 50 also decreased ATP production, 
maximal respiration, and the reserve capacity of A549 cells at a con-
centration of just 10 μM [123]. 

As for the CO release mechanism, it was previously believed that CO 
was generated mainly by the generation of singlet oxygen, which reac-
ted with 3-hydroxyflavone to yield an intermediate 51 for CO release 
(Fig. 6C). However, it was recently found that the pathway of singlet 
oxygen formation contributed minimum to CO production, and CO was 
primarily generated from the oxidation of the triplet state of compound 
46a with the ground-state oxygen, which yielded 51 for CO release 
[124]. Based on such a mechanism, the “C-OH” group at 3-position is the 
key motif responsible for CO release, and any chemical derivation on the 
hydroxyl group would render the afforded derivative inactive for CO 
release. Therefore, installing a bio-responsive functional group on the 
hydroxyl group will yield a new CO prodrug gated by both photo-
irradiation and an endogenous stimulus, further increasing the speci-
ficity of CO release at the site of interest [125–127]. For example, the 
Berreau group installed an acryloyl on the 3-hydroxyl group, yielding 
CO prodrug 53a gated by cysteine and photoirradiation (Fig. 6D) [128]. 
Specifically, in the presence of cysteine, compound 53a is decaged to 
afford 46a, which releases CO upon irradiation by visible light. In the 
absence of either stimulus, no CO release occurs. Interestingly, prodrug 
53a displayed a blue fluorescence (λem = 480 nm), while compound 46a 
showed a bathochromic shift in the maximal emission wavelength (λem 
= 480 nm and 585 nm). Such a ratiometric color change greatly facili-
tates the sensing of endogenous cysteine levels and the tracking of 
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intracellular distribution of CO prodrug 53a in a real-time fashion. In 
another instance, Tang and co-workers appended an H2O2-responsive 
group to the 2-hydroxyl group, yielding a new CO prodrug 53b in suc-
cessive response to H2O2 and photoirradiation [129]. Prodrug 53b 
showed a high two-photon absorption cross-section at 800 nm, and was 
thus precisely excited by a two-photon laser in live cells to release CO. 
Importantly, prodrug 53b was employed to map angiotensin-II-induced 
H2O2 generation in zebrafish by the ratiometric readout, and subsequent 
two-photon irradiation lead to substantial CO release, which elicited 
potent vasodilation effects. 

NIR light displayed much-improved tissue penetration capacity and 
biocompatibility and thus is preferred for in vivo applications. Klán 
group devised a NIR-activated CO prodrug 54 by fusing the flavone 
moiety with a NIR-absorbing cyanine dye (Fig. 6E). Such CO prodrugs 
release two equivalent of CO upon excitation by NIR light up to 820 nm 
with a quantum yield of 0.02 [130]. The water-soluble CO prodrug 54b 
along with its photoproduct displayed no cytotoxicity in HepG2 cells at 
concentrations up to 100 μM after 24 h exposure. Importantly, the 
administration of 54b with photoirradiation (780 nm) resulted in a 
substantial elevation of serum COHb level as well as the CO content in 
the liver and heart tissues in nude SKH1 mice. 

It is known that 3-hydroxyflavone skeleton is reactive toward singlet 
oxygen to release CO. Based on this fact, the Hu group coupled a NIR- 
responsive photosensitizer with 3-hydroxyflavone analog to construct 
a NIR activated CO nanoprodrug (Fig. 6E) [131]. Although prodrug 56 is 
unable to be activated directly by NIR light, in the presence of a 
photosensitizer 55, the NIR light irradiation (650 nm) will constantly 
generate singlet oxygen, which then reacts with prodrug 56 to trigger 
CO release. The CO release was firmly demonstrated by a fluorescent 
probe and specific CO detector in vitro. Noticeably, upon irradiation 
with a 650 nm light, such a CO nanoprodrug displayed an excellent 
antibacterial effect against S. aureus. Interestingly, a saturated CO so-
lution exhibited no bactericidal effect against S. aureus, indicating that 
the localized CO release elicited distinct antibacterial outcomes as 
compared with direct CO administration. Importantly, such a CO 
nanoprodrug plus photoirradiation eradicated MRSA pathogens and 
accelerated MRSA-infected wound healing in vivo. 

Based on the skeleton of 3-hydroxyflavone, the Hu group elegantly 
devised a photoresponsive nanoprodrug 58 for the co-activation of CO 
and NO (Fig. 6F) [132]. It was reasoned that installing a NO-releasing N- 
nitrosoamine group onto 3-hydroxyflavone scaffold allowed the latter to 
function as a light-absorbing antenna, thereby enabling the co- 

activation of NO and CO by visible light irradiation. Prodrug 58 was 
stable for at least 4 weeks in the dark, while it readily releases CO and 
NO simultaneously by a 410 nm light irradiation with a photolysis 
quantum yield of 0.296. Intriguingly, such a nanoprodrug displayed 
remarkable antibacterial activity against S. aureus, which was much 
more pronounced than the control micelles releasing CO or NO alone. 
The combination index (CI) was calculated to be 0.053, indicating a 
superb synergistic effect between CO and NO. Importantly, such NO/ 
CO-releasing micelles also displayed potent antibacterial activity 
against MRSA and accelerated MRSA infection-induced wound healing 
in mice. 

The Liao group found that α-diketone compound 61 could liberate 
two equivalent CO in an organic solvent by visible light irradiation 
(Fig. 6G) [133]. However, in a mixed aqueous solution, compound 61a 
failed to release CO due to hydration of the carbonyl group. This issue 
was circumvented by encapsulating compound 61 into a nanoparticle, of 
which the inner core was hydrophobic, and thus compound 61 existed in 
its diketone form. The obtained micelles delivered CO intracellularly by 
visible light irradiation. In addition, its photoproduct 62 displayed a 
blue fluorescence, which could be employed as an indicator of CO 
release in live cells. In a follow-up study, Liao and co-workers introduced 
a bulky tert-butyl group on the phenyl ring (61b). Due to the steric 
repulsion, the hydration formation was prohibited, and CO release was 
resumed in 1% of DMSO aqueous solution by 470 nm light irradiation. 
61b was further incorporated in a poly(butyl cyanoacrylate) (PBCA) 
nanoparticle, which showed good photoactivity and low cytotoxicity in 
endothelial cells [134]. 

Very recently, Singh and co-workers developed a new type of pho-
toresponsive CO prodrugs with a carbazole scaffold [135]. As shown in 
Fig. 7, upon UV light or two-photo light irradiation, compound 63a 
readily released two equivalents of CO with a quantum yield of 0.19. For 
compound 63b, besides CO release, an alkylating agent chlorambucil 
(Cbl) was also liberated after photolysis for potential combinational 
therapy. Both 63a and 63b presented a blue fluorescence, and yet their 
photoproducts 64a/b exhibited green fluorescence. Such a ratiometric 
change was leveraged in live cells to track the internalization of CO 
prodrug as well as CO release. Light irradiation also switched on the 
antiproliferative activity of 63a/b against B16F10 cells. Importantly, 
the administration of 63a plus laser irradiation (730 nm) manifested a 
significant tumor suppression effect and led to significant improvement 
(>50%) in the overall survival rate in a murine melanoma tumor model. 

In summary, in addition to the advantages of being non-invasive and 

Fig. 7. Photo-induced CO release from prodrugs 63a (ii) and 63b (iii) as indicated by the ratiometric fluorescence change (from blue to green) after CO release. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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having high temporospatial resolution, photoirradiation represents a 
promising strategy to break the “C-C" bond for metal-free CO prodrug 
design, which can hardly be achieved with traditional prodrug strategy. 
Noteworthy, the activation wavelength of most of such photoresponsive 
CO prodrugs falls within the UV-A range, and only a small portion of 
them can be activated by NIR light for in vivo applications. Therefore, 
photoresponsive CO prodrugs in response to NIR-I/II light are 
demanded. 

3.2. Click chemistry-responsive CO prodrugs 

The Diels-Alder cycloaddition between cyclopentadienones 65 and 
alkynes has been known for many years to form a very unstable 
norbornadien-7-one intermediate, which spontaneously undergoes a 
cheletropic reaction to extrude CO. [136] The reaction rate primarily 
depends on the energy gap between the HOMO of alkynes and the LUMO 
of dienones. To make such chemistry applicable in a biological milieu to 
deliver CO, the Wang group employed a strained alkyne (i.e. BCN, 66, 
Fig. 8A) with a high HOMO energy level, such that the cycloaddition 
reaction between a strained alkyne and dienone can occur under phys-
iologically relevant conditions to form norbornadien-7-one 67 in situ for 
CO release. The proof-of-concept was firmly established in a cell-free 
buffer, and such a click and release strategy was successfully applied 
in cells to recapitulate CO’s anti-inflammatory effects [137,138]. In 
addition, the dienones with a naphthalene substitution at R2, R3 posi-
tions generated a fluorogenic click reaction with BCN, which was 
employed as a fluorescent tracker to monitor CO release in cells [138]. 

The reaction kinetics can also be readily tuned from 0.2 to 13 M− 1 s− 1 by 
modifying the substituents on the dienone ring. In a follow-up study, the 
Wang group developed a “click, cyclize and release” delivery platform 
for the co-delivery of CO, a drug payload, and a fluorescent reporter. As 
shown in Fig. 8B, the initial click reaction between 69 and 70 led to the 
activation of CO and the formation of two isomeric intermediates 71a-b, 
both of which were poised to undergo lactonization to unleash the 
secondary payload and afford fluorescent reporters 72a and 72b, 
respectively. A model anticancer drug floxuridine was appended to the 
dienone ring via an ester bond, and the successful release of floxuridine 
and CO was firmly established upon clicking with alkyne 70 in a cell-free 
buffer. The switched-on fluorescence and cytotoxicity upon clicking 
with alkyne 70 in MB231 cells were also validated [139]. Noteworthy, 
the release efficiency for the secondary payload was just around 50% 
due to the lack of regioselectivity for the click reaction. Nevertheless, 
such a high-content click and release platform is invaluable for the co- 
delivery of multiple drug payloads for combinational therapy. 

As for the in vivo application of bioorthogonal prodrugs, normally it 
would require fast reaction kinetics (i.e., k > 100 M− 1 s− 1) for the click 
reaction involved, in that the drug activation efficiency will be signifi-
cantly compromised at low concentrations for click reactions with 
sluggish kinetics. Therefore, it would be challenging to apply the above- 
mentioned CO prodrug in vivo because of the moderate reaction kinetics 
(k = ~1 M− 1 s− 1) [93]. To address this issue, the Wang group conceived 
a new concept of “enrichment triggered prodrug activation" for targeted 
CO delivery [140]. During systemic circulation, due to low concentra-
tions of both alkyne and dienone and the moderate reaction kinetics (k 

Fig. 8. The CO prodrugs based on a “click and release” (A) and “click cyclize and release” (B) strategy. C) Schematic illustration of “enrichment triggered targeted CO 
release” within the mitochondrial matrix. 

X. Ji and Z. Zhong                                                                                                                                                                                                                              



Journal of Controlled Release 351 (2022) 81–101

92

= ~0.2 M− 1 s− 1), the click reaction rate is perceived to be very sluggish 
(i.e. t1/2 = ~100 h) with no meaningful CO release. After the enrichment 
of these two components to the targeted site by a targeting vector, the 
increase in the local concentrations will significantly accelerate the re-
action rate, and hence CO can be specifically released at the targeted 
site. The proof of concept was established by attaching a TPP (Fig. 8C) 
moiety to both components for mitochondria-targeted delivery, and CO 
prodrug as such exhibited specific CO release within the mitochondrial 
matrix, delivered CO in vivo and alleviated acetaminophen-induced 
acute liver injury in a mouse model at a dosage of just 0.4 mg/kg. It is 
conceivable that such a strategy can also be leveraged for the targeted 
delivery of CO to other disease sites or organs by using a different tar-
geting vector. It is worth pointing out that such an enrichment strategy is 
not applicable for bioorthogonal prodrugs with fast kinetics, because the 
drug payload will be activated even at low concentrations. Noteworthy, 
the Wang group devised several unimolecular CO prodrugs employing 
an intramolecular version of such a “click and release” strategy, and 
have tested these prodrugs in several animal models [138,141–144]. 
Because these CO prodrugs do not respond to external stimuli for CO 
release, they are not further discussed here. 

The click and release strategy offers a creative solution for metal-free 
and light-free CO prodrugs. The enrichment triggered prodrug activa-
tion strategy addressed the issues associated with slow click reactions 
and achieved suborganelle targeted CO delivery. One intrinsic minor 
caveat is the need for two injections per treatment, which complicates 
the dose regimen. 

3.3. Mechanoforce-responsive CO prodrugs 

Compared to photoirradiation, ultrasound possesses much better 
tissue penetration depth, and thus ultrasound has recently been lever-
aged as a viable external stimulus to trigger prodrug activation in vivo 
[145–147]. Although norbornadien-7-one is very unstable, its structural 
analog norborn-2-en-7-one is thermally stable and only extrudes CO at a 
temperature over 180 ◦C. A couple of groups have elegantly devised 
several pH or ROS-sensitive CO prodrugs based on the norborn-2-en-7- 
one scaffold [148–152]. Interestingly, the Moore group synthesized a 
norborn-2-en-7-one based polymer 73 [153], and found that upon 
pulsed solution ultrasonication, CO release was constantly observed 
with a releasing yield of 58%, equating to around 154 molecules of CO 
released per chain. Importantly, the CO-spent product 74 exhibited 
aggregation-induced emission property with a maximum emission 
wavelength of 466 nm, which could be potentially employed as an in-
dicator to track CO release (Fig. 9). Although such a CO release material 
was not probed for its biological function in a real biological milieu, it is 
conceivable that such a material can be used in a biological system for 
CO release with high temporospatial resolution. 

4. External stimuli-responsive H2S prodrugs 

H2S is the third identified gasotransmitter in mammals with impor-
tance akin to NO and CO. Just like its other two cousins, H2S also dis-
played a myriad of pharmacological effects, and several H2S-based 

therapeutics are being tested in clinic. H2S prodrugs in response to 
endogenous stimuli are well-developed, and the readers are referred to 
some excellent reviews for more details [154–160]. Due to its toxic 
profiles and biphasic effects, localized H2S activation with precise 
dosage control is highly desirable for clinical translation. Therefore, in 
this section, we primarily summarize the recent development of H2S 
prodrugs that release H2S in response to external stimuli such as light 
and chemical. 

4.1. Photoresponsive H2S donors 

The first photoactivated H2S donor was reported by the Xian group. 
The gem-dithiol compound 75 was caged by a photoactivated o-nitro-
benzyl protecting group, which can be decaged by UV light irradiation 
[161]. The generated gem-dithiol compound 76 readily underwent hy-
drolysis to form H2S. H2S prodrugs with varied R groups were synthe-
sized, and it was found that derivatives with alkyl substitution were 
more active to release H2S upon UV activation as compared to the ones 
with aryl substations. Phototriggered intracellular H2S release was also 
evidenced in Hela cells using a fluorescent H2S probe. 

Nakagawa reported a new type of UV light-activated H2S prodrugs 
by installing two photoremovable protecting groups on H2S directly 
[162]. To increase the water solubility and the biocompatibility of the 
photoproducts, the ketoprofenate photocage (76) was employed 
(Fig. 10B). The UV light (300–350 nm) irradiation of compound 77 (100 
μM) led to a fast H2S release (peak concentration ~ 20 μM within 200 s) 
with a quantum yield of 0.42 in 1% of DMSO/PBS at room temperature. 
A simple structural modification to compound 77 yielded a new UV- 
activated H2S prodrug 78, which displayed a higher H2S release yield 
(47 μM vs 15 μM) under the same conditions. In addition, UV light 
activated intracellular release from 78 was demonstrated in HEK293 
cells [163]. By using a different PPG, compound 79 was synthesized as a 
water-soluble UV light-activated H2S prodrug, which presented specific 
H2S release in Hela cells with UV (365 nm) irradiation [164]. In addi-
tion, compound 79 displayed minimal cytotoxicity to Hela cells at 
concentrations up to 20 μM with or without UV irradiation, indicating 
good biocompatibility of compound 79. To obtain photoresponsive H2S 
prodrug with a longer excitation wavelength, the Singh group employed 
a visible light (>410 nm) removable protecting group [165]. Compound 
80 readily releases H2S with a quantum yield of 0.16 by a 410 nm light 
irradiation. Intriguingly, a ratiometric fluorescence change (from green 
to blue) before and after H2S release was noticed, which greatly facili-
tated the tracking of H2S prodrug and the H2S release process in live 
cells. In addition, compound 80 displayed minimal cytotoxicity to Hela 
cells at concentrations up to 20 μM with or without a 410 nm light 
irradiation, indicating a good bioorthogonality for both compound 80 
and its photoproduct. In a follow-up study, Singh and co-workers 
appended a tetraphenylethylene (TPE) moiety to the photoremovable 
protecting group, yielding a visible light-activated H2S prodrug 81 
which displayed both aggregation-induced emission (AIE) and excited- 
state intramolecular proton transfer (ESIPT) properties [166]. In addi-
tion, compound 81 will aggregate in an aqueous solution to form 
nanoparticles with an average diameter of 35 nm, which displayed 

Fig. 9. Mechanoforce induced CO release with the concomitant formation of an AIE luminogen.  
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enhanced cell uptake and fluorescence color change before and after 
photolysis (λem was changed from 549 nm to 486 nm). 

Thioladehyde is known to react quickly with an amine to generate 
imine and H2S. Connal and coworkers reported a UV light-activated H2S 
prodrug 82 by leveraging the reaction between thioaldehyde and 
endogenous amino acid [167]. As shown in Fig. 10C, upon UV light 
irradiation, a thioaldehyde was formed in situ to react with an amine (i. 
e. glycine) to form corresponding imine and H2S. In the absence of 
amine, UV irradiation only led to a trace amount of H2S release, while 
the addition of an amine such as glycine significantly enhanced H2S 
production. The H2S releasing moiety 82 was incorporated into a 
polymer, which was employed as a cell culture surface. The UV irradi-
ation readily triggered H2S release in cells as demonstrated by a fluo-
rescent H2S probe. Importantly, UV light irradiation also recapitalized 
H2S-associated inhibition of platelet function. 

You group developed a hybrid strategy for photoresponsive H2S 
prodrug design, which could be potentially adapted for the design of NIR 
light-activated H2S prodrugs [168]. In such a strategy, a photosensitizer 
(PS) was leveraged to generate singlet oxygen, which subsequently re-
acts with 1,3-diarylisobenzothiophene 85 to enable H2S release. The 
proof of concept was established by encapsulating a visible light- 
activated photosensitizer and 1,3-diarylisobenzothiophene within a 
nanoparticle, and visible light (500 nm) triggered on-demand H2S 
generation was solidly evidenced in test tubes and Hela cells. In addi-
tion, the released H2S displayed cytoprotective effects against H2O2- 
induced acute apoptosis in Hela cells. Although not probed in this work, 
it is conceivable that by encapsulating a NIR light-activated photosen-
sitizer with 1,3-diarylisobenzothiophene, a NIR light-activated H2S 
nanoprodrug can be easily constructed. 

Carbonyl sulfide (COS) can be hydrolyzed to CO2 and H2S in the 
presence of a ubiquitously distributed carbonic anhydrase (CA), and 
thus can be leveraged as a surrogate for H2S delivery. The Pluth group 
established the proof-of-concept study by caging COS in the form of thiol 
carbamate, which can be activated by demasking a self-immolative 
linker [169,170]. Caging COS in the form of thiol carbamate has been 

established as a versatile modality for COS prodrug design, and a myriad 
of COS prodrugs in response to different stimuli were elegantly devised 
following such a strategy [171–177]. Pluth group devised UV-activated 
COS donors by employing the photoactivated o-nitrobenzyl protecting 
group [178]. Compound 88 was inert to various endogenously found 
small molecules, and yet readily liberate COS by UV light irradiation, 
which was then hydrolyzed to H2S in the presence of CA in PBS buffer. 
To develop more biocompatible photoactivated COS prodrugs, the 
Chakrapani group reported a visible light-activated COS prodrug 89 
bearing a BODIPY skeleton [179]. Visible light is known to readily 
cleave the “B-O" bond in BODIPY, and thus by installing a self- 
immolative linker at this position, a visible light-triggered prodrug 
activation system can be easily constructed. Based on this, compound 89 
was synthesized as a visible light-activated COS donor. Appealingly, 
compound 89 displayed very weak yellowish fluorescence, and yet its 
photoproduct after COS release showed much-enhanced fluorescence, 
which was leveraged to indicate COS activation in cells (Fig. 11). In 
addition, both compound 89 and its photoproduct were nontoxic in 
A549 cells at concentrations up to 50 μM. To further redshift the acti-
vation wavelength for in vivo applications, the Klán group reported a NIR 
light-activated COS prodrug 90 [180]. The thiocarbamate was installed 
at the meso-position of BODIPY as a photoactivated leaving group. Upon 
visible or NIR light irradiation, COS along with the appended amine was 
readily activated with quantum yields being around 0.1. NIR light- 
triggered COS/H2S release was demonstrated both in cell-free buffer 
and in HepG2 cells by using a fluorescent H2S probe. In addition, both 
90 and its photoproducts displayed minimal cytotoxicity in HegpG2 
cells at concentrations up to 50 μM after 24 h exposure, while cytotox-
icity was noticed at 100 μM. These profiles designated compound 90 as a 
promising COS/H2S prodrug for in vivo applications. The above exam-
ples showcased the advantages of photoresponsive H2S prodrugs in 
temporospatial control over activation. However, due to the shallow 
penetration depth of UV-A light, none of the above examples have 
shown in vivo usage for targeted H2S delivery. 

Fig. 10. Photoresponsive H2S prodrugs with different releasing mechanisms.  
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4.2. Click chemistry-responsive H2S prodrugs 

The click reaction between trans-cyclooctene and tetrazine has been 
widely employed in chemical biology due to its superfast reaction ki-
netics (k: 103–106 M− 1 s− 1) [181]. The Pluth group employed this click 
reaction to devise a bioorthogonal COS prodrug [182]. As shown in 
Fig. 12A, the initial click reaction between 91 and 92 yields 93. 93 will 
isomerize to 94, which elicits a spontaneous 1,4-elimination to liberate 
COS and the appended amine R1NH2. The released COS will be hydro-
lyzed to H2S in the presence of CA. The specific COS release in response 
to the click reaction was firmly validated by a real-time mass spec-
trometry (DART-MS) experiment, and in the presence of CA (25 μg/mL), 

15 μM of H2S release was detected upon the click reaction between 91 
(50 μM) and tetrazine 92(1.25 mM) in a PBS buffer. Importantly, in a 
sheep and bovine blood/PBS buffer, the same click reaction also yielded 
constant H2S release without the addition of exogenous CA, confirming 
that the basal activity of endogenous CA could catalyze COS to H2S. 
However, the COS/H2S release from 91 and 92 failed to turn on several 
H2S-specific fluorescent probes both in a corvette and in cells, which was 
presumably attributed to the low efficiency of H2S production and H2S 
scavenging by tetrazine compound 92. Therefore, further efforts should 
be devoted to the investigation into the differential reactivity of H2S 
with substituted tetrazines and the releasing efficiency of tetrazines. 

Taran group screened the cycloaddition reactions between 

Fig. 11. Photoresponsive COS prodrugs for H2S delivery.  

Fig. 12. COS/H2S prodrugs based on a “click and release” strategy.  
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iminosydnones and cycloalkynes, and found several types of 3 + 2 
cycloaddition as potential bioorthogonal reactions with moderate re-
action kinetics (10− 2–30 M− 1 s− 1) [183]. Among these reactions, the 
cycloaddition between dithiolium 96 and strained alkyne BCN 66 led to 
the liberation of one molecule of COS (Fig. 12B). For dithiolium 97, in 
addition to COS, the appended amide was also released upon the 
cycloaddition. However, 97 was unstable in an aqueous solution, and 
thus can hardly be applied in a biological system. For dithiolium 96, the 
click reaction kinetics with strained alkyne BCN can be tuned from 0.016 
to 0.18 M− 1 s− 1 by modifying the substituent Ar1 and Ar2 [184]. In 
addition, the click reaction between dithiolium and strained alkyne was 
fluorogenic, and thus could be employed as an indicator to visualize the 
click reaction and thus COS release in cells. However, the COS/H2S 
release from these click reactions was not probed in this work. 

Liang group devised a visualizable and mitochondria-targeted bio-
orthogonal COS prodrug based on the click reaction between strained 
alkyne BCN and dithiolium [185]. By installing a diphenylamino sub-
stituent on phenyl ring A, not only did the emission wavelength of the 
COS-spent product 101 redshifted 63 nm (λem = 478 nm), but also 
compound 99 was endowed with mitochondria targeting ability even 
without conjugation with a TPP group. The fluorogenic nature of the 
click reaction greatly facilitated the monitoring of COS release in test 
tubes and cells (Fig. 12B), and the fluorescence intensity and the 
quantity of COS/H2S release detected showed a very good linear cor-
relation in the first 20 mins. Mitochondria-targeted H2S delivery was 
achieved by using the click pairs of compounds 99 and 100 with a TPP 
targeting moiety. Importantly, pretreatment of H9C2 cells with com-
pounds 99 and 100 significantly attenuated H2O2-induced mitochon-
drial membrane damage. However, at the same concentration (5 μM), 
two non-targeted H2S donors NaHS and GYY4137 exhibited no similar 
protective effects, indicating that mitochondria-targeted H2S delivery 
significantly enhanced H2S efficacy. 

The above examples mirrored the advantages of bioorthogonal H2S 
prodrugs in temporospatial activation. It should be noted that the re-
action kinetics of the click reactions used is moderate (k2 < 1 M− 1 s− 1). 

Although the reaction kinetics can be tuned by employing more strained 
alkynes, these alkynes are liable to decomposition either in storage or in 
a biological milieu. Therefore, it is desirable to develop alternative 
bioorthogonal strategies with fast kinetics for COS/H2S prodrug design. 

5. External stimuli-responsive SO2 prodrugs 

In addition to NO, CO, and H2S, other endogenous gases are 
emerging as potential gasotransmitters, in particular SO2, which is 
generated in mammals by the catabolism of sulfur-containing species 
such as H2S. Mounting evidence indicates that SO2 is not just a metabolic 
waste of H2S, and is involved in some important signaling pathways in 
cardiovascular system [16]. In addition, ample studies demonstrated 
that SO2 possessed therapeutic potential against several human diseases, 
in particular, cancer [186,187] and bacterial infections [188,189]. The 
development of SO2 prodrugs has aroused increasing attention, and a 
series of SO2 prodrugs have been elegantly devised [33,190]. Localized 
SO2 activation in a confined compartment is important not only for a 
therapeutic purpose but also for deciphering the underlying mechanism 
of SO2. Therefore, in this section, we mainly summarize SO2 prodrugs in 
response to external stimuli, including photo and chemical. 

5.1. Photoresponsive SO2 prodrugs 

In 2015, Chakrapani and co-workers synthesized a series of benzo-
sulfones 102 as UV-activated SO2 prodrugs (Fig. 13A) [189]. Benzo-
sulfones 102 were thermally stable for synthesis and storage, and yet 
readily underwent SO2 extrusion reaction in PBS buffer with UV irra-
diation. It was found that the electron-donating group on the phenyl ring 
was favorable for SO2 generation, presumably attributed to the stabili-
zation of benzylic radical by electron-donating groups during the gen-
eration of SO2. The biological studies of these SO2 prodrugs were not 
probed in this work. 4,5-Dimethoxy-2-nitrobenzyl (DMNB) moiety is 
widely employed as a PPG for the on-demand activation of various 
functional molecules. Installing a sulfonate group at the benzylic potion, 

Fig. 13. Photoresponsive SO2 prodrugs.  
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the afforded derivative 104 is perceived to liberate SO2 plus a hydroxyl- 
containing compound by UV irradiation, thus achieving co-delivery of 
SO2 and a secondary drug payload (Fig. 13B). In 2019, the Singh group 
synthesized compound 104 as a photoresponsive SO2 prodrug [191]. 
Upon one photo (365 nm) or two-photon (730 nm) excitation, the 
activation of SO2 and an antibiotic FAFE 105 was evidenced in PBS 
buffer. UV triggered SO2 release was demonstrated in E. cloacae cells 
using a fluorescent SO2 probe, and the activation of FAFE was also 
evidenced by visualizing FAFE-associated blue fluorescence. In addition, 
compound 104 with UV irradiation exhibited enhanced antibacterial 
activity with a MIC value of 2.6 μM, which was lower than those of 
derivatives releasing only FAFE (10.8 μM) or SO2 (6.3 μM). 

Diarylethenes are known as fatigue-resistant photochromic com-
pounds, which readily undergo cyclization and cycloreversion reactions 
upon alternate irradiation with UV and visible light. Interestingly, dia-
rylethene bearing a sulfone group was reported as a photoresponsive 
SO2 donor (Fig. 13C) [192]. Compound 106 was very thermally stable 
even heating to 70 ◦C, and released no SO2 by visible light irradiation. 
However, upon irradiation with visible light (λ > 480 nm), it underwent 
a cycloreversion reaction to form open-ring isomer 107, which extruded 
SO2 if irradiated further with UV light (300 nm < λ < 365 nm) with a 
quantum yield of around 0.1. SO2 at an elevated level will result in cell 
death by causing oxidative damage to biomacromolecules. Therefore, 
SO2-induced cell killing can be temporospatially controlled by UV 
irradiation. To demonstrate this point, NIH/3 T3 cells were dissemi-
nated on a thin layer coated with compound 106, and the subsequent UV 
irradiation led to cell death and detachment from the thin layer. Alto-
gether, compound 106 could be used as a bench-stable SO2 prodrug, 
which released SO2 on-demand by UV irradiation for biological appli-
cation. Compared to its other three cousins, photoresponsive SO2 pro-
drugs are less developed, especially since no NIR-activated SO2 prodrugs 
have been precedented and applied in vivo to establish SO2-associated 
biology. The development of such SO2 prodrugs can not only achieve 
localized SO2 delivery but also help to elucidate SO2-associated biology. 

5.2. Click chemistry-responsive SO2 prodrugs 

Borrowing the same chemistry from the bioorthogonal CO prodrug, 
the Wang group devised a very similar bioorthogonal SO2 prodrug 
employing the click reaction between strained alkyne and thiophene 
dioxide [193]. As shown in Fig. 14A, the usage of strained alkyne could 
make the cycloaddition happen at room temperature with a moderate 
reaction rate constant (~ 1 M− 1 s− 1). The release of SO2 upon the click 
reaction was solidly confirmed by a dithiobisnitrobenzoic acid (DTNB) 

assay. In addition, the reaction rate constant can be readily tuned from 
0.01 to 1.50 M− 1 s− 1 by modifying the substituents on the thiophene 
dioxide ring 108 or employing a different dienophile with a different 
HOMO energy level (i.e. trans-cyclooctene 109). It is worth pointing out 
that the cycloadduct intermediate 111 between thiophene dioxide and 
trans-cyclooctene could also smoothly undergo a cheletropic reaction to 
liberate SO2, while in the case of click reaction between dienone and 
trans-cyclooctene, the formed cycloadduct is thermally stable, and no 
CO release is observed. To facilitate the tracking of SO2 release, one 
derivative 112 with a naphthalene substitution at the 3, 4 position was 
synthesized, which exhibited very weak yellow fluorescence, and yet 
yielded a fluorescent product after clicking with strained alkyne BCN 66 
(Fig. 14B). However, even though the reaction rate rates are tunable by 
modifying the structures of either thiophene dioxide or the strained 
alkyne, tuning the reaction rate constants over 102 M− 1 s− 1 represents 
an uphill battle, especially since a balance between reactivity and sta-
bility needs to be considered. As a result, these bioorthogonal SO2 pro-
drugs have not been tested in a real biological milieu yet. In a follow-up 
study, the Wang group devised an intramolecular version of such a click 
and release system for SO2 delivery, and validated SO2 release in 
Raw264.7 cells [194]. 

6. Conclusions and perspectives 

The past years have seen exciting development of various external 
stimuli-responsive gasotransmitter prodrugs that show superb dosage 
and temporospatial control in a wide range of preclinical animal models. 
In most cases, the functional groups in response to external stimuli are 
resistant to endogenous stimuli, and thus unspecific activation can be 
significantly suppressed. Therefore, targeted delivery can be readily 
achieved with external stimuli-responsive prodrugs to boost the efficacy 
of gasotransmitters and eliminate unwanted off-target effects. In addi-
tion, compared with endogenous stimuli, the “level” of the external 
stimuli can be precisely controlled, and therefore, gasotransmitter with 
a precise dosage can be specifically activated at a site of interest, irre-
spective of the individual differences among varied subjects. These two 
features make the external stimuli-responsive prodrug strategy stand out 
from its counterpart in response to endogenous stimuli. In addition, 
different external stimuli possess their pros and cons (Table 1). For 
example, photoirradiation possesses the advantages of being non- 
invasive, on-demand activation, high temporospatial resolution, and 
no long-term side effects when used properly. However, the activation 
wavelength of most of the photoresponsive gasotransmitter prodrugs is 
fall within the UV-A range, which displays phototoxicity and shallow 

Fig. 14. SO2 prodrugs based on a “click and release” strategy.  
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tissue penetration depth, and thus can hardly be applied in vivo. For real 
applications, the activation wavelength is highly preferred to fall within 
the biological transparent window (650–900 nm), and thus NIR- 
activated gasotransmitter prodrugs are demanded. Alternatively, an 
NIR laser can be employed to activate a UV-responsive prodrug by using 
the upconversion nanoparticles [195,196]. Noteworthy, NIR photons 
normally possess relatively low energy, so the decaging efficiency in vivo 
will be compromised. Very recently, a new concept of “chemiexcitation 
triggered prodrug activation" has been reported for the targeted delivery 
of CO, which perfectly circumvent the limitations associated with pho-
toirradiation [108]. Such a strategy may find widespread applications in 
the design of gasotransmitter prodrugs. In recent years, X-Ray [42,43] 
and ultrasound-mediated bond cleavage [44] have been successfully 
applied to activate small molecule drugs, both of which exhibit much 
better tissue penetration capacity as compared to photoirradiation, and 
thus are more desirable for in vivo applications. Although such chemistry 
has been rarely employed for gasotransmitter prodrug design, it is 
conceivable that these strategies can be easily adapted to construct 
gasotransmitter prodrugs, in particular for NO, COS/H2S, and SO2, 
which can be readily activated via a well-established self-immolation 
process. The photo, X-ray and ultrasound represent noninvasive stimuli. 
In contrast, the transition metal, exogenous eznyme and bioorthogonal 
chemistry are invasive stimuli. These stimuli need to be pretargeted at 
the site of interest via corresponding strategies, and followed adminis-
tration of the prodrug will specifically lead to the activation of gaso-
transmitters at the targeted site. The targeted delivery of 
gasotransmitters has been firmly established in vivo with these strate-
gies. In addition, with the bioorthogonal prodrug strategy, multiple drug 
payloads can be simultaneously activated in some specific cases, which 
is invaluable for combinational therapy. Encouragingly, the first-in- 
human trial of bioorthogonal prodrug was initiated in 2020, indi-
cating a bright future ahead. However, it should be noted that most of 

the precedented bioorthogonal gasotransmitter prodrugs only exhibited 
moderate click reaction kinetics (k < < 102 M− 1 s− 1). Moreover, click 
reactions with a bond cleavage nature are quite limited, and thus new 
strategies with fast reaction kinetics are highly warranted. Several 
recently reported “click and release” strategies with fast kinetics can be 
potentially adapted for the design of gasotransmitter prodrugs 
[197,198]. Noteworthy, none of these external stimuli-activated gaso-
transmitter prodrugs yields a clean payload release, and byproducts are 
concomitantly formed, which might be cytotoxic. For cancer treatment, 
this may not be problematic. However, for other indications, the cyto-
toxicity of the byproducts may raise safety concerns and must be 
addressed by structural optimization. 

An interesting and yet underdeveloped direction for future efforts is 
to devise delivery systems for the co-activation of multiple gaso-
transmitters simultaneously for potential combinational therapy. It has 
been evidenced that crosstalk exists among these gasotransmitters 
[199]. Some of these gasotransmitters display similar pharmacological 
profiles, and even act on the same targets. For example, both H2S and CO 
are widely known as potent anti-inflammatory agents by acting on the 
Nrf2 pathway [200,201]. In addition, synergistic effects have been 
observed between some gasotransmitters [132]. Therefore, it would be 
highly desirable to develop drug delivery systems for the co-delivery of 
multiple gasotransmitters. 

In summary, the prodrug strategy in response to external stimuli is 
preferable for the delivery of gasotransmitters in terms of dosage control 
and targeted delivery, but it should be kept in mind that several 
bottleneck issues related need to be addressed before it can reach the 
bedside of patients. With this review, we hope to bring all these related 
issues to the attention of researchers in this field, and collectively 
advance the whole field. 
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[115] E. Palao, T. Slanina, L. Muchová, T. Šolomek, L. Vítek, P. Klán, Transition-metal- 
free CO-releasing BODIPY derivatives activatable by visible to NIR light as 
promising bioactive molecules, J. Am. Chem. Soc. 138 (2016) 126–133. 

[116] L.S. Lazarus, A.D. Benninghoff, L.M. Berreau, Development of triggerable, 
trackable, and targetable carbon monoxide releasing molecules, Acc. Chem. Res. 
53 (2020) 2273–2285. 

[117] W. Feng, S. Feng, G. Feng, CO release with ratiometric fluorescence changes: a 
promising visible-light-triggered metal-free CO-releasing molecule, Chem. 
Commun. 55 (2019) 8987–8990. 

[118] S.N. Anderson, J.M. Richards, H.J. Esquer, A.D. Benninghoff, A.M. Arif, L. 
M. Berreau, A structurally-tunable 3-hydroxyflavone motif for visible light- 
induced Carbon Monoxide-Releasing Molecules (CORMs), ChemistryOpen 4 
(2015) 590–594. 
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[146] R. Küng, R. Göstl, B.M. Schmidt, Release of molecular cargo from polymer 
systems by mechanochemistry, Chem. Eur. J. 28 (2022), e202103860. 

[147] X. Hu, T. Zeng, C.C. Husic, M.J. Robb, Mechanically triggered release of 
functionally diverse molecular payloads from masked 2-furylcarbinol derivatives, 
ACS Cent. Sci. 7 (2021) 1216–1224. 

[148] X. Ji, Z. Pan, C. Li, T. Kang, L.K.C. De La Cruz, L. Yang, Z. Yuan, B. Ke, B. Wang, 
Esterase-sensitive and pH-controlled carbon monoxide prodrugs for treating 
systemic inflammation, J. Med. Chem. 62 (2019) 3163–3168. 

[149] Z. Pan, J. Zhang, K. Ji, V. Chittavong, X. Ji, B. Wang, Organic CO prodrugs 
activated by endogenous ROS, Org. Lett. 20 (2018) 8–11. 

[150] X. Ji, L.K.C. De La Cruz, Z. Pan, V. Chittavong, B. Wang, pH-Sensitive metal-free 
carbon monoxide prodrugs with tunable and predictable release rates, Chem. 
Commun. 53 (2017) 9628–9631. 

[151] J.T.B. Kueh, N.J. Stanley, R.J. Hewitt, L.M. Woods, L. Larsen, J.C. Harrison, 
D. Rennison, M.A. Brimble, I.A. Sammut, D.S. Larsen, Norborn-2-en-7-ones as 
physiologically-triggered carbon monoxide-releasing prodrugs, Chem. Sci. 8 
(2017) 5454–5459. 

[152] J. Thiang Brian Kueh, J.M. Seifert-Simpson, S.H. Thwaite, G.D. Rodgers, J. 
C. Harrison, I.A. Sammut, D.S. Larsen, Studies towards non-toxic, water soluble, 
vasoactive norbornene organic carbon monoxide releasing molecules, Asian J. 
Org. Chem. 9 (2020) 2127–2135. 

[153] Y. Sun, W.J. Neary, Z.P. Burke, H. Qian, L. Zhu, J.S. Moore, Mechanically 
triggered carbon monoxide release with turn-on aggregation-induced emission, 
J. Am. Chem. Soc. 3 (2022) 1125–1129. 

[154] Y. Zheng, B. Yu, L.K. De La Cruz, M. Roy Choudhury, A. Anifowose, B. Wang, 
Toward hydrogen sulfide based therapeutics: critical drug delivery and 
developability issues, Med. Res. Rev. 38 (2018) 57–100. 

[155] Z.-N. Yuan, Y.-Q. Zheng, B.-H. Wang, Prodrugs of hydrogen sulfide and related 
sulfur species: recent development, Chin. J. Nat. Med. 18 (2020) 296–307. 

[156] Z.L. Song, L. Zhao, T. Ma, A. Osama, T. Shen, Y. He, J. Fang, Progress and 
perspective on hydrogen sulfide donors and their biomedical applications, Med. 
Res. Rev. 5 (2022) 1930–1977. 

[157] M.D. Hartle, M.D. Pluth, A practical guide to working with H2S at the interface of 
chemistry and biology, Chem. Soc. Rev. 45 (2016) 6108–6117. 

[158] X. Ni, S.S. Kelly, S. Xu, M. Xian, The path to controlled delivery of reactive sulfur 
species, Acc. Chem. Res. 54 (2021) 3968–3978. 

[159] C.R. Powell, K.M. Dillon, J.B. Matson, A review of hydrogen sulfide (H2S) donors: 
Chemistry and potential therapeutic applications, Biochem. Pharmacol. 149 
(2018) 110–123. 

[160] P. Bora, P. Chauhan, K.A. Pardeshi, H. Chakrapani, Small molecule generators of 
biologically reactive sulfur species, RSC Adv. 8 (2018) 27359–27374. 

[161] N.O. Devarie-Baez, P.E. Bagdon, B. Peng, Y. Zhao, C.-M. Park, M. Xian, Light- 
induced hydrogen sulfide release from “Caged” gem-dithiols, Org. Lett. 15 (2013) 
2786–2789. 

[162] N. Fukushima, N. Ieda, K. Sasakura, T. Nagano, K. Hanaoka, T. Suzuki, N. Miyata, 
H. Nakagawa, Synthesis of a photocontrollable hydrogen sulfide donor using 
ketoprofenate photocages, Chem. Commun. 50 (2014) 587–589. 

[163] N. Fukushima, N. Ieda, M. Kawaguchi, K. Sasakura, T. Nagano, K. Hanaoka, 
N. Miyata, H. Nakagawa, Development of photo-controllable hydrogen sulfide 
donor applicable in live cells, Bioorg. Med. Chem. Lett. 25 (2015) 175–178. 

[164] M. Bera, S. Maji, A. Paul, S. Ray, T.K. Maiti, N.D.P. Singh, A water soluble light 
activated hydrogen sulfide donor induced by an excited state meta effect, Org. 
Biomol. Chem. 17 (2019) 9059–9064. 

[165] Y. Venkatesh, J. Das, A. Chaudhuri, A. Karmakar, T.K. Maiti, N.D.P. Singh, Light 
triggered uncaging of hydrogen sulfide (H2S) with real-time monitoring, Chem. 
Commun. 54 (2018) 3106–3109. 

[166] C. Parthiban, M. Pavithra, L.V.K. Reddy, D. Sen, M.S. Samuel, N.D.P. Singh, 
Tetraphenylethylene conjugated p-hydroxyphenacyl: fluorescent organic 
nanoparticles for the release of hydrogen sulfide under visible light with real-time 
cellular imaging, Org. Biomol. Chem. 16 (2018) 7903–7909. 

[167] Z. Xiao, T. Bonnard, A. Shakouri-Motlagh, R.A.L. Wylie, J. Collins, J. White, D. 
E. Heath, C.E. Hagemeyer, L.A. Connal, Triggered and tunable hydrogen sulfide 
release from photogenerated thiobenzaldehydes, Chem. Eur. J. 23 (2017) 
11294–11300. 

[168] S.Y. Yi, Y.K. Moon, S. Kim, S. Kim, G. Park, J.J. Kim, Y. You, Visible light-driven 
photogeneration of hydrogen sulfide, Chem. Commun. 53 (2017) 11830–11833. 

[169] A.K. Steiger, S. Pardue, C.G. Kevil, M.D. Pluth, Self-immolative thiocarbamates 
provide access to triggered H2S donors and analyte replacement fluorescent 
probes, J. Am. Chem. Soc. 138 (2016) 7256–7259. 

[170] Y. Zhao, M.D. Pluth, Hydrogen sulfide donors activated by reactive oxygen 
species, Angew. Chem. Int. Ed. 55 (2016) 14638–14642. 

[171] C.M. Levinn, M.M. Cerda, M.D. Pluth, Development and application of carbonyl 
sulfide-based donors for H(2)S delivery, Acc. Chem. Res. 52 (2019) 2723–2731. 

[172] S. Zhou, Y. Mou, M. Liu, Q. Du, B. Ali, J. Ramprasad, C. Qiao, L.F. Hu, X. Ji, 
Insights into the mechanism of thiol-triggered COS/H(2)S release from N- 
Dithiasuccinoyl amines, J. Organomet. Chem. 85 (2020) 8352–8359. 

[173] Y. Zhao, A.K. Steiger, M.D. Pluth, Colorimetric carbonyl sulfide (COS)/hydrogen 
sulfide (H2S) donation from γ-Ketothiocarbamate donor motifs, Angew. Chem. 
Int. Ed. 57 (2018) 13101–13105. 

[174] Y. Zhao, A.K. Steiger, M.D. Pluth, Cyclic sulfenyl thiocarbamates release carbonyl 
sulfide and hydrogen sulfide independently in thiol-promoted pathways, J. Am. 
Chem. Soc. 141 (2019) 13610–13618. 

[175] C.R. Powell, J.C. Foster, B. Okyere, M.H. Theus, J.B. Matson, Therapeutic delivery 
of H2S via COS: small molecule and polymeric donors with benign byproducts, 
J. Am. Chem. Soc. 138 (2016) 13477–13480. 

[176] P. Chauhan, P. Bora, G. Ravikumar, S. Jos, H. Chakrapani, Esterase activated 
carbonyl sulfide/hydrogen sulfide (H2S) donors, Org. Lett. 19 (2017) 62–65. 

[177] P. Chauhan, S. Jos, H. Chakrapani, Reactive oxygen species-triggered tunable 
hydrogen sulfide release, Org. Lett. 20 (2018) 3766–3770. 

[178] Y. Zhao, S.G. Bolton, M.D. Pluth, Light-activated COS/H2S donation from 
photocaged thiocarbamates, Org. Lett. 19 (2017) 2278–2281. 

[179] A.K. Sharma, M. Nair, P. Chauhan, K. Gupta, D.K. Saini, H. Chakrapani, Visible- 
light-triggered uncaging of carbonyl sulfide for hydrogen sulfide (H2S) release, 
Org. Lett. 19 (2017) 4822–4825. 
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