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1 | INTRODUCTION

Chao Xia? |

Qianjun He*?

Abstract

Gas molecules with pharmaceutical effects offer emerging solutions to dis-
eases. In addition to traditional medical gases including O, and NO, more
gases such as H,, H,S, SO,, and CO have recently been discovered to play
important roles in various diseases. Though some issues need to be addressed
before clinical application, the increasing attention to gas therapy clearly indi-
cates the potentials of these gases for disease treatment. The most important
and difficult part of developing gas therapy systems is to transport gas mole-
cules of high diffusibility and penetrability to interesting targets. Given the
particular importance of gas molecule delivery for gas therapy, distinguished
strategies have been explored to improve gas delivery efficiency and controlla-
ble gas release. Here, we summarize the strategies of therapeutic gas delivery
for gas therapy, including direct gas molecule delivery by chemical and physi-
cal absorption, inorganic/organic/hybrid gas prodrugs, and natural/artificial/
hybrid catalyst delivery for gas generation. The advantages and shortcomings
of these gas delivery strategies are analyzed. On this basis, intelligent gas deliv-
ery strategies and catalysts use in future gas therapy are discussed.

This article is categorized under:
Therapeutic Approaches and Drug Discovery > Emerging Technologies
Therapeutic Approaches and Drug Discovery > Nanomedicine for Oncologic
Disease

KEYWORDS

gas delivery, gas therapy, nanomedicine

Initially, it was thought that gaseous NO (nitric oxide), CO (carbon monoxide), and H,S (hydrogen sulfide) molecules
were physiologically non-functional or even toxic to humans. Interestingly, when used at the appropriate concentra-
tion, these gases were found to be endogenous and necessary in the body, playing a very important role in a variety of
biological processes (Chen et al., 2019; Wang, Yang, & He, 2020). With further researches, these gas molecules have
been verified as messengers (named “‘gasotransmitters”) in biological processes, which have a variety of physiological
functions, including the regulation of the circulatory system, immune system, nervous system, and respiratory system
(Vong & Nagasaki, 2020). One of the examples is NO, which was found to be a human endothelium-derived relaxation
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factor in 1987 (Palmer et al., 1987). Mechanistically, these gasotransmitters mainly bind with hemoglobin to mediate
signal transduction. For example, CO can regulate several important signaling pathways, including p38, MAPK,
Erk1/2, JNK, Akt, NF-xB, and so on (Fujimoto et al., 2004; Ryter & Otterbein, 2004). CO/NO/H,S, at a low concentra-
tion, have a protective effect on damaged cells by anti-inflammation but at a high concentration, exhibit obvious toxic-
ity to cells, tissues, and blood owing to their inhibition to mitochondrial respiration (Motterlini & Otterbein, 2010;
Wu & Wang, 2005). Therefore, targeted delivery of these toxic gases is vital.

Compared with NO, CO, and H,S, hydrogen gas, which also has distinct anti-inflammatory effect, seems safer for
humans. Dole et al. (1975) found that treatment of squamous carcinoma-carrying mice with 8 atm hydrogen gas can
inhibit tumor growth effectively without visible toxic side effects. In 2007, Ohta reported that hydrogen can ameliorate
cerebral ischemia-reperfusion injury by selectively reducing highly cytotoxic reactive oxygen species (ROS). Since then,
hydrogen medicine has attracted worldwide attention (Ohsawa et al., 2007). The general routes of H, therapy include
inhalation of hydrogen gas, oral intake of hydrogen-rich water (HRW), and injection of hydrogen-rich saline (HRS)
(Y. Wu, Yuan, et al,, 2019). The animal model revealed that, after intravenous injection of HRS, it takes 1 min for
hydrogen concentration in the blood and tissues to reach the peak value, while, with oral intake of HRW, it takes 5 min
(Liu et al., 2014). Due to excellent penetration property, hydrogen molecules can rapidly go through biological mem-
branes, which also leads to the leakage of targeted delivery. It was found that inhalation of 3% hydrogen gas can make
hydrogen molecules accumulate in the brain, liver, kidney, mesentery fat, and thigh muscle in a relatively low concen-
tration (Yamamoto et al., 2019). Hence, how to accurately deliver these gas molecules to the lesion location is important
to high efficacy of gas therapy.

As has been said, how to achieve targeted gas delivery and controlled release is the key issue in gas therapy. Natu-
rally, various strategies for gas delivery have been developed. In this review, we focus on the recent significant pro-
gresses in the development of gas delivery strategies for gas therapy, and put gas delivery strategies into three
categories: gas molecule delivery strategy, gas prodrug delivery strategy, and catalyst delivery strategy.

2 | GASMOLECULE DELIVERY STRATEGY

In this section, we will introduce the strategy of directly delivering gas via adsorption approach (Table 1). This
strategy involves the adsorption of therapeutic gas molecules into porous materials via two routes: (1) physical adsorp-
tion of gas molecules into porous nanocarriers (physisorption), and (2) chemical adsorption of gas molecules onto the
interface with active anchoring sites (chemisorption).

2.1 | Physisorption

Physisorption, a general phenomenon, usually occurs when gas molecules are confined within adsorbents
(Thommes, 2010). Due to the van der Waal attraction, multiple adsorption layers can be formed (Thommes &
Cychosz, 2014). Microporous materials including metal-organic frameworks (MOFs) and zeolites are preferred for
physical adsorption. The porous materials-based physisorption has been widely applied in gas adsorption, separa-
tion, and storage. However, emerging gas therapy sets down some specific requirements for gas storage and
release.

Some MOFs including Ti-based MIP-177 (Figure 1a) and Zr-based UiO-66 (Figure 1b) were designed and devel-
oped for loading NO and O, gases by physisorption into their micropore channels (Gao et al., 2018; Pinto
et al.,, 2020). Liposome and dendrimer were also the candidates for the gas carrier (Huang et al., 2009; Stasko &
Schoenfisch, 2006). McPherson developed a liposome to carry NO gas molecules, having achieved a maximum NO
loading capacity of 10 ml g~* (Huang et al., 2009). The released NO can inhibit intimal hyperplasia in injured arterial
segments, reducing thickened arterial wall by 41 + 9%. Moreover, perfluorocarbon (PFC)-based microbubbles were
broadly developed to carry oxygen and hydrogen gases based on good solubility of these gases in PFC (Figure 1c,d)
(Cheng et al., 2015; He et al., 2017). The released O, can not only overcome the hypoxic microenvironment in the
tumor but also improve the efficiency of photodynamic therapy and radiotherapy (RT) by enhancing tumor oxygena-
tion. Ultrasound (US) imaging can be used to trace the microbubbles, and US stimulus can trigger the release of gas
molecules in a controlled way. However, the H,@PFC@Lip microbubble system is not stable as it can only remain
effective for about 10 min.
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FIGURE 1 Typical examples of gaseous physisorption (a-d) and chemisorption (e-h) with various carriers. (a) NO gas delivery by
MIP-177 (Pinto et al., 2020); (b) O, gas delivery by UiO-66@ICG@RBC (Gao et al., 2018); (c) O, gas delivery by PFC@Lip (Cheng et al., 2015);
(d) H, gas delivery by PFC@Lip (He et al., 2017); (e) NO gas delivery by MIL-88 (McKinlay et al., 2013); (f) NO gas delivery by TIFSIX-2-Cu-I
(Haikal et al., 2017); (g) H,S gas delivery by CPO-27 (Allan et al., 2012); (h) NO gas delivery by zeolite-A (Wheatley et al., 2006)

2.2 | Chemisorption

Unlike physisorption, chemisorption is based on the chemical bond between host and guest molecules. It generally
occurs only under specific conditions: for instance, inert gases have nothing to do with chemisorption. In addition,
chemisorption cannot occur if the valence bond of surface atoms is already saturated with adjacent atoms. In chemi-
sorption, the adsorption attraction is much stronger than the van der Waal force, and naturally the loading and con-
trolled release of gases becomes easier than physisorption. What is more, the gaseous chemisorption capacity of carriers
is mainly dependent on the amount and reactivity of surface-active sites rather than on the specific area and pore size
of carriers alone.

Based on the coordination between transition metals (such as Co, Ni, Cu, Fe, Mn, etc.) with NO, CO, and H.,S,
porous carriers with open active metal sites on the surface, typically zeolites and MOFs, are designed for chemisorption
of these gases with therapeutic functions. As early as 2008, Morris et al. developed a kind of MOF (Co/Ni-MOF,
[M,(CsH,06)(H,0),]-8H,O0 (M = Co, Ni)) for chemically adsorbing NO and H,S gases into their pores (CPO-27-Co and
CPO-27-Ni), showing high storage capacities of 7 and 6.2 mmol g~ for NO and H,S (Figure 1g), respectively (Allan
et al., 2012; McKinlay et al., 2008). Due to the vasodilatory action of H,S, H,S released from CPO-27-Ni causes a signifi-
cant substantial relaxation of the vessel after a short induction period (~5 min). In addition, the myography experi-
ments revealed that NO-loaded CPO-27-Co can achieve controlled release of NO which causes the relaxation of porcine
arterial tissue (Figure 1g) (Allan et al., 2012). Interestingly, the release performance is tunable by adjusting the coordi-
nation strength between metal ions and gas molecules. Similarly, Fe-based MIL-88, Cu-based ZIF-8, ETS-4, and LTA
were also developed for chemically adsorbing NO, CO, and O, (Figure 1le,h) (Ma et al., 2013; McKinlay et al., 2013;
Pinto et al., 2011; Pinto et al., 2014; Pinto et al., 2016; Wheatley et al., 2006; Xie et al., 2019).

In addition to coordination with metal ions, chemical bonding of gas molecules to organic groups on the surface of
carriers can also be developed for gaseous chemisorption (Figure 1f) (Haikal et al., 2017). Xu et al. developed a 4-MAP
(4-(methylamino) pyridine) modified HKUST-1 (named NMHK) to load NO gas by the route of chemisorption
(P. Zhang, Li, et al., 2020). NO gas is bound to the secondary amino group via chemical bonds, which ensure a high NO
storage capacity (4.8 times of unmodified HKUST-1). NO@NMHK showed a controlled and slow NO releasing perfor-
mance with an average release rate of 1.67 nmol L' h™! for more than 15 days. Although CO, has not shown signifi-
cant therapeutic effects, it can be used to harmonize contrast-enhanced US imaging and to control the release of
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therapeutic drugs. In light of the chemical reaction between CO, and primary or secondary amine groups, Shi prepared
a L-arginine (LA)-modified hollow mesoporous silica nanoparticles (HMSNs) to capture and absorb CO,. The chemical
bond between CO, and amine group can be broken under US stimulation and acid environment, and thus the HMSNs-
LA-CO, shows a dual-responsive release property (K. Zhang, Xu, et al., 2015).

3 | GASPRODRUG DELIVERY STRATEGY
3.1 | Metal-CO/NO/H/S coordination compounds as gas prodrugs

Metal-CO/NO/H/H,S coordination compounds are generally prepared by making use of the coordination between
metal and carbonyl, nitrosyl, or hydrogen, and therefore can chemically decompose into CO, NO, H,, or even H,S
(Xu et al., 2016) under excitation (Table 2). Such a coordination attraction is much stronger than physisorption/chemi-
sorption, electrostatic interaction, and hydrogen bonding, and thus promises a kind of stable gas prodrugs. However,
the bonds between metal and gas moiety are yet not as strong as covalent bonding, leading to easy responsive decompo-
sition and release of gases upon a suitable stimulation, such as oxidation, heating, irradiation, and so on. In addition,
the physicochemical properties of metal-CO/NO/H/H,S coordination compounds, including stability and melting
point, highly depend on the coordination attraction, and the solubility relies on the ligands linked to the metal center.

Good aqueous solubility of drugs is often desired for high bioaccessibility. Metal-CO/NO/H/H,S coordination com-
pounds without other ligands are highly hydrophobic, but modification with hydrophilic ligands can effectively
improve their solubility. Some functional compounds involving glucose, vitamin Bj,, and triphenylphosphine (TPP)
can be conjugated onto these compounds for specific performances such as targeted delivery and high metabolism
(Figure 2a) (Zobi et al., 2013). However, aqueous solubility-enhancing modification frequently causes the instability of
the compounds. Quick spontaneous release of NO in physiological conditions is necessary for urgent therapy of myocar-
dial ischemia diseases, while the sustained release of gases is required for long-term action, which can be tuned by
decomposition reaction dynamics. On the other hand, aqueous insoluble gas prodrugs boast high stability, thus favor-
able for controlled gas release. In this case, some helpful carriers such as HMSNs and micelles can be used to load these
insoluble prodrugs into their hydrophobic zone in order to improve their bioaccessibility.

Most metal-CO/NO coordination compounds, such as Fe;(CO);,, Mn,(CO),y, Mn(CO)sBr, Ru(CO)s, and
[Fe4S3(NO),](NH,), (RBS), are sensitive to UV and visible light rather than near-infrared (NIR) light, limiting their bio-
applications. The development of NIR-controlled gas release strategies based on metal-CO/NO coordination com-
pounds is thus desired. Fortunately, the adsorption property of metal-CO/NO coordination compounds is tunable by
replacing partial CO/NO with specific ligands (Chakraborty et al., 2014). Mascharak and coworkers coordinated Mn
(CO);Br with 2-phenylazopyridine, effectively shifting the adsorption band of Mn(CO);Br towards infrared light and
thus enabling NIR-responsive CO release (Figure 2b) (Carrington et al., 2013). Another route to NIR-sensitiveness is to
conjugate metal-CO/NO coordination compounds to NIR-chromatic groups/ions/particles. Typically, co-precipitation
of RBS*~ with NIR-adsorbing metal ions such as Cu®* endows the formed insoluble Me-RBS with NIR adsorption and
NIR-sensitive feature (Figure 2c) (L. Chen, He, et al., 2017). The conjugation of Fe(NO), and Mn(CO);Br onto porphy-
rin and graphene nanosheet enables the conversion of the NIR-light energy into chemical energy for photochemical
degradation of gas prodrugs into NO and CO, respectively (Figure 2d) (He et al., 2015; Wecksler et al., 2006). Similarly,
coordination and even incorporation of hydrogen into Pd nanoparticles or Pd-based MOF nanomaterials can also
achieve NIR-responsive release of hydrogen gas owing to the NIR-adsorbing characteristics of these nanoparticles
(Figure 2e,f) (Zhao et al., 2018; Zhou et al., 2019).

Moreover, the coordination interaction was found to be easily destroyed by oxidation with ROS for ROS-responsive
gas release. We found that Mn,(CO),, and Fe;(CO),, can play a role as a Fenton-like agent to decompose intratumoral
H,0, into highly oxidative -OH, which further oxidize these gas prodrugs to release CO gas, realizing
intratumoral H,O,-responsive CO release and tumor-selective killing effect (Figure 2g) (Jin, Wen, Xiong, et al., 2017;
Zhao et al., 2019). Based on this feature, iron carbonyl was conjugated with TPP* to realize mitochondria-targeted CO
delivery and intramitochondrial controlled CO release, enhancing the efficacy of CO therapy of cancer (Figure 2h)
(Meng et al., 2020). Like glutathione (GSH), Fe-CO can also release gas upon cysteamine (Cys) (Long et al., 2013) in the
similar pathway.
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FIGURE 2 Gas delivered by metal-gas prodrugs. (a) Water soluble metal-gas prodrug for CO delivery based on B;,-MnCORM-1 (Zobi
et al., 2013); (b) legends induced red shifting in absorbance (Carrington et al., 2013); (c) NIR responsive Me-RBS for NO delivery (L. Chen,
He, et al., 2017); (d) NIR responsive PPIX-RSE for NO delivery (Wecksler et al., 2006); (e) NIR responsive PdH,, , for H, delivery (Zhao

et al., 2018); (f) NIR responsive Pd-MOF for H, delivery (Zhou et al., 2019); (g) ROS responsive MnCO@hMSN for CO delivery (Jin, Wen,
Xiong, et al., 2017); (h) ROS responsive FeCO-TPP@MSN@HA for CO delivery (Meng et al., 2020)

MnCO@hMSN

3.2 | Redox-induced gas-generating prodrugs

Specific microenvironments in the diseased site such as reductive and acidic conditions in the tumor microenvironment
(TME) can be developed as physiological stimuli trigger for drug release. GSH concentration in tumor cells is approxi-
mately 5000-fold higher than that in normal cells (Tew et al., 2011). Thus, a large number of redox-induced gas-
generating prodrugs have been designed, the commonest of which contains thiol groups, including diallyl sulfide
(DAS), diallyl disulfide (DADS), diallyl trisulfide (DATS), S-allylcysteine, dithiothreitol, arylthioamide, N-mercapto-
based H,S donor, and their derivatives. DAS, DADS, and DATS are naturally existent molecules which can produce
H,S in certain conditions, but their naked structure is not suitable for long-time delivery and precise targeting. Thus,
based on the structure of those compounds, several kinds of H,S prodrugs were designed to involve N—SH, S—S
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(Zhao et al., 2013), S—S—S (Roger et al., 2013; Sun et al.,, 2015; Zhao et al., 2014), and cyclic S—S=S bonds (Chegaev
et al., 2016; Hasegawa & van der Vlies, 2014). Typically, by an exchange reaction, high concentrations of GSH and Cys
can break the N—SH and S—S links to respectively form H,S and RSSH, which further reacts with GSH to generate H,S
(Figure 3a) (Citi et al., 2014; Martelli et al., 2013; Martelli et al., 2014). The release rate of H,S can be well adjusted by
controlling the concentrations of GSH and Cys and the exchange reaction dynamics.

RSH mediated thiol attacks the carbon adjacent to the sulfur on 2,4-dinitrophenylsulfonamides and causes proton
transfer from thiol to amide, leading to decomposition of sulfonamides and release of SO, (Figure 3b) (Malwal
et al., 2012). The rate constant of SO, generation (k) depends on the stability of the transition state leading to the forma-
tion of protonated amine intermediate II, and thus stronger basicity (or weaker conjugate acid) will result in higher k.
This strategy was adopted to build SO, prodrugs for gas therapy of cancer (Gu et al., 2020; Y. Zhang, Shen, et al., 2020),
and the SO, released from those prodrugs was found to increase ROS level, mainly O, ", and show a remarkable tumor
suppression efficacy. On the other hand, the breakdown of S—NO bond can also produce NO by a redox reaction.
Besides GSH, other reductive agents such as Cu™ derived from nanocarriers can also be used to trigger the redox reac-
tion for NO generation (Figure 3c) (Kao et al., 2017).

3.3 | Diels-Alder (click) reaction-based gas prodrugs

Bioorthogonal chemistry was widely used for biomarking in the living system. Just like the highly efficient cycloaddi-
tion between cyclooctyne and azide, the reaction between cyclooctyne and alkene can also form a cyclo-compound,
when the generated dienone decomposes to release CO by the D-A (click) reaction. But the regular D-A reaction
involving dienone always requires a high temperature and thus has difficulty in releasing CO in vivo. To address this
issue, Wang chose bicyclo-[6.1.0]nonyne (BCN) as cyclooctyne and tetraphenylcyclopentadienone (TPCPD) as CO
donor for the D-A reaction (D. Wang, Viennois, et al., 2014). On one hand, the high strain force of BCN increases the
energy gap, which makes the D-A reaction easier to occur. On the other hand, the carbonyl group in TPCPD can be
released as CO upon the D-A reaction. Combination of the two compounds will make a click-and-release approach to
CO delivery. Later, they replace the activated alkyne with the acyclopentadienone-tethering one to achieve an intramo-
lecular cycloaddition reaction (Figure 4a) (Ji et al., 2016), but it is very hard to balance the stability and controlled CO
release (Pan et al., 2017). In order to achieve the on-demand release of CO, an esterase-activated method was designed
based on the intramolecular D-A reaction (Ji, Ji, et al., 2017). Besides the esterase-activated CO release, the pH-
triggered and concentration-dependent CO release for tumor-targeted delivery was also developed (Ji, De La Cruz,
et al., 2017; Y. Zheng, Ji, et al., 2018).

In addition to CO delivery, this click reaction-based approach can also be adopted for SO, and H,S delivery. For
example, the replacement of the carbonyl group of prodrugs by O=S=0 can achieve controlled SO, release by a similar
D-A reaction (Figure 4b) (Ji, El-Labbad, et al., 2017; Wang et al., 2017). The case of H,S is a bit different, such as the

(@)

. (o)
Ry RSH "~N=sH| _S-N bond break

‘N-S-PG————— H,S $ 0

R Activation Ry \ £ O,N o
2 » NHR4R; i
NSHDs

(c) GSNO/Cu, ,S-PLGA < \> 2 K O,N 420
U 6S- .t 2 3
. iy 16 O,N ('85 N.Bn @r—:?\—Bn
u* uz* . H
v heating NO, n NOzH
GSNO L_L) NO :" & SR

FIGURE 3 Typical redox-based gas prodrugs for gas delivery. (a) RSH triggered H,S delivery (Citi et al., 2014; Martelli et al., 2013;
Martelli et al., 2014); (b) RSH triggered SO, delivery (Malwal et al., 2012); (c) GSH triggered NO delivery (Kao et al., 2017)
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pairs of trans-cyclooctene and tetrazine or mesoionic compound and strained alkyne (Figure 4c) (Steiger et al., 2017),
but this strategy has not been applied in H,S gas therapy so far.

3.4 | Hydrolysable gas prodrugs

Hydrolysis refers to the reaction between a chemical compound and water, and the acidic microenvironment of many
diseases such as solid tumors usually can accelerate the reaction for gas release from some acid-sensitive gas prodrugs
such as NONOates (Basudhar et al., 2013), BTS (Day et al., 2016; Lu et al., 2020), carbonic acid salt (Yang et al., 2016),
and ammonia borane (Yang et al., 2018). Some nanocarriers including MSNs can be used to encapsulate and stabilize
them for controlled gas release (Choi et al., 2016; Feng et al., 2018; Jang et al., 2018; Kong et al., 2019; Min et al., 2015;
Wan et al., 2018; C. Zhang, Zheng, et al., 2019). For gas prodrugs with low reactivity with water such as Fe and metal
borides (Fan et al., 2019; Kou et al., 2019), nano-sizing can effectively enhance their reactivity, enabling the acid-
responsive hydrolysis-driving release of hydrogen gas. In an example, Zhao protected NONOates from hydrolysis by
caging them within galactose (Wu et al., 2001). By the recognition between the designed unique galactose and the
corresponding specific enzyme, a “bump-and-hole” delivery system was designed to achieve precise NO delivery,
effectively reducing side effects and markedly enhancing NO therapeutic efficacy in the treatment of ischemic diseases
(Hou et al., 2019).
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FIGURE 4 Typical click reaction-based prodrugs for gas delivery. (a) Unimolecular prodrug for CO delivery (Ji et al., 2016);
(b) unimolecular prodrug for SO, delivery (Ji, El-Labbad, et al., 2017; Wang et al., 2017); (c) click reaction based H,S delivery (Steiger
et al., 2017)
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3.5 | Photo/sound/X-ray-responsive gas prodrugs

The discovery and development of external stimuli-sensitive gas prodrugs are of significance as external stimuli sources
can be easily operated and controlled. Many gas prodrugs have been found to be sensitive to UV and visible light, such
as metal-CO/NO coordination compounds (Figure 2). Their sensitive adsorption bands can be shifted to the NIR zone
by coordinating with specific ligands or by conjugation with NIR-chromatic groups/ions/particles (such as GON, BPN,
and UCNP). As for those small organic molecules which are stable under irradiation, they can be modified to make
photosensitive gas prodrugs. Klan modified the meso position of BODIPY with a carboxylic acid to develop a UV/Vis/
NIR-responsive CO prodrug (COR-BDP, Figure 5a) (Palao et al., 2016). Under light irradiation, COR-BDP follows the
usual pathway from excited singlet state to triplet state via intersystem crossing, and the formed diradical is not stable
and thus quickly turns to a-lactone, which decomposes to generate CO (Figure 5b). Moreover, CO release from COR-
BDP is accompanied by an obvious change in fluorescence intensity, and thus the CO release process can be facilely
monitored in vivo without the need for any external marker.

NIR laser is relatively inexpensive and facilely operable, but its tissue penetration capability is still limited (<1 cm).
By comparison, US has higher tissue penetration capability (20 cm), and its frequency, power, and focus can all be con-
trolled. It was found that BNN is responsive to both UV light and US. US can boost the generation of free radical NO
and thus facilitate the decomposition of BNN to release NO (Figure 5c,d) (Jin, Wen, Hu, et al., 2017). Fe;0,
nanoparticle-encapsulated hMSN was once used to load hydrophobic BNN in a high capacity for tumor-targeted deliv-
ery and MRI-guided controlled NO release (Ji, De La Cruz, et al., 2017). And, the SNO-type NO prodrug was found to
promote NO release under X-ray and therefore can be used to sensitize RT (W. Fan, Bu, et al., 2015). X-ray and mag-
netic fields have higher tissue penetration capability, but gas prodrugs sensitive to these stimuli are rarely explored and
thus are worthy of serious attention.

4 | GAS GENERATION-ENABLED CATALYST DELIVERY STRATEGY

Besides delivering gas molecules and their prodrugs, local generation of therapeutic gas molecules through catalytic
reactions can also supply gas for therapy. This strategy needs catalyst delivery, substrate (sacrifice agent) supply, and
appropriate excitation with external energy sources such as light, sound, or magnet. According to the type of catalysts,

(b) e 3 o *
0._0 0.0
_N_9 N/ ) _N_©9 N/
® \,B\/ 2.isc ® ‘,B\’
F F F F
3d

FIGURE 5 Typical photo/sound responsive gas prodrugs for gas delivery. (a,b) Photo-triggered CO release based on BODIPY and its
mechanism (Palao et al., 2016); (c,d) US-triggered NO release based on BNN and its mechanism (Jin, Wen, Hu, et al., 2017)
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this section will introduce three typical catalyst delivery strategies: semiconductor delivery, enzyme delivery, and hybrid
catalyst delivery (Table 3).

41 | Semiconductor delivery

Semiconductor materials are the most common catalysts and have been widely used for organics degradation, water
splitting, and air purification successfully (S. Chen, Takata, & Domen, 2017; Mamaghani et al., 2017; C.-C. Wang, Li,
et al., 2014). Inspired by the photosynthesis of plants, Sung et al. designed and constructed a AA-AuNPs-chla@Lip
nanomedicine by encapsulating chlorophyll o (chla), AA (L-ascorbic acid), and Au nanoparticles (AuNPs) into Lip
(liposome) (Wan et al., 2017). Under the illumination of 660 nm laser, chla is excited (chla*) to produce electron-hole
pairs, and then AuNPs collect electrons from chlo* to generate H, gas when holes oxidize the substrate AA. However,
the tissue penetration depth of 660 nm laser is not desirable and the substrate loading capacity of the nanomedicine
limits the amount of hydrogen generated. To resolve this, Sung further developed a CIT-UCNP-AuNPs-Chla@Lip
nanomedicine to realize NIR-responsive hydrogen generation by using UCNP to convert NIR light to UV/Vis light for
photocatalysis (Figure 6b) (Wan et al., 2020). Locally generated H, can eliminate inflammation and restore ROS homeo-
stasis by scavenging excessive ROS. Although in both cases hydrogen can be produced locally in the lesion through the
photocatalytic approach, the hydrogen production is not efficient due to the need of co-delivering exogenous substances
(AA and CIT) as sacrifice agents. Recently, we reported a H, supply method through direct NIR-photocatalysis which
was realized by a Z-scheme SnS; ¢3-WO, 4; nano-catalyst developed, and a suitable band structure enabled hydrogen
generation and hole-mediated oxidation of intratumoral over-expressed GSH under the illumination of 808 nm laser,
realizing the combination of hydrogen/hole therapies for efficient modulation of the TME (Figure 6d) (Zhao
et al., 2021). It is especially worth mentioning that no need for carrying sacrifice agents enables sustainable and repeat-
able hydrogen generation for long-term cancer therapy.

Zhang et al. developed an innovative nano-catalyst, which was constructed by co-loading histidine-rich peptide
(CHHHHGRGD) and Ag;PO, nanoparticles onto the carbon-dot-decorated C;N, nanoparticle (HisAgCCN), to achieve
visible-photocatalytic reduction of endogenous CO, into CO (Figure 6¢) (Zheng et al., 2017). Furthermore, they devel-
oped WO; nanosheets to realize NIR-photocatalytic CO generation from CO, (S.-B. Wang, Zhang, Ye, et al., 2020). In
addition, E. coli (Escherichia coli) was used to load carbon-dot-decorated C;N, (CCN@E. coli) to achieve a photo-
catalytic reduction of endogenous NO;~ into NO for tumor-targeted therapy (Figure 6a) (D.-W. Zheng, Chen,
et al., 2018). Recently, Yang et al. developed an X-ray triggering sustainable H, producing platform (Au-TiO,@ZnS),
composed of Au-amorphous TiO, nano-dumbbell-shaped heterostructure coated with long afterglow ZnS particles, for
synergistic H,-RT of cancer. Since X-ray has remarkably higher tissue penetration capability compared with light and
sound, the X-ray-catalytic gas delivery strategy is of high significance to gaseous sensitization of RT (Wu et al., 2021).

4.2 | Enzyme delivery

Enzymes, which are a kind of natural protein catalysts, wildly exist in the body and playing various important physio-
logical roles. Compared with semiconductor catalysts, enzymes can catalyze special chemical reactions under
physiological conditions with high catalytic efficacy (Yang et al., 2019). However, enzymes are generally not so stable,
which can be resolved by protection with nanocarriers. Many enzymes can be utilized for gas therapy. This section will
introduce the enzyme delivery strategy for gas therapy.

In order to address the long-term oxygen demand for diabetic foot treatment, H. Chen, Cheng, et al. (2020) devel-
oped a patch dressing (AGP) by loading photosensitive oxygen-generating living microalgae into calcium alginate gel
(Figure 7a). Compared with topical gaseous oxygen therapy, AGP can release oxygen gas locally on demand by
adjusting the switch and intensity of light resources, showing obvious advantages in deep oxygen delivery. Stevens et al.
developed a poly(methacrylic acid) capsule and a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposome
to encapsulate p-galactosidase (enzyme) and galactose-caged NONOate (f-gal-NONOate, NO prodrug/substrate),
respectively, for the development of two nanomedicines (Chandrawati et al., 2017). After directly targeting the conven-
tional outflow pathway, the degradation of POPC liposome causes a slow release of f-gal-NONOate which consequently
decomposes into NO under the catalysis of p-galactosidase (Figure 7b).
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FIGURE 6 Photocatalytic strategy for gas delivery. (a) NO gas delivery by CCN@E. coli (D.-W. Zheng, Chen, et al., 2018); (b) H, gas
delivery by CIT-UCNP-AuNPs-Chla@Lip (Wan et al., 2020); (c) CO gas delivery by HisAgCCN (Zheng et al., 2017); (d) H, gas delivery by
SnS; 65-WO5.41 (Zhao et al,, 2021)

3-Mercaptopyruvate sulfurtransferase (3MST) can catalyze 3-mercaptopyruvate to produce H,S (Mikami
et al., 2011). The activity of 3MST is regulated by redox change and 3MST makes a certain contribution to maintaining
redox homeostasis and serves as an antioxidative protein. This feature might favor microenvironment responsive gas
generation by 3MST enzyme delivery. On the other hand, based on specific enzyme over-expression in the microenvi-
ronment of diseases, corresponding substrates for gas generation can be delivered for gas therapy (Jia et al., 2018).

In addition to natural enzymes, artificial nanoenzymes can also play the role of producing gas for disease treatment
(Chen et al., 2012). Qu et al. designed and developed MnO,@PtCo nanoflowers, where PtCo and MnO, functioned as
oxidase and catalase mimic, respectively (Z. Wang, Zhang, et al., 2018). The MnO,@PtCo nanoflowers can not only
alleviate the hypoxia state in tumors but also significantly induce cancer apoptosis through ROS-mediation, leading to
significant inhibition of tumor growth.

4.3 | Hybrid catalyst delivery

Enzymes have a powerful function in physiological conditions but have limitations in physicochemical functions for
the generation of therapeutic gases. Artificial semiconductor catalysts possess tunable physicochemical functions but
cannot completely mimic the catalytic roles of natural enzymes. Therefore, in order to combine the advantages of
enzymes and semiconductors, hybrid catalysts were developed for efficient gas production.

Recently, photocatalytic synthesis systems based on enzymes and semiconductors have been designed and fabri-
cated for efficient solar conversion successfully. Although this kind of hybrid catalyst system has not been used for gas
therapy, it is worthy of attention. Zhong et al. constructed a semi-artificial photosynthesis system via anchoring
CdyoSep1S/CdSeS@ZnS QDs (quantum dots) on the curli fibers in the biofilm (Wang et al., 2019). Meanwhile, they
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FIGURE 8 Typical hybrid catalyst delivery systems. (a) CdyoSeq1S/CdSeS@ZnS QDs-anchored and hydrogenase-expressed curli fibers
for hydrogen generation (Wang et al., 2019); (b) the hydrogenase mimic-porphyrin conjugation (Song et al., 2006); (c) the Re carbonyl
compounds and hydrogenase mimic encapsulated micelle (Wang et al., 2010)

made a multigene plasmid based on ACEMBL expression system to produce hydrogenase for photocatalytic generation
of H,. CdyoSer1S/CdSeS@ZnS QDs can enhance the efficiency of light absorption in a wide range and increase the
redox capability of hydrogenase by forming a Z-scheme-like structure, consequently significantly improving the
hydrogen-producing performance of hydrogenase (Figure 8a).

Similarly, the mimics ([Fe,(CO)s(m-adt)CH,CsHs] and [{(m-SCH,),N}Fe,(CO)s] of hydrogenase ([FeFe] H,ase) can
also be sensitized by porphyrin (Figure 8b) (Song et al., 2006), CdTe QDs (Jian et al., 2013), and Re carbonyl compounds
(Figure 8c) (Wang et al., 2010) for higher efficacy of hydrogen generation. Moreover, a sodium dodecyl sulfate micelle
was used to encapsulate the hybrid system containing enzyme and photosensitizer to improve water solubility and
achieve tumor-targeted delivery. Although reports and applications of this kind of hybrid system for gas therapy are still
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rare, due to their excellent catalytic performances, we believe that the hybrid catalyst delivery strategy is promising for
gas therapy in the future.

5 | CONCLUSIONS

Gas therapy has distinct advantages over traditional therapies. First, gas molecules are extremely small so that they can
easily penetrate biomembranes to reach varied subcellular organelles such as mitochondria which are targeted points
of NO, CO, H,S, and H,. Second, therapeutic gases are much safer than most toxic chemical drugs, inducing no or even
overcoming drug resistance.

Though gas therapy boasts such advantages, how to efficiently transport therapeutic gases to the target is still of
challenge. Some delivery strategies including physical gas encapsulation, artificial gas prodrugs and catalyzed gas pro-
duction have been developed to improve the gas delivery efficiency. A large number of gas adsorbents have been devel-
oped, but their biomedical applications in therapeutic gas delivery are limited and thus need to be further explored.
Many gas prodrugs have been designed for gas delivery, but the balance between their stability and controllability for
gas release is worth investigating. The delivery of gas prodrugs is frequently used, but it is far from perfect as the deliv-
ery efficiency needs to be further improved and the prodrug structure of higher performance needs to be designed.
Multifunctional nanocarriers play an important role in improving gas delivery performances. By comparison, the cata-
lyst delivery strategy attracts more attention as no drug is needed as the carrier. Endogenous chemicals may be utilized
as the substrate, enabling sustainable gas therapy, and the consumption of these chemicals as the substrate in gas pro-
duction can also assist gas therapy. With catalyst delivery, the key is the development of powerful catalysts, especially
those which can be excited by some stimuli sources with high tissue penetration capability such as X-ray and magnet
field, which ensures high-efficacy therapy.
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