10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Gas Therapy: generating, delivery, and biomedical applications

Pejman Ghaffari-Bohlouli*, Hafez Jafari, Oseweuba Valentine Okoro?, Houman Alimoradi?, Lei Nie'?,

Guohua Jiang?, Ashok Kakkar*, Amin Shavandi'®

1 BioMatter Unit—BTL, Ecole Polytechnique de Bruxelles, Université Libre de Bruxelles, Avenue F.D. Roosevelt, 50-CP 165/61,

Brussels 1050, Belgium
2 College of Life Sciences, Xinyang Normal University, Xinyang 464000, China
3 School of Materials Science and Engineering, Zhejiang Sci-Tech University, Hangzhou, 310018, China

4 Department of Chemistry, McGill University, 801 Sherbrooke Street West, Montréal, Québec H3A 0B8, Canada

Corresponding author:

Amin Shavandi, amin.shavandi@ulb.be



mailto:amin.shavandi@ulb.be

34

35
36
37
38
39
40
41
42
43
44
45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Abstract

Oxygen (0,), nitric oxide (NO), carbon monoxide (CO), hydrogen sulfide (H,S), and hydrogen (H;) with
direct effects, and carbon dioxide (CO;) with complementary effects on the condition of various
diseases are known as therapeutic gases. The targeted delivery and in situ generation of these
therapeutic gases with controllable release at the site of disease has attracted attention to avoid the
risk of gas poisoning and improve their performance in treating various diseases such as cancer
therapy, cardiovascular therapy, bone tissue engineering, and wound healing. Stimuli-responsive gas-
generating sources and delivery systems based on biomaterials that enable on-demand and
controllable release are promising approaches for precise gas therapy. This review highlights current
advances in the design and development of new approaches and systems to generate and deliver
therapeutic gases at the site of disease with on-demand release behavior. The performance of the

delivered gases in various biomedical applications is then discussed.

Keywords: Gas generating; Gas delivery; Gas therapy; Therapeutic gases; Biomedical applications
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1 Introduction

Oxygen (0,), nitric oxide (NO), carbon monoxide (CO), carbon dioxide (CO,), hydrogen sulfide
(H2S), and hydrogen (H,) are gaseous molecules with a therapeutic performance that have been used
for gas therapy for the treatment of versatile biomedical applications . NO, CO, and H,S were
previously considered toxic gases to humans. The recent discovery of their critical physiological
properties makes them suitable candidates as molecules of choice for biomedical applications 2,
0,, NO, CO, H3S, and H; are categorized as therapeutic gases with a direct influence on disease status.

Conversely, CO; has supplementary assistance in disease treatment 1*°!,

Nevertheless, handling these gases which have high kinetic energy and a narrow therapeutic
window remains the major challenge limiting their biomedical applications 2. For example, while high
levels of NO (>1 uM) within the circulatory system can be life-threatening, by triggering hypovolemic
shock and cardiac arrest, lower concentrations of NO (< 10° M) in specific pathological conditions,
such as ulcers can stimulate cell proliferation and accelerate the healing process . Therefore, the
control of therapeutic gas release constitutes a significant interest for further clinical translation, with

gas-releasing biomaterials emerging as a promising approach.

Gas-releasing biomaterials possess the ability to effectively store therapeutic gases and release
them effectively in the target tissues to achieve a desired concentration without inducing critical
toxicities ** 4. This can be achieved through either the enhanced retention effect and permeability or
active targeting mechanisms * 2 5 Furthermore, the gases can show a sustained release by
modulating the composition, structure, and functionality of the gas-releasing biomaterials > ®. The
use of gas-releasing biomaterials for gas therapy provides opportunities for developing new

therapeutic modalities or enhancing the efficacy of existing first-line therapies [*,

In this review, the gas generating and delivery approaches, methods to control the gases, gas-
releasing biomaterials functionality, and their unique theranostic performance are discussed. In
contrast to existing reviews on gas therapy, which predominantly focus on specific aspects such as gas
delivery strategies [?, gas-generating nanoplatforms [ 7] or the applications of delivered gases in
cancer therapy * 7, our review offers a distinctive and comprehensive perspective. This review
highlights the use of various therapeutic gases, including O,, NO, CO, H,, HS, and CO, (Figure 1), with
an emphasis on the intricate interplay between these therapeutic gases and biomaterials. We explore
the multifaced ways in which the therapeutic gases can produced, whether through direct release or

triggered by exogenous factors, such as the lesion microenvironment, heat, and light.
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Figure 1. Schematic representation of therapeutic gases, such as oxygen (O,), nitric oxide (NO), carbon
monoxide (CO), hydrogen sulfide (H.S), hydrogen (H2), and carbon dioxide (CO), illustrating the
multifaceted ways in which these therapeutic gases can be generated. The schematic also depicts
various biomedical applications of these therapeutic gases, including cancer therapy, wound healing,

bone tissue engineering, and antibacterial, and anti-inflammatory activities.

Furthermore, the recent gas-releasing biomaterials, which have been successfully designed for
various biomedical applications, such as cancer therapy, enhanced radio-sensitization, photodynamic

therapy (PDT), chemotherapy, sonodynamic therapy (SDT), synergistic high-intensity focused

7
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ultrasound (HIFU), anti-inflammation, antibacterial treatments, and diagnostic imaging, are discussed
(Figure 1). The future developments and upcoming challenges of gas-releasing biomaterials for

promoting their clinical translation to benefit patients are considered.

2 Oxygen (02)

Oxygen (0;) has a pivotal role in the metabolic activity of cells in the human body via the process
of oxidation of nutrients and subsequent production of energy ®. This energy is generated by the
metabolization of glucose molecules and transferred using adenosine triphosphate (ATPs) molecules.
The process of oxidative phosphorylation, occurring in the presence of sufficient O,, involves the

acceptance of electrons by O,, which acts as an electron acceptor in aerobic respiration [,

When the cells have access to adequate levels of O,, they can generate approximately 30 ATP
molecules from each glucose molecule through a process known as physioxia. However, in the
absence of 0, the number of ATP molecules generated drops to two molecules, leading to the
formation of ROS and triggering a cascade of metabolic stress responses within cells. This stress
response can ultimately lead to cell death through processes such as autophagy, apoptosis, and

necrosis ¥, Figure 2 illustrates the causes of hypoxia and the consequences of hypoxia on cell behavior
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Figure 2. Schematic representing pathological conditions, including altered blood flow, inflammation,
or an increase in tissue mass, which are observed in cases of tissue trauma, cancer, diabetes, stroke,
coronary heart disease, and can cause hypoxia. In the short term, hypoxia can be associated with
regenerative responses, such as neovasculogenesis, stem cell differentiation, and tissue regeneration.

(Copyright © 2021, Elsevier) 18,

Depending on the O, consumption rate and the supply to the tissues, the partial pressure of O,
(pO2) may vary, from low pO; (20 mmHg) in cartilage to high pO, (100 mmHg) in arterial blood ©!. Cells
are categorized based on their sensitivity toward hypoxia, which has been published by Huaifa Zhang
et al. % Although the degree to which cells are able to adapt to O, concentrations varies from cell to
cell 111 the range of this adaptation is relatively limited and to maintain homeostasis, keeping pO,
within a certain range is critical *®. When the adaptive mechanisms to hypoxia are saturated,
prolonged exposure to hypoxia and depletion of energy resources lead to apoptotic and necrotic cell
death and permanent tissue injury (Figure 2) 2. Inflammation and disrupted blood flow resulting in
tissue hypoxia can arise from a range of causes including diabetes, cancer, tissue trauma, coronary

heart disease, stroke, and implantation 3!,

Cells attempt to adapt to hypoxia through the activation of several signaling pathways
predominantly governed by hypoxia-inducible factor (HIF) stabilization. HIF is responsible for
regulating metabolism in many tissues and is composed of O,-sensitive (HIFa) and independent (HIFB)
subunits MY, Activation of HIFa results in the transcription of several genes that are important for
tissue protection and adaptation, such as lactate dehydrogenase A (LDHA), phosphoglycerate kinase
(PGK), erythropoietin (EPO) and vascular endothelial growth factor (VEGF) 'Y, Figure 3 illustrates the

activity of HIF in hypoxia and normoxia.

Normoxia Hypoxia

\\

hydroxylation e

OH :
Y oH :

VHL
g HIF-1a ) :

(&

Degraded ONTDONOSTSONPNONONG
HiE1o : ARNT )  HRE

Vo]



220
221
222
223
224
225
226
227
228

229
230
231
232
233

234

235
236
237
238
239

240
241
242
243
244

Figure 3. Schematic of mechanism of HIF in hypoxia and normoxia. In normoxia, prolyl hydroxylases
enzyme and HIF-1a utilize Ozand cofactors to hydroxylate HIF-1a. The hydroxylated HIF-1a binds with
the von Hippel-Lindau (VHL). This interaction results in Lys48-linked polyubiquitination and
dissociation via the proteasome. In hypoxia, the activity of prolyl hydroxylases enzyme reduces and
leads to HIF-1a stabilization and dimerization with HIF-1B, which results in consensus hypoxia-
responsive elements (HRE) !4, Engineered tissues rely on the O, and nutrient supply **.. For a growing
tissue, the lack of a proper microvascular system that can supply O, and nutrients is a major challenge
(18] ' 0,-releasing scaffolds would be one feasible strategy to address this issue. This section explores

different approaches that have been explored for O, delivery.

2.1 O delivery

Approaches for O, delivery can be categorized into three main groups: clinical O, delivery, O,
0,-carriers, and O,-generating materials (Figure 4) !0 16171 These different approaches have their
unique advantages, disadvantages, performance, and functionalities, which are discussed in detail in

this section.

Oxygen (0,) delivery

0, carriers 0; generators

Cyclodextrin
Lipidic microparticles

+ Red blood cells (RBCs) « Hydrogen peroxide (H,0,)
* Hemoglobin (Hb) + Solid peroxides

+ Myoglobin (Mb) * Algae

+ Perfluorocarbon (PFC)

Figure 4. Schematic representation of the timeline development of oxygen (O2) delivery approaches,
which can be classified into two categories: O carriers and O, generators. Oxygen carriers, such as red
blood cells, hemoglobin, myoglobin, perfluorocarbons, cyclodextrin, and lipidic microparticles, can
bond with O, and are used for local delivery. On the other hand, O, generators can produce in situ O,

through decomposition and photosynthesis.

2.1.1 Ogjcarriers

Systemic increase of O, level or random O, release wastes O,, and may also lead to the
formation of ROS and RNS. Hence, targeted O, delivery has attracted significant attention to gain the
benefits of high pO, with minimal systemic toxicities. O,-carrying materials such as red blood cells

(RBCs), hemoglobin (Hb), myoglobin (Mb), perfluorocarbons (PFCs), cyclodextrin, and lipidic

10



245
246
247

248

249
250
251
252
253

254
255
256
257
258
259
260
261

262
263
264
265
266
267

microparticles (LMPs) have been applied (Figure 5). These materials can store O, and release it to

targeted tissues and organs ¢!, O, carriers are either synthetic or natural such as carriers derived from

mammalian blood

[10]

Oxygen (O-) carriers
Red blood cells Hemoglobir! (Hb) Perfluorocarbon Lipidic Microparticles Cyclodextrin
(RBCs) and myoglobin (Mb) (PFCs) (LMPs)
< Hp\i
- u @ Sle| =
0, Ioaded PR ‘\\ ":kc /
S ey
* Easyto use. + Potential substitution to * High 0, loading capacity. | * Remarkable stability. * Non toxic.
«+ Containing 140 g/L of RBCs. * Adsorb other * Modulating O, capacity |  Varying degrees
Hb. + Bind with O, via heme oxygenated species. by varying the of solubility.
group. » High stability. composition and chain
+ Higher O, delivery length of the lipids.
capacity than RBCs.
+ High cost. + Inaccurate control « Long degradation time. * Increasing blood + Short term 0, release.
« Lack of supply over O,. * Hydrophobic nature. viscosity.
source. * Severe adverse effects
+ Blood type + Short duration of 0,
mismatching. release.

Figure 5. The schematic represents a summary of the advantages and disadvantages of O, carriers,
including red blood cells (RBCs), hemoglobin (Hb), myoglobin (Mb), perfluorocarbons (PFCs),
cyclodextrin, and lipidic microparticles (LMPs). All O, carriers suffer from a short-term O, release time
due to their low O3 payload. Synthetic O; carriers such as PFCs, cyclodextrin, and LMPs have a higher

0: payload capacity compared to natural O; carriers like RBCs, Hb, and Mb.

2.1.1.1 Red blood cells (RBCs)

Red blood cell (RBC) transfusion is a commonly used method to improve O, delivery to organs
and tissues [, RBCs with a Hb concentration of approximately 140 g/L are able to store their O,
content for up to 42 days at 2 °C or up to 10 years at freezing temperatures 2%, However, studies have
reported an association between transfusions and increased morbidity and mortality 2. Medical
complications such as infections, blood type mismatching, social challenges like generating
biohazardous waste, high cost, and lack of supply for high-demand situations such as war, limit the

effectiveness of RBCs 22,

2.1.1.2 Hemoglobin (Hb) and myoglobin (Mb)

Hb and Mb are the primary O, delivery units in blood cells, skeletal, and cardiac myocytes %,
and were thought to be a potential substitution for RBCs transfusion and their associated issues. Their
heme groups can bind O, and release it at different concentrations, depending on the p0, 3. The
main difference between Hb and Mb comes from their O,-binding subunits, which for Hb are four

subunits, whereas Mb has one subunit 12*. Therefore, the O, saturation capacity of Hb is more than

11
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Mb (9 Additionally, compared to transfused RBCs, Hb can be stored for up to two years at ambient
temperature, and its O, delivery capacity is 1.3 times higher than that of RBCs at the same volume.
The potential of Hb to transfer O, without red corpuscle is proven I, Synthesized monodisperse
zeolitic imidazolate framework (ZIF-8) particles containing Hb showed a lower constant rate for
haptoglobin binding, which is a marker for in vivo clearance, compared to cell-free hemoglobin’s rate.
The hemolysis of the particles was investigated with incubation with RBCs for 30 min at 37 °C, which
was less than 5% 2. However, free Hb and Mb are toxic and induce Hb-driven diseases 12"\, Having
good gas (e.g. 0;) binding properties is involved in the toxic effects of Hb and Mb as well. For example,
they can adsorb NO in the blood circulation system and induce vasoconstriction aberrant

hemodynamics, and chronic manifestations of endothelial dysfunction.

Besides, the heme group in cell-free Hb and Mb has several oxidation states and this can
interfere with several redox reactions in the body. In blood, most of the free Hb and Mb remain in the
reduced Fe(l1)O, state, capable of reactions with NO. However, in conditions with enhanced oxidative
stress (including hypoxic conditions), they can go through autoxidation and obtain higher iron
oxidation states (Fe(lll), Fe(IV), Fe(lV)) which leads to the generation of ROS, degradation of Hb and

Mb and generating crosslinking products with cytotoxic and inflammatory activities.

To address these issues, several approaches have been proposed, such as stabilization via
polymer surface conjugation 128!, intramolecular cross-linking ?°), intermolecular polymerization 37,
and encapsulation into drug delivery carriers such as liposomes 3%, However, the effectiveness of each
approach depends on factors such as molecular mass, Hb concentration, temperature, and the
characteristics of the media used for loading and release, as well as the type of stabilization method
321 Among all these approaches, Hb vesicles with a moderate size of around 250 nm have shown the
most promising results due to their high biocompatibility, loading capacity, stability, and efficacy.
Additionally, their size is larger than the diameter of hepatic sinusoidal capillaries' fenestration, which

helps to minimize their clearance by the reticuloendothelial system 22,

2.1.1.3 Stem Cell-based O; carriers

Stem cell-based O carriers, such as human embryonic stem cells (hESCs), natural
hematopoietic stem and progenitor cells (hSPCs), or induced pluripotent stem cells (iPSCs), have great
potential for O, delivery and transfusion, similar to RBCs, and are particularly useful for patients with
rare blood types, as they can be induced to differentiate hematopoietic cells B3, However, despite
their efficacy, cell-based O, carriers have limited shelf-life, storage, and shipping capabilities. Even
with conjugation, cross-linking, and other modifications, the half-life of O, carriers derived from

human or mammalian blood is shorter than that of natural RBCs, making them suitable only for short-

12



301
302

303
304
305
306
307
308
309
310
311
312
313
314
315

316
317
318
319
320
321
322
323
324
325

326
327
328
329
330
331
332
333

term tissue oxygenation and a limitation of RBC donors or transfusions. To address this issue, PFCs

have been introduced as O; carriers with improved stability and performance.

2.1.1.4  Perfluorocarbons (PFCs)

Perfluorocarbons (PFCs) have emerged as a promising class of artificial O, carriers due to their
high O, loading capacity. At standard pressure and room temperature, PFCs exhibit an O, dissolving
capacity of 44 nM, which is 20 times greater than that of water 3%, Unlike Hb and Mb, the O, delivery
capacity of PFCs exhibits a positive linear relationship with pO, [9]. Moreover, PFCs can adsorb other
oxygenated species such as NO, CO, CO,, ROS, and RNS via Fick's law, thereby acting as a scavenger
and mitigating ROS and RNS #°!. PFCs exhibit relatively high stability and can extract up to 90% of the
dissolved O, in blood ¢!, The degradation time of PFCs is around 2 to 8 years due to the strongest
bond between fluorine and carbon 7). Such unique properties of PFCs have prompted researchers to
explore their potential biomedical applications such as blood substitution, wound healing, liquid
ventilation, organ preservation, and blood oxygenation 3. However, the hydrophobic nature of PFCs
necessitates their emulsification, suspension, or conjugation with hydrophilic polymers to enhance

their efficiency in aqueous media 3.

The O3 loading capacity and O; releasing rate of PFC-based materials can be modulated by a
range of internal and external factors. Internal factors, such as the number of fluorine groups, the
structure of PFCs, and the substitution degree, alongside external factors such as irradiation and
loading and releasing media properties, play crucial roles in the controlled O,-delivery properties of
PFCs B°. For instance, a critical substitution degree of 39-42% has been identified for
pentadecafluorocarbons on methacrylate chitosan, with samples having higher substitution degrees
exhibiting reduced cell viability B%. In another study, PFCs conjugated with tetrafluorophenyl
bacteriochlorin were shown to enhance the efficacy of photodynamic antibacterial agents by
generating ROS in vitro and in vivo assays %, These findings highlight the versatility and potential of

PFC-based materials as tunable platforms for biomedical applications.

2.1.1.5 Cyclodextrin

Cyclodextrin represents a class of non-toxic O, carriers with varying degrees of solubility,
comprising multiple cross-linked cyclodextrins Y. Although cross-linking reduces the solubility of
cyclodextrins, it enables the formation of a 3-dimensional porous structure with lipophilic cavities and
hydrophilic channels, allowing for the incorporation of a wide range of compounds “Y. The capacity
and hydrophilicity of cyclodextrin sponges can be tailored by adjusting the cross-linker type and ratio
to cyclodextrin 42, The O, uptake capacity and release rate of different types of cyclodextrin (a, B, and

y) have been characterized, revealing variations in O, uptake and release kinetics ranging from 1 hour

13



334
335
336

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351

352
353
354
355
356

to more than 2 days [“3l. These findings underscore the potential of cyclodextrin sponges as versatile
platforms for O, delivery and related applications, which can be further tuned by manipulating their

structural and physicochemical properties.

2.1.1.6 Lipidic microparticles (LMPs)

Lipidic microparticles (LMPs) represent another O, carrier with remarkable stability, lasting
for up to 2 weeks and potentially extended to several months by incorporating oligosaccharides and
cholesterol 4. The O, capacity of LMPs is primarily determined by the composition and chain length
of the lipids, while the stability of lipids can be modulated by the molecular weight of the selected
surfactant 1’ Due to their excellent stability, LMPs have potential applications in a wide range of O,-
consuming conditions, including refractory hypoxemia and acute respiratory distress syndrome [,
However, the large size of LMPs can increase blood viscosity, and their accumulation in tissues can
induce toxicity “. Surface modification is an approach to minimize the immunogenicity and toxicity
of LMPs ¢!, By reducing the lipidic particle size from micro to nano, O, loading capacity increases,
and the blood viscosity does not change significantly [’). In recent years, O, carriers have garnered
attention for their potential to release O, in targeted tissues or organs, thereby minimizing the risk of
damaging other organs. Nevertheless, their practical application has been hindered by their low O,-
loading and short-term O3 supply in an uncontrolled manner, harmful burst release, and O; loading

dependency.

2.1.2 Insitu Oy generators

To overcome the limitations of utilizing O carriers and clinical O, delivery, researchers have
focused on the development of O,-generating sources that can produce in situ O, thus enabling the
production of independent O,-loaded biomaterials. Figure 6 represents a summary of O, generators,

which have been used up to now, with their advantages and drawbacks.
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In situ O, generators

Hydrogen peroxide (H20,) Solid peroxides Photosynthetic algae
gy &o
3% - @9

O
6CO.+12H,0+light -
2H;0, —» 0, +2H:0 (1) CaO2+H.0 —» Ca(OH).+1/20; ‘)
(2) Ca0,+2H,0 —» Ca(OH),+H,0, CeH.20:+60,+6H,0
« High 0, generating capacity. « Source of H;0, for generating 0,. » Long lasting O, release (over 30
« Slower decomposition rate than H,0,. days). )
« Uncontrollable decomposition « Supply O, over several days. « Secrete platelet-derived and
rate. « High O; generating capacity. vascular endothelial growth factors.
High cytotoxicity. - T
: Mfm sfurce oftéos « Cytotoxicity due to burst release e limited applications due to the
: of H,0.. limit of light penetration through
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Figure 6. Current in situ oxygen (O,) generators can be classified into hydrogen peroxide (H,0,, liquid),
solid peroxides such as calcium peroxide (CPO), sodium percarbonate (SPO), and magnesium peroxide
(MPO) (solids), and algae (living organisms). Hydrogen peroxide and solid peroxides have cytotoxicity
due to fast decomposition. Solid peroxides can decompose into O, and H,0,, providing a source of O,.

Algae possess long-lasting O, release via light irradiation.

2.1.2.1 Hydrogen peroxide (H20)

Hydrogen peroxide (H,0,), a widely used liquid peroxide, has a high rate of decomposition
into water and O.. In the absence of a decomposition agent, one gram of H,0, can generate 12 mL of
0, “8, This process is facilitated by factors such as light, temperature, and pH, as well as by the
presence of certain catalysts such as silver, manganese, potassium dichromate, iron oxide, and

catalases 48,

2.1.2.2 Solid peroxides

Solid peroxides, including calcium peroxide (CPO), sodium percarbonate (SPO), and
magnesium peroxide (MPO), have been investigated as a source of H,0, for generating O, over an
extended period ¥, The solubility, purity, and rate of decomposition of the solid peroxides, and the
temperature and pH of the surrounding medium, are critical factors that control the rate of O,
generation %, Although the solubility of SPO in water at 20 °C is considerably higher than that of MPO
(120 g/L vs. 0.086 g/L), the amount of O, released through SPO decomposition is approximately 13

mg/L lower than that of MPO **?!, Nonetheless, the use of solid peroxides has limitations in biomedical
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applications due to the cytotoxic effects caused by H,0;burst release and the generation of ROS during
rapid dissociation [*°** 4, Despite their drawbacks, solid peroxides can release O, over several days,

making them a promising approach for O, generation.

Table 1. The mechanism, O, release capacity, solubility in water, and purity of different peroxides

(Liguid and solid peroxides).

Compound Mechanism 0, release capacity Solubility in water  Purity Refs
H,0, H,0, decomposition 12 mL per 1 g of H,0, (in  Soluble 30% v/v in [50]
the presence of catalase) water
CPO H,0, generation and 22+/-3.3 mg/L 1.65g/Lat20°C ~ 60-80% [50b, 51]
decomposition
SPO H,0, generation and 31+/-2.0 mg/L 120 g/Lat 20 °C ~ 20-30% [50b, 51a, 52]
decomposition
MPO H,0, generation and 44.38 mg/L 1.65g/Lat20°C ~15-25% [50b, 51a, 53]

decomposition

To tackle the difficulties linked with burst release and the generation of ROS during rapid
dissociation, two approaches have been employed. The first approach involves the use of hydrophobic
materials to trap generator sources, thereby limiting water accessibility and degradation rate, and
reducing burst release ¥, The second approach employs catalysts such as silver, manganese
compounds, iron oxide, and catalase to accelerate H,0, decomposition and prevent ROS generation
481 These approaches have proven successful for concentrations lower than 1% of hydrophobic O,
generations in living tissue, although significant toxicity has been observed for higher concentrations
831 At concentrations exceeding 30 uM of the H,0, produced by the dissociation of any peroxide,
cytotoxicity has been reported due to the production of free radicals !> “®!, However, the cytotoxicity

can be avoided by the addition of catalase at a concentration of 50 U/mL or higher 1%,

In addition to the use of catalase, another approach to mitigate the toxicity associated with
the production of free radicals during rapid peroxides decomposition is the use of antioxidant
materials to scavenge these radicals and reduce oxidative stress %, Solid peroxides offer several
benefits, including low cost, easy storage, controllable O, release, in-situ O, release, and metabolizable
byproducts . It has been demonstrated that burst O, release is the primary cause of adverse effects

on cells. Therefore, the development of a safe and sustained O,-generating platform is crucial.

2.1.2.3 Photosynthetic algae
Photosynthetic algae have emerged as a potential alternative for sustained O, generation and
delivery to hypoxic tissues (Figure 1). They have been reported to generate a constant amount of O,

for over 30 days P°. Additionally, photosynthetic algae secrete platelet-derived and vascular
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endothelial growth factors, which promote an environment conducive to enhancing regeneration in
the wound healing process . Microalgae encapsulated in carboxymethyl chitosan gels have been
found to produce O, and ROS at higher UV irradiation levels, thereby promoting the recovery process
of wounds by reducing hypoxia and killing bacteria ®”. However, since the algae's O, generation
depends on light, their applications in tissue engineering are limited to the depth of light penetration

through the body 18,

2.1.3 Comparison between O; generating and carrier

Comparing the theoretical and practical ultimate O, release rate of O,-generating and O,
carriers, biomaterials with higher theoretical O, generation or carrying capacity exhibit prolonged O,
delivery (Figure 7 and Table 2). While O; carriers such as lipidic micro and NPs have a high capacity,
they cannot release O, in a sustained manner for more than a few days. Conversely, O,-generating
materials with a high O, payload and extended-release time are limited by toxic burst release and
decomposition byproducts. For instance, CPO decomposition generates Ca?* ions that, at a
concentration lower than 320 ppm, increase the proliferation of adipose-derived stem cells and
accelerate their differentiation to the bone, without any adverse effects on viability. However, utilizing
more CPO showed cytotoxicity due to the generated H,0, *°. Despite progress in controlling the O,
release rate from O,-generating materials, the initial burst release and scavenging of decomposed
components remain challenging even with encapsulation into hydrophobic polymers. Therefore, using
materials with smart and controllable degradation rates with enzymes, light, and heat could help

attain a smart O;-generating biomaterial with a sustained release rate.

Hb & Mb PFCs LMPs  Solid peroxides Algae
| | | | | |
10" 1 10° 10?2 108 104
Payload of O, (mmol)

([ orodenin (300 i0es
I. T - I 1

Minutes Hours Days Weeks Months

Duration of O, release

Hemoglobin: Hb Myoglobin: Mb Perfluorocarbon (PFCs) Lipidic microparticles: LMPs
Oxygen (0,) carriers . Oxygen (0,) generators .

Figure 7. Diagram representing O, payload capacity and O, release duration. A higher O, payload
results in a longer O, release. Therefore, O, generators with a higher O, payload capacity than O,
carriers can supply O for a longer time. Algae in a suitable condition can generate O, for months.

While O carriers can provide O, for a few days. (Adapted, 2021, Elsevier &),
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In the continuum of oxygen utilization, the methodologies outlined in the preceding section

(2.1) lay the groundwork for understanding the intricacies of oxygen administration. This sets the stage

for an exploration of therapeutic interventions involving oxygen in the next Section 2.2 which focuses

on oxygen therapy.

Table 2. A summary of the comparison between O, delivery methods with their advantages and

disadvantages.

Method Mechanism 0, 0O, release  Advantages Disadvantages Refs
payload duration
Clinical O, delivery methods
HBOT supplying pure 1-3 atm 1-3h Easy to use Time-consuming, high- [8a 60l
0O, under high cost, large equipment,
pressure can be toxic under high
pressures, relative
efficiency
NBOT supplying pure 1atm 1-3h Easy to use Time-consuming, high 61
0, under cost, large equipment,
normal relative efficiency
pressure

Hemoglobin Binding of <1 mmol Minutes Utilizing natural  Ability to bond to NO [24 27
and haem groups to hours < human protein, and induce oxidative 3162
myoglobin with O, lessthana ability to bond and damage, short half-life in
day connect to polymers, blood circulation
long shelf life, local
delivery
PFC Increasing 0, <10mmol  From Low cost, synthetic, Hydrophobic, Low O)- [ 16
solubility  via hours to long shelf life, carrying ability at 3463
Van der Waals days < bonding with  physiological O, level,
forces weeks polymers, local can bind to NO and
delivery induce oxidative
damage, should
recharge
Cyclodextrin Binding with - From Non-toxic, Short O; release time, [8a41
(o]} hours to biodegradable, low O; payload capacity
days < binding with other
weeks polymers, local
delivery
Lipidic Encapsulation <103mmol <hours Increasing the O, Short release time, [8
microparticles of O, loading by lipidic relatively large size (210 46254
bubbles, providing a pum), toxic burst release
high concentration of
O, in a short time,
useful for ultrasound
imaging
O,-generators
H,0, H,0, - - Rapid O, release, High toxicity without (8]
decomposition incorporating in  catalyst, low
particles, the catalyst controllability on O3
can be wused to release, toxic burst
increase the reaction release
rate
Solid Generating <103 <a week Easy to use, high O, low controllability on O, [8a 54
peroxides H,0, payload, release, toxic burst &4
biocompatible release, change the pH
byproducts, long of release media with by-
shelf life
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products, High toxicity
without catalyst

Algae Photosynthesis 210*mmol 2 weeks Theoretically, infinite  Limited application in [82 16
0O-generating, the deep tissues, not 5865
biocompatible, extensively investigated
secrete growth for safety in vivo
factors

2.2 Oz Therapy

All O; carriers and generating materials, according to their advantages, disadvantages, and
application requirements, can be used in a variety of biomedical applications (Figure 8 and Table 3).
For example, photosynthetic algae have the potential for use in skin tissue regeneration; however, it
is not practical for inner organs due to a lack of light. CPO decomposition not only compensates for O,
defection in bone tissue engineering but also generates Ca?*, which improves cell differentiation.
Generally, the applications of the O, generating and carrier biomaterials can be categorized into three
main categories: 1) Cell and tissue survival, 2) Cancer therapy, and 3) Metabolic reprogramming

(Figure 8).

Cancer therapy Metabolic reprogramming

Angicgenesis
induction
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Figure 8. Schematic representation of the main applications of O, carriers and generators in
biomedicine. Based on the function of the delivered O,, the applications of O, carrier and generator

biomaterials can be divided into 1) Cell and tissue survival, 2) Cancer therapy, and 3) Metabolic
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reprogramming. Oxygen carriers and generators can alleviate hypoxia, thereby enhancing cell survival.

Moreover, adequate O, improves the efficiency of cancer therapy approaches.

2.2.1 Cell and tissue survival

The success and viability of an implant depend on the avoidance of anoxia 83!, which can result
in inactivating proteins and DNA [®®!, as well as cellular damage through free radicals leading to cell
death in vivo implantations [¢7). Despite efforts such as growth factor supplementation, 3D bioprinting,
and modification of the 3D structure to enhance O, supply within the implanted tissue, the challenge
of limited O, diffusion remains ®”. Hence, 3D scaffolds and implants based on O,-carrying and
generating biomaterials have been proposed [ 1°. However, precise adjustment of the O, release
rate is crucial, varying based on the source of O,, release media, targeted tissue, and materials. While
O, improves implant performance, its delivery must be carefully optimized to avoid unintended
consequences. For example, to enhance osteogenesis and angiogenesis while controlling
osteoclastogenesis in bone tissue, PFC and catalase MPs were incorporated into a gelatin
methacrylate hydrogel acting as an O, carrier and ROS scavenger (Figure 9a) %!, In another approach,
a 3D-printed hydrogel with CPO and IL-10 microspheres boosted DNA content, eNOS gene, and CD31
gene expression under dynamic microbioreactor circumstances *°. In addition, using hydrophobic
antioxidant materials extended O, release for up to 10 days, by decreasing CPO water accessibility,

thus extending and scavenging free radicals of the decomposition reaction and enhancing cell viability

[54]

2.2.2 Cancer therapy

The hypoxic microenvironment of advanced solid tumors is associated with the resistance of
cancer cells to first-line therapeutics such as chemotherapy, RT, PDT, and sono-dynamic therapy (SDT)
[0l photosensitizers can convert O, into ROS and singlet O,, which can damage tumor cells' nucleic
acids and proteins Y. Thus, alleviation of tumor hypoxia by O, carrier and generating biomaterials has
been offered efficiently to deliver O, via direct delivery or catalyze the decomposition of H,O..
Stabilized O, microbubbles with polydopamine shells have been shown to increase O, concentration
to 6 mg/L within 25 minutes and maintain it under saturated conditions for 36 hours. Even with this
short O; supply, tumor weight exposed to the MPs and PDT decreased compared to the control sample
[721Sustainable O, release not only provides sufficient O, for photosensitizers and enhances PDT
performance but also promotes the activation of dendritic cells .. Light-controlled O, generation and
sustained release with CPO have been used to alleviate hypoxia and induce anti-tumor immunity
(Figure 9b) 74, Under laser irradiation, phase change lauric acid melts and thereby water access to

CPO for generating O,. The designed materials showed synergistic potential in CDT and PDT.
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Figure 9. (a) The schematic represents the regulation of the bone microenvironment by an O,-
generating and ROS-scavenging hydrogels based on GelMA containing PFC and CAT (Open Access,
2023, ScienceDirect [*®), (b) a schematic illustration of the synthesizing and therapeutic mechanism of
thermos-responsive O, and H,0, generating NPs for synergistic CDT/PDT (Open Access, 2020, nature
[741), and (c) therapeutic mechanism of manganese ferrite and ceria NPs-anchored MSNPs that can
simultaneously generate O, and scavenge ROS to decrease the level of M1 macrophage for

rheumatoid arthritis (copyright © 2019, American Chemical Society).

2.2.3 Metabolic reprogramming and angiogenesis

Angiogenesis, the formation of new blood vessels, is primarily induced by hypoxia, but
prolonged hypoxia can hinder this process 2. The O, tension can be manipulated to modulate the
angiogenic process, which is hypothesized to be accelerated by ROS as a signaling molecule in the
presence of O, decreasing the activity of the prolyl hydroxylase protein 3. One practical approach
for improving angiogenesis is to cover O,-generating sources with multi-layer shells for sustained O,

delivery.

O,-releasing 3D scaffolds have been developed to extend the release of O, for up to 19 days,
resulting in better angiogenesis in the early stage (4 weeks) after surgery *!. Polycaprolactone-sodium
percarbonate (PCL-SPC) nanofiber mats formed blood vessels rapidly at CAM assay, and their HIF-1a
gene expression was 2.39-fold higher than the sample without an O,-generating source 7®. Hydrogels
with CPO-loaded PCL MPs were designed for controlled O, release in bone regeneration.

Preosteoclasts showed increased LDH, and ALP activity with CPO concentrations up to 60 mg/ml, while
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declining at higher concentrations. %, O, carriers and generators have been hypothesized to induce
the pro-inflammatory M2 phenotypes by downregulating HIF-1a under hypoxic conditions (Figure 9c)
71, Therefore, controlling O, tension could impact macrophage behavior, thereby regulating the M1
and M2 phenotypes. ROS facilitated by Nox2, regulates cell function, inflammation, and

pathophysiology in tissues 78],

Optimization of ROS concentration in the oxidative microenvironment of a tumor is required
to maintain proper M1 and M2 function "°!. The potential cytotoxicity of ROS highlights the need for
a delicate balance between ROS generation and regulation, as ROS plays a critical role in both tumor
treatment and pathological diseases. In a joint environment, for instance, elevated pO; levels can
prevent the degradation of the extracellular matrix, chondrocyte death, and joint inflammation
caused by high levels of peroxides, NO, and hydroxylated radicals 2 3%, Enzymes and molecules such
as catalase, superoxide dismutase, and glutathione act as natural antioxidants and play a crucial role

in ROS regulation 8%,

Inherent antioxidant materials or systems capable of releasing and generating antioxidant
materials are the primary approaches to regulating ROS concentrations . 0,-generating biomaterials
have proven to be effective in ROS regulation ®%. For example, released O, generated from the
degradation of MnO, NPs has been shown to protect against cartilage inflammation, while MnO, NPs
coated with collagen have defended fibroblast cells against oxidative stress 2. Modified MnO, with
polyethylene glycol (PEG) has also been investigated for its role in ischemic stroke, with the relative
expression of inflammatory factors such as IL-1B, IL-6, and TNF-a decreasing remarkably after

treatment with MnO, particles, according to a study by Song-Bin Yang et al. ELISA assay 13,

Table 3. The typical paradigms of O,-releasing biomaterials for versatile biomedical applications. Listed

2022 and 2023.
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Gas  Source Mechanism Control method Ultimate gas Release Application Remarks Refs
release duration
0, Hb (O, Binding NPs containing Hb and ~6 mg/L In 15 min Tumor inhibition (cancer The Hb showed faster release in [84]
carrier  with Oy via Mn-phthalocyanine therapy) hypoxia than in normoxia.
) heme
group
Loading Hb with - - Biocompatible and antioxidant The particle showed a potential to 85
poly(lactide-co-glycolide) 0O, carrier be used as a blood surrogate.
into a nanozyme shell
PFC Dissolving NPs based on PFC, PLGA, ~10-12.5 mg/L 4 h without Imaging-guided cancer therapy HIFU shows remarkable promise in (8¢l
(0, O, via and superparamagnetic high-intensity solid tumor treatment
carrier  Waan der oxide focused
) Vals ultrasound
interaction (HIFU), and
<30 min with
HIFU
Incorporating periodic - 12 days in Enhancing cell viability of Particles increased the cell viability 1871
mesoporous organosilica- normoxia and fibroblast of fibroblast under hypoxia and
PFC particles into GelMA 14 days in normoxia
hydrogel hypoxia
Core-shell particles based  ~30 mg/L In 10 min Tissue engineering and blood O, carrier had a concave shape. 88]
on perfluorooctyl bromide substitution
(core) and PLGA (shell)
Conjugation on ~225mmHg 12 h Bone regeneration PFC not only supplied 02 189]
polydopamine continuously but also improved
the antibacterial activity of the
hydrogel
Encapsulating PFC droplet  ~8 mg/L with low- In 5 min Cancer therapy The PFC droplets broke the 190]
into alginate shell intensity ultrasound alginate shell via liquid-to-gas
transition with ultrasound
Conjugating PFC on - - Alleviating hypoxia (cancer The fluorinated microparticles 191]
methacrylamide chitosan therapy) reduced the number of hypoxic
microparticles cells within the core regions of the
particles.
Liposo  Encapsulati  Loading Hb to a ~7-12 mg/mL 300 min Rheumatoid arthritis treatment In the presence of infrared light, 192]
me ng O, phototherapeutic the liposome reduced M1
(0 liposomal macrophage population and

23



carrier expression of hypoxia-inducible
) factor-1a
H,0, Decomposi  Composite nanoplatforms - - Improvement of the MnO; can react with the in situ (93]
(Liquid  tion of based on peptide, chlorin, immunosuppression H,0; to generate O, and alleviate
peroxi  H,0; by and MnO; microenvironment and the hypoxia
de) MnO, alleviating hypoxia
Synthesis composite - - Repair of bone osteoporotic The hydrogels regulated [94]
hydrogels based on bone defects macrophage, eliminate ROS, and
GelMA containing MnO2, promote the repair of bone
calcium phosphate, and defects
fibroblast activating
protein inhibitor
Decomposi  Nano catalytic particles - - Alleviate tumor hypoxia (cancer ~ The photothermal activity of the 195]
tion of based on hollow therapy) particles elevated the catalase
H,0, mesoporous Prussian blue activity of the particle for O,
Ultrasound-activated NPs - - Alleviate tumor hypoxia to The expression level of factor 1a [96]
based on manganese enhance STD therapy (cancer and vascular endothelial growth
dioxide and chlorine e6 therapy) factors was detected by
immunofluorescence
Light-triggered O, self- - - Alleviate tumor hypoxia (cancer  The singlet O, enhanced the 197]
supplied therapy) mortality rate of ID8 cells. PDT
phototherapeutic increased the O,-generating rate
platforms to decompose
H20;
Co-loaded catalase and ~5mg/mL from 18 days Enhancing bone repair Although O, enriched 68]
PFC NPs into GelMA 10mM of H202 microenvironment inhibited
hydrogels osteoclastogenesis, osteogenesis,
and angiogenesis increased
Incorporation of hollow - - Bone Repair Bone formation 98]
manganese dioxide NPs
into GelMA
CPO Decomposi  Incorporating CPO into ~25 mmHg 20 days Bone tissue engineering 3% w/w of CPO represented 22% 199]
tion of CPO  alginate hydrogel enhancement in cell viability under
hypoxia
Incorporating into PLGA ~20-80% 24 h Alleviating myocardial hypoxia The generated O, from PLGA [100]

microparticles

microparticles containing CPO
increased primary rat
cardiomyocyte
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Encapsulation into ~2 mg/mLin pH of 60 min Alleviating hypoxia in infected The particles contusing O, [101]
microenvironment 7.4 and ~ 6 mg/mL wounds generating source improved the
sensitive NPs based on in pH of 5.5 healing process of S. aureus-
ZIF-67- hyperbranched- infected wounds
poly-I-lysine
Immobilization of CPO p0,=~80% 60 min Accelerate wound proliferation The hydrogels facilitate cell [102]
and catalase into an and remodeling phases proliferation and
inducible hydrogel neovascularization
Covering COP by ~60% 24 h For cooperative in chemo CPO provided the efficient H,0, [103]
liposomal nanoplatforms dynamic/starvation cancer for effective chemo dynamic
therapy therapy

Developing a composite ~6 mg/L 60 min Hypoxia improvement, The generated H,0, not only [101]
nanogenerator based on a chemodynamic therapy, and generated O; to alleviate hypoxia
cobalt metal-organic wound healing but also showed a synergistic anti-
framework with CPO biofilm capacity
Embedding CPO into ~5t030%in 30 min PDT and Ca?* overloaded The generated singlet O, via H,0, [104]
nanohybrid NPs different pH therapy decomposition in the presence of

Ceb showed promising

performance in PDT
Loading into - - Electrically enhanced Simultaneous endogenous and [105]
polyoxometalate NPs chemodynamic therapy exogenous stimulation improved

the Fenton-like response
Loading in PCL particles ~50% 14 days Regenerate critical bone defects  In vivo, bone remodeling and [64a]

vascularization results revealed

that the PCL particles containing

CPO embedded into GelMA

hydrogels can provide sufficient O,

for a bone defect with the size of

70 mm3

Micro  Photosynth  Loading Chlamydomonas 11.2+2.5 - Wound healing The optimal O generation was at [106]
algae esis reinhardtii into alginate nmol/cm2.min for 5.107 microalgae/mL. The

hydrogel

5.107
microalgae/mL

hydrogels did not show any skin
irritation on the skin of 20 healthy
human volunteers.

In situ printed alginate
and GelMA containing
Chlorella pyrenoidosa

From 0.9t0 9.9
mg/L with
microalgae content
of 105 to 107
cells/mL

Equilibrium at
60 min

Wound healing

The hydrogel containing
microalgae was printable.
Generated O»-facilitated cell
proliferation, migration, and
differentiation under hypoxia.

[107]

25



525

Chlorophyceae was ~4 mg/L 20 min Cancer therapy The microalgae relieved tumor [108]
functionalized with hypoxia, promoted infiltration of T
phosphorus nanosheets cells, and provided sufficient
through polyprotic acid substrates for improving

photodynamic therapy.
Chlorella was covered ~8 mg/L In 40 min Hypoxia alleviation The microalgae were efficient O, [109]

with macrophage
membrane

generators and immune adjuvants.
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3 Nitric oxide (NO)

Nitric oxide (NO) is a crucial component of life since NO is known as a utilizable nitrogen source
by organisms %, Plants and bacteria synthesize NO via the reduction of nitrite (NO;) and nitrate
(NOs3’). In Mammalian physiology, it is generated through enzymatic oxidation of L-arginine to NO and
L-citrulline. At least 3 isoforms of NOS have been discovered so far: neuronal (nNOS), inducible (iNOS),
and endothelial NOS (eNOS). NO is an odorless and colorless gas with intense active free radical
activity %31, NO is also an important signaling molecule that directly and indirectly affects various
cellular and physiological functions, such as vasorelaxation, gene regulation, bronchodilation platelet
aggregation, vascular permeability, angiogenesis, hormone secretion, neuronal communication,
inflammation and immune system, wound healing, and gastrointestinal mobility > 1], NO, regulating
the immune system exerts anti-inflammatory effects, and intercede endothelial function as a
vasodilator at low concentration around pM-nM 2. However, at abnormally high concentrations
(~uM), can lead to cell death and contribute to chronic inflammation via the creation of strong
nitrosative stress '3, Therefore, the biological application of NO has been defined by the kinetic
behavior and the exposure time of NO. However, uncontrolled diffusion to other parts, challenging
accumulation in the targeted tissue, and short half-life (<10s) are current limitations that reduce the
efficiency of NO therapy ®3. In order to overcome the NO delivery limitations, NO donors with the
ability to control and targeted delivery have been developed by researchers, which will be explained

in detail in the next section.

3.1 NOdelivery

Due to the multimodal behavior of NO and the dependency on the concentration and duration
of action, controllable NO delivery systems have been emerging for several biomedical applications
63, 113-114] ' Controllable NO delivery systems involve the delivery of gaseous NO, the delivery of NOS
substrates as the precursor of NO, using low molecular weight NO donors, and the controlled delivery
of NO using sophisticated biomaterials. Figure 10 shows the main NO delivery systems with their NO-

releasing mechanisms.
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Means of controlling NO release

Nitric oxide (NO) delivery
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Figure 10. The schematic represents a summary of the main categories of NO delivery and their
corresponding NO-releasing mechanisms. Depending on the chemical structure of the NO donors,
they can have different releasing mechanisms, such as enzymes, ROS, light, ultrasound, and
temperature-responsive release. Therefore, the rate of NO release can be controlled through

structural design, employing either physical or chemical approaches.

3.1.1 Gaseous NO

The most straightforward way to deliver NO is by utilizing the gaseous form of NO. Similar to
HBOT, NO can also be applied in hyperbaric therapy. However, the NO pressure and exposure time
should be tolerated to avoid the toxic effect of high pressure. The safe dose and exposure time of
gaseous NO for wound healing has been reported by Rezakhanlou et al using a mouse lymphocyte
model, which is 5, 25, 75, and 200 ppm for 8 hours %3/, A pressure higher than 200 ppm decreased
immune cell proliferation and cell viability. Although the gaseous NO delivery for wound healing has
been accompanied by promising achievements, has not shown remarkable outcomes in other
therapeutic applications due to a lack of targeted delivery, increasing the NO concentration all over
the body, and generating RNS via reaction with O,. Continuous oversight of pressurized NO cylinders,

time-consuming, high reactivity of NO with the O, in the air, and requiring an anoxic environment are

some factors that limit the hospital setting 119,

3.1.2 L-arginine

L-arginine, an amino acid found in typical diets, plays a crucial role in generating citrulline and
NO in the presence of NO synthases. This process occurs immediately via the terminal guanidine
residue of L-arginine. Additionally, H,0O, oxidation in the presence of catalyze produces citrulline and

NO. Almost 60% of absorbed L-arginine provided by a typical diet (5 g) can survive degradation in the

intestine and enter the circulation system, resulting in a circulating L-arginine concentration of 75 x
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10 to 100 x 10 M ¢!, |t is important to note that only free L-arginine can react with NO synthases
because protein-conjugated L-arginine cannot be oxidized by these enzymes 7). However, dietary

supplementation with L-arginine can increase the overall NO concentration in the body.

In terms of targeted and controlled L-arginine release, the enzyme-response release is one
approach. For example, incorporating L-arginine and glucose oxidase (GOx) into a CU-metal-organic
framework (CU-MOF) with Fenton-like catalytic activity can develop a NO-generating antibacterial
biomimetic multienzyme system '8, The H,0, generated from the oxidation of glucose catalyzes L-
arginine to release NO in a sustained manner. Another approach involves using a photosensitizer to
generate reactive ROS, which can then catalyze L-arginine to produce NO. By loading L-arginine and a
photosensitizer onto a scaffold based on bovine serum protein, ~30 uM of NO could be generated for
30 minutes with laser irradiation **°!. Local ROS in the body can catalyze L-arginine and produce NO

in the body's circulation before reaching the targeted tissue 12,

3.1.3 S-nitrosothiols (SNOs)

S-nitrosothiols (SNOs) are another NO donor, also known as thionitrite, that include S-
nitrosoalbumin (AIbSNO), S-nitrosoglutathione (GSNQO), S-nitrosocysteine (cySNO), and S-
nitrosohemoglobin (HbSNO). SNOs have a weak energy bond (~150 kJ/mol) and can easily decompose
to NO through various environmental factors such as light, pH, heavy metals, heat, and sodium
ascorbate . SNOs can be produced through redox reactions or disproportionation between
nitrosating agents like NO,, N,O4, NOCI, HNO,, and N,Os with thiols in an inert solvent [*2!], Since SNOs
are sensitive to light, near-infrared (NIR), UV-vis, and X-ray have been utilized to trigger NO release
from SNOs 122, Using X-ray radiation with higher energy than UV-vis and NIR can overcome the
limitations in penetration and obstacles of endogenous differences. Moreover, X-ray radiation has
exhibited an improvement in the killing effect of radio-therapy to inhibit tumor cell growth %], A
hypoxic microenvironment of tumor cells decreases the X-ray efficiency in generating NO by reducing
X-ray absorption, which can be compensated for with higher doses of radiation. However, higher X-

ray radiation may damage normal tissues near the targeted tumor .,

To improve X-ray absorption and convert the absorbed photons into heat for photothermal
therapy (PTT), materials with high photoelectric absorption coefficients, along with SNOs, can be used
(1241 To oxidation of heavy metals such as Cu?* and Cu* with SNOs can promulgate the generation of
NO from SNO decomposition. However, the concentration of heavy metals should be considered to
avoid undesired toxicity °). Controlling of NO production by tuning the percentage of Cu doped into

zeolitic imidazolate framework (ZIF-8) has been reported 124,

29



608
609
610
611
612
613
614
615
616

617
618
619
620
621
622
623
624
625
626

627
628
629
630
631
632
633
634
635
636
637
638
639
640

Organoselenium compounds, such as natural glutathione peroxides (GPx) and diselenide
selenocystamine (SeCA), are enzyme-mimicking catalysts that can catalyze long-term NO release from
SNO decomposition due to the leakage of catalytic sites . To increase the stability and activity of the
selenium catalyst, it was suggested to introduce catalytic sites into the backbone of a polymer [126].
Selenium-containing polyurethane films provided a sustained release of NO (5.05x107° mol/cm™ min-
! for 30 days) *23]. Catalyzing SNOs to generate NO by utilizing glutathione (GSH) is another effective
way to deliver NO. Li et al. reported that GSH could break the disulfide bonds of keratin to thiol such
that the produced thiol catalyzed the GSNO and generated NO, attaining a concentration of ~10 uM

after 36 hours (1261,

SNOs can decompose to NO via an autocatalytic reaction 2. The S-N bonds of SNOs cleavage
to form NO°, which then reacts with O, to generate N,Os, leading to further decomposition of SNOs
Bl The autocatalytic process of SNOs can be promoted by ultrasound. Ultrasound increased the
concentration of the generated NO from the decomposition of GSNO from ~1 uM to ~10uM in the
first 5 min (28 Direct regulation of NO synthase can be beneficial for therapeutic purposes by
producing NO ¢! iNOS and eNOS by upregulating the stress of tissue and constitutively expression,
play crucial roles in wound healing. It has been reported that iNOS gene delivery using viral vectors in
iNOS deficient mice accelerated wound closure time from 25 days to 15 days by generating %%,
Moreover, local delivery of eNOS to diabetic wounds using a fibrin scaffold was able to fasten the

healing process as well 139,

3.1.4 N-diazeniumdiolates (NONOates)

N-diazeniumdiolates (NONOates) represent the most frequently employed NO donors
capable of generating NO spontaneously through a dissociation reaction 3!, NONOates have the
potential to be modified into protected forms that can be selectively activated to release NO in a
controlled manner. The dissociation reaction of NONOates generates two moles of NO in the presence
of protons through the pseudo-first-order rate law . The rate of the dissociation reaction is
dependent on the pH of the reaction media and the structure of the donor ). NONOates have a great
potential for modification and can be easily derived into protected forms that can deliver NO to the
targeted organ. For controlled delivery of NO using NONOates functional groups, several enzyme-
responsive prodrugs have been developed. Various enzymes such as Glutathione S-transferase m
(GSTmr) 1321 Galactosidase 33, nitroreductase 3%, and B-glucuronidase ! have been utilized to
remove the protecting groups and activate NO prodrugs to produce NO. Among these enzymes,
galactose-protected NONOates are the most well-known glycosylated NO prodrugs which release NO

via breaking glycosidic bonds in the presence of galactosidase 3],
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To engineer the enzyme-prodrug therapy, protected NONOates have been embedded in
various polymers such as chitosan 3¢ and PCL (37}, or implanted on the surface of a wide range and
metal substrates ). However, the unintended disassociation of NONOates by B-galactosidase can
decrease the stability of the prodrugs 38, The bump and hole strategy, initially designed for targeting
individual protein kinases, has been adapted to hinder the decomposition of NONOates in circulation.
This strategy leads to precisely controlled NO release . In addition to natural enzymes, mimic
enzymes have been widely used to release NO 39, The catalytic activity of some metals, metal
oxidase, and nonmetallic particles to generate NO from exogenous (B-gal-NONOate) and endogenous
(S-nitrosoglutathione) NO donors was investigated. Zinc oxide particles with a releasing rate of 28 x
10°® M had the highest activity to produce NO from 100 x 10 M of B-gal-NONOate %%, The release of
NO could be adjusted by controlling the zinc oxide concentration since the release rate depended on

the zinc oxide concentration.

Furthermore, NO prodrugs can dissociate and release NO in response to microenvironment
conditions such as ROS concentration and pH. ROS-activated NO donors have shown better potential
for cancer therapy than enzyme or light-response donors ©*!. Arylboronate and a-ketoamide have been
introduced as an H,0,-response switch to design NO donors 4. Additionally, an O,"-responsive
mitochondria-targeted NO donor has been designed to release NO and consume cytotoxic O,* to
alleviate ischemia reperfusion injuries in the heart *4?), The concentration of the physiological proton
leads to unwanted NO release from NONOates during circulation. The proton-response release
mechanism can be useful to deliver NO to organs with inflammation, infection, and malignant tumors
Bl A combination of NONOates pH response and an anticancer drug was loaded into a hollow
microsphere based on poly lactic-co-glycolic acid (PLGA) for tumor treatment 3], NONOates released
NO by penetrating protons of the acidic microenvironment of the tumor [*3. Core/shell NPs pH-
response containing NONOates were used to destroy bacteria. Accepting the protons of the infected
environment by imidazole groups of the shell induced the proton-promoting NO release from

incorporated NONOates 44,

Similar to SNOs, NONOates can release NO in a controlled manner by applying light, UV-vis,
and X-ray radiation. NONOates release NO by decomposition of the zwitterionic structure via
induction . The concentration of protons and the temperature of the reaction media affect NO
release. Hence the rate of NO release from NONOates may be adjusted by controlling the
concentration of proton and the temperature by introducing the light-sensitive materials to the NO
donors 4, However, the main drawback of the light-triggered strategy is the poor stability of NO

donors and the decomposition of most NO donors during normal physiological circumstances before
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reaching the organ. To regulate NO release and minimize of rapid decomposition of NONOates in the

early stage, the NONOates are physically and chemically bonded to other components 14,

3.1.5 N-nitrosoamines

N-Nitrosoamines are frequently utilized as NO donors, releasing NO through the triggering of
light-induced heterolysis or homolysis of N-NO bonds !#’). The mechanism of NO release via N-
Nitrosamines is similar to SNOs. However, the activation of N-nitrosoamines with short-wavelength
light like UV or visible light restricts their biomedical applications due to inherent phototoxicity [148,
To overcome this limitation, chromophores with NIR or red absorbing capacity and upconversion NPs
have been proposed to develop N-nitrosoamines with longer-wavelength activation .. NO donors
based on coumarin, along with the use of palladium (ll) tetraphenyltetrabenzoporphyrin, and a near-
infrared (NIR) light-switchable NO release system employing magnesium silica and yolk-shell
upconverting nanoparticles, have been documented in the literature *°!, The system could release
around 30 pM of NO in 20 min with a 980 nm laser [1*9!. Additionally, photothermal materials can
activate N-Nitrosoamines to release NO via absorbing photons and converting them into electrons.
Folic acid-polyethylene glycol-modified polydopamine NPs containing an NO donor (N-Nitrosoamines
) have been synthesized for triple-combination therapy [**%. These NPs could convert absorbed NIR

light into active electrons, leading to NO release from the NO donor.

An alternative approach to activating N-Nitrosoamines that aims to avoid undesired
phototoxicity is the utilization of light energy in combination with glutathione (GSH). This method
involves using light to initiate chemical reactions that produce N-Nitrosoamines while simultaneously
utilizing GSH to decrease the potential toxicity associated with this process *®. Sun et al. used a
combination of GSH and a co-activatable photosensitizer to demonstrate this approach U, The
emergence of a novel photosensitizing system, specifically at 800 nm with a value of 166 £ 22 GM, in
addition to its fluorogenic properties, presents a promising opportunity for various biomedical
applications. This system, particularly in the context of low-light dose PDT, demonstrates the potential

for utilization in both normoxic and hypoxic conditions.

3.1.6 Silicon nitride (SisNa)

Silicon nitride (SisN4) is recognized as a new synthetic non-oxide ceramic composed of
amorphous and crystalline grain-boundary phases [**2, Initially employed in industrial applications due
to its high thermal and mechanical properties, SizsN4 has recently demonstrated excellent capabilities
in enhancing osteoblast proliferation, differentiation, bone formation, and bactericidal activity
through its nitrogen chemistry (%3 The aqueous protonation/dissociation reactions of basic

secondary amines (Si-NH) and amphoteric silanols (Si-OH) on the surface of SisN4 describe its nitrogen
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chemistry 53!, The amine surface sites of SisN4 can dissociate from the silanol surface sites via a
reaction between SisN, and nucleophilic agents, known as the Sy2 mechanism °3!, This amine
dissociation reaction results in the release of ammonia (NHs) or ammonium ions (NH4*) at high and
low pH values, respectively 153 154 Acidic conditions lead to higher ammonia production than
ammonium ions 5!, The ammonium ions are vital nutrients employed in the synthesis of
foundational proteins for genetic compounds and enzymes, leading to cell proliferation and
differentiation [**. Moreover, ammonium ions can enhance osteoblast-driven bone tissue synthesis,
support the proliferation of skin fibroblasts, and encourage the synthesis of collagen type 1 in human
osteoblasts in conjunction with the leaching of orthosilicic acid 53 >4, Furthermore, ammonium ions
serve as nutrients for both prokaryotic and eukaryotic cells. In contrast to ammonium ions, ammonia
can penetrate the external membrane of DNA and RNA structures in both bacteria and mammalian

cells, reducing their stability and resulting in cellular toxicity. 53!

The liberation of unpaired electrons caused by the nitrogen release reaction converts
ammonia into hydroxylamine (NH>OH). The hydroxylamine further reduces into nitrite (NO;’) via the
hydroxylamine oxidoreductase process, contributing to nitric oxide (NO) formation. The nitric oxide
formation reaction is related to the generation of four additional electrons, which contribute to
ammonia oxidation and the generation of proton gradients (>3 >4 The Si3sN4 surface plays a role
similar to catalyzing enzymes such as iNOS and eNOS. In an oxidative environment, SisN4 can release
NO in an aqueous solution. Further reactions of the generated NO with superoxides lead to the

production of peroxynitrite with high antibacterial activity >3],

3.1.7 A comparison between the major classes of NO donors

Organic nitrates represent the earliest category of NO donor compounds and are presently
the most widely utilized among NO donor drugs. This class includes substances like isosorbide
mononitrate (ISMN), glyceryl trinitrate (GTN), nicorandil, and pentaerythritol tetranitrate (PETN).
These drugs have high bioavailability through the oral cavity and have been shown to have anti-angina
pectoris effects (Table 4). Organic nitrates release NO through metabolic or redox reactions and have
a very short half-life (Table 4). They have limitations in clinical use due to their short shelf-life, and lack
of stability [**°l. Nevertheless, they are primarily employed for acute conditions that demand rapid
vasodilation, such as angina. Their use may accompany several side effects including headache,
hypotension, fainting, and the development of tolerance (Table 4) >3, SNOs are an important class of
NO donors which were found as intermediate components in various biological processes involving
organic nitrates, nitrites, and nitroprusside. They are recognized as the body's inherent reservoir of
NO, serving to store some of the generated NO through enzymatic reactions (Table 4). Due to these

discoveries, there has been significant interest in their potential utility as NO donors in medicinal
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applications. SNOs, with a few exceptions, are highly unstable in aqueous solutions, especially primary

and secondary variants (Table 4).

While SNOs have not yet been employed clinically, several benefits have been reported for
SNOs, particularly for biomedical applications in comparison with other NO donors, including 1) the
presence of certain SNOs like S-nitroso glutathione (GSNO) within biological systems suggests that
pharmacologically relevant levels of SNOs might not lead to significant toxicity. 2) Certain SNOs have
displayed selectivity in their pharmacological effects. For instance, there are several reports that GSNO
exhibits greater efficacy as an antithrombotic agent than as a vasodilator. This makes it suitable for
anti-platelet aggregation at doses that don't impact blood pressure. 3) The capability of NO exchange
between SNOs and thiols in biological systems (trans-nitrosation) facilitates the transfer of biological
activity along a chain of other thiols without releasing free NO. This helps reduce potential oxidative
stress caused by SNOs. 4) NO release from SNOs can be modulated through different triggers,

including light.

NONOates release NO through hydrolysis 3. They can release NO in a normal physiological
environment, making them a suitable choice for biomedical research (Table 4) **¢. The release rate of
NO from NONOQates can be managed and directed by incorporating an enzyme or metabolite response
group into the molecule [°. NONOates have a longer half-life than organic nitrates, depending on the
structure. They have shown promise in preclinical studies for various therapeutic applications,

including pulmonary hypertension, cancer, and stroke 26,

Another photosensitive NO donor is metal nitrosyl compounds that release NO when exposed
to light (Table 4). They have a strong ability to coordinate with metal ions. Altering the structure of
the metal center or metal nitrosyl compound can adjust the range of light wavelength (1% 7] The
stability of metal nitrosyl compounds in that the metal center is Ru or Fe is higher than other metal
nitrosyl compounds 11581, They have been investigated for their potential use in cancer therapy and

as imaging agents 114,

Table 4. A comparison between various NO donors with their advantages and disadvantages.

NO donor Mechanism Advantages Disadvantages Refs
NONOates Enzyme-response NO release, Controllable = NO  release [5 63,
microenvironment-response kinetics, ability to bind with 159]
NO release, light-triggered NO enzyme, generate two NO
release molecules with one molecule

of NONOates, convenient use
in biomedical applications

SNO Light-triggered NO release, X No unwanted NO release, Need certain conditions [> €3
Ray-triggered NO release, suitable for targeted NO torelease NO 159]
ultrasound-triggered NO delivery

release, copper lon-response
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NO release, Enzyme-mimics-
response NO release

Metal nitrosyl Light-triggered NO release, Suitable to use under No NO release naturally, [ 63
compounds physiological conditions, need induced 159
adjustable wavelength range photoelectron transition
L-arginine Enzyme-response NO release, Easy to use, biocompatible Can react with NO [563]
ROS-response NO release synthases, need to
protect against
unwanted degradation
N- Light-triggered response NO No unwanted NO release, Imitated biomedical [ .
Nitrosoamines release, ultrasound-triggered suitable for targeted NO application due to the 1L
response NO release delivery need for short 1591

wavelength, need to
upconversion NPs

3.2 NOtherapy

Figure 11 represents the direct therapeutic effect of the generated NO either from endogenous
or exogenous NO sources in various diseases. Given the importance of NO in human physiology,
effective NO donors could have a wide range of biomedical applications, including in cardiovascular
diseases, stroke, wound healing, cancer therapy, inflammation, and autoimmune diseases (Table 5).
The overwhelming majority of currently available NO donors are unstable, and such donors have very
limited biomedical applications, as random NO release would result in significant side effects such as
severely low blood pressure and hypovolemic shock. Nevertheless, NO donor with a controlled NO

release profile has significant therapeutic potential.

@ ®
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Figure 11. The direct effects of generated NO from endogenous L-arginine and exogenous NO donors
on biomolecules. In addition, treatment mechanisms of the produced NO for various diseases 1167,

Beyond the direct impact of NO on biomolecules, its interaction with O, or other ROS leads to the
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formation of reactive nitrogen species (RNS). These RNS then exert effects on proteins, lipids,
nucleosides, and metals. This interaction also induces transnitration, contributing to DNA strand
breaks, abasic sites,

enzyme activity inhibitions, mitochondrial depolarization, mitochondrial

dysfunction, and DNA/RNA replication inhibitions.

3.2.1 Vasodilation and wound healing

NO plays a critical role in regulating various cellular processes. It coordinates with ferrous iron
(Fe?*) within the heme group of soluble guanylyl cyclase (sGC), prompting a conformational shift that
triggers the enzyme's activation. This activation leads to the catalysis of guanosine triphosphate (GTP)
into cyclic guanosine monophosphate (cGMP), resulting in a subsequent reduction in intracellular
calcium (Ca%*) 6%, Ca?* is a vital mediator in the relaxation of smooth muscle cells, which is necessary
for maintaining normal cardiovascular function and blood flow (Figure 12 (Vasodilation)) 62, NO also
plays a crucial role in mediating angiogenesis and cell proliferation. It stabilizes hypoxia-inducible
factor-1 (HIF-1) through the process of S-nitrosylation, which can induce the secretion of vascular

endothelial and basic fibroblast growth factors .

Nitric oxide (NO) therapy
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Figure 12. Concentration-dependent biomedical applications of NO, (Vasodilation) NO at nanomolar
or picmolar coordinate to Fe?* in heme groups of sGC results in smooth muscle relaxation (Reproduced
with copyright © 2022, American Chemical Society ), (Wound healing) Re-epithelization and
proliferation, collagen deposition, vasodilation, and angiogenesis are some of the wound healing
effects by NO (Reproduced with copyright © 2022, American Chemical Society [4), (Anti-cancer effect)
NO at a high concentration reacts with ROS and generates nitrosative stress to cancer cell and leads
to cell apoptosis (Reproduced with copyright © 2022, American Chemical Society ), and
(Antibacterial activity) the schematic represents the antibacterial activity of NO at a high
concentration (Reproduced with copyright © 2022, Manjyot Kaur Chug and Elizabeth J. Brisbois,

American Chemical Society 163]),

Healing of a normal wound is a complex process that involves four interconnected stages
including hemostasis, inflammation, proliferation, and remodeling [*%4. NO plays a beneficial role in
promoting vascular homeostasis through vasodilation and inhibiting platelet aggregation, as well as
promoting re-epithelization, angiogenesis, and collagen deposition (Figure 12 (wound healing)) “. The
controlled delivery of NO is vital for wound healing since NO can have concentration-dependent
behavior .. Chen et al. found that dinitrosyl iron complexes (DNICs) [Fe,(u-SCH,CH,0H),(NO)a4] (DNIC-
1) had a controllable release of NO via activation of NO-sGC-cGMP pathway, which showed superior
pro-angiogenesis activity compared to the vascular endothelial growth factor and accelerates the

wound closure rate in diabetic mice 1%,

NO delivery is an efficient approach to treating an acute myocardial infarction %°!. The
cardioprotective impact and angiogenesis induced by NO help to maintain homeostasis in the
cardiovascular system %), While a burst release of generated ROS by blood flow reperfusion can
induce oxidative stress and consequently cardiovascular disorders [*®!. To address this, Hao et al.
developed an injectable dual-function hydrogel system that combines ROS scavenging with NO

donation to regulate the proportion between NO/ROS and control myocardial ischemia 1*¢7),

3.2.2 Anticancer and antibacterial therapy

At high concentrations (~uM), NO can react with other free radicals and O, to generate RNS
(indirect effects of NO), including dinitrogen trioxide (N,0s) and peroxynitrite (ONOO") %8 This
continuous accumulation of RNS can result in DNA damage through nitrosation of DNA
alkyltransferase and deamination of DNA, resulting in blocking DNA repair (Figures 11 and 12 (Anti-

cancer activity)).

In NO-mediated anticancer therapy, it's typical to administer elevated NO concentrations

within a brief timeframe to target cancer cells. In this context, there are a few important points to

37



828
829
830
831
832
833
834
835
836
837
838
839
840

841
842
843
844
845
846
847
848
849
850
851

852
853
854
855
856
857
858
859
860
861

consider: 1) The delivery of uM level of NO to tumor tissue through systemic administration is very
challenging. Particularly when NO at a much lower concentration (nM) relaxes vessels and drops blood
pressure. It is possible that the administration of such a large concentration of NO (or an NO donor
with a random NO release profile) will kill the patients before killing a single cancer cell. Therefore, it
is vital to deliver the source of NO locally in the tumor site or apply a stable but stimuli-responsive NO
donor. 2) Controlled delivery of NO at lower concentrations can also help tumor therapy by changing
the pharmacokinetics of anticancer agents or sensitizing the tumor cells to radio-chemo-therapy. For
example, NO donors have been shown to increase enhanced permeability and retention (EPR) effects
of macromolecules in both preclinical and clinical studies. Further, NO donors have been shown
effective in suppressing multi-drug resistance tumor chemotherapy. 3) Controlled NO delivery can
overcome some of the biological barriers that hinder effective cancer therapy. For instance, the
delivery of anticancer drugs to the hypoxic core of tumors or brain tumors still remains a major

challenge, and controlled NO release has been shown a promising approach to address these issues.

Wang et al. developed an injectable hydrogel system with a NO-releasing capacity (NO-Gel),
which was based on a-(nitrate ester) acetic acid-modified amphiphilic copolymers . B-lapachone
(Lapa)and glutathione (GSH)-sensitive CuCys NPs were loaded into the NO-Gel to enhance the
effectiveness of the hydrogel in cancer therapy (Figure 13a). The controlled release of Lapa in cancer
cells raises H,0; levels, facilitating the rapid release of NO through CuCys NPs reduction by intracellular
GSH. The sustained release of Lapa increases the concentration of H,0; in cancer cells, and the
reduction of CuCys NPs by intracellular GSH leads to the rapid release of NO (Figure 13a). The elevated
levels of H,0, in combination with the Cu(l)-catalyzed Fenton-like reaction results in hydroxyl radicals
(-OH) generation. Subsequently, reactions among NO, H,0;, and -OH lead to a more lethal pool of RNS.
A single peritumoral injection of this hydrogel system was found to significantly suppress tumor

growth by causing a cascade generation of ROS and RNS and by depleting intracellular GSH 1%,

The utilization of nitrosative stress mediated by NO has gained significant attention as a
potential strategy for combating antibiotic-resistant bacteria. This is due to the bactericidal activity of
NO radicals and their derivatives, including peroxynitrite (ONOO~) and dinitrogen trioxide (N20s3)
(Figure 11 and 12 (Antibacterial activity)) *7%. S-nitroso-N-acetyl-penicillamine (SNAP) was loaded into
commercial latex catheters (SNAP-UCs) by a solvent-swelling method 7%, The SNAP-UCs exhibited
remarkable in vitro antimicrobial efficacy against 3 pathogens commonly corresponded with catheter-
associated urinary tract infections (CAUTI) including Escherichia coli, Proteus mirabilis, and
Staphylococcus aureus 7%, Figure 13b shows the antimicrobial reactions of NO 7%, Time-lapse
fluorescent imaging with the membrane-permeable indicator diaminofluorescein-2 diacetate (DAF-

2(NQ)) revealed distinct NO production patterns in SisNs-exposed bacteria (S. epidermidis). Bacteria
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showed a dispersed NO distribution peaking at approximately 24 h, coinciding with the cessation of

bacterial proliferation and the initiation of bacteriolysis. This discrepancy underscores SisN4's varied

impact on bacteria 53!,
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Figure 13. (a) A schematic of preparation of Lapa/CuCys@NO-Gel with the synergistic effect for cancer
therapy. B-lapachone (Lapa) and glutathione (GSH)-sensitive CuCys NPs were incorporated into the
self-assembly of amphiphilic NO-PLGA-PEG-PLGA-NO in water to develop the Lapa/CuCys@NO-Gel.
The Lapa release increased the concentration of H,0; in cancer cells, and the reduction of CuCys NPs
by intracellular GSH leads to the rapid release of NO. The elevated levels of H,0, in combination with
the Cu(l)-catalyzed Fenton-like reaction results in hydroxyl radicals (-OH) generation. Subsequently,
reactions among NO, H,0, and -OH lead to a more lethal pool of RNS (Copyright © 2022, Wiley) ],
(b) the schematic represents the different antimicrobial reactions of NO: 1) amine nitrosation and
thiol, 2) DNA cleavage, and 3) lipid peroxidation (Copyright © 2022, American Chemical Society) 177,
and (c) Schematic illustration of inflammatory effect of NO, which results in alleviation of RA: NO can

directly upregulate osteoclasts, damaged cartilage, and aggravate the inflammation (Copyright ©

2019, American Chemical Society) 7,

3.2.3 Anti-inflammation

NO is a pivotal inflammatory mediator that holds a crucial function in defending the body
against pathogens. 7%, Immune cells, particularly macrophages, express iNOS to generate a high
concentration of NO as a defense mechanism against pathogens. However, in pathological conditions,
the expression of iNOS in the tissue or macrophages may lead to impaired cellular response,
overexpression of proinflammatory cytokines, and triggering apoptosis . Chronic inflammatory

disorders or tissue destruction, such as diabetes, RA, and inflammatory bowel disease, can be caused
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by NO overproduction. Therefore, regulation of NO concentration to normal physiological level is

crucial in treating inflammatory diseases and needs further investigation ™.

RA is the most common autoimmune and inflammatory disease characterized by swollen and
sore joints, which negatively impact the patient’s quality of life. The RA mechanism has not been
completely discovered, however, it is known that the overproduction of NO is closely related to the
development of RA 7Y, Furthermore, the overproduction of NO leads to recruit immune cells,
nitrosative stress, and increases the number of osteoclasts, which destroy cartilage tissue 7. Hence,
normalizing NO concentration alleviates the symptoms of RA (Figure 13c) 7**2l, The moiety o-
phenylenediamine (0-PD) has been studied for its highly selective reactivity towards NO in the
presence of 0,173, This property has led to the expansion of fluorescence sensors for NO detection in
vitro and in vivo 731, 0-PD has been utilized to develop NO-responsive hydrogel to suppress RA
symptoms in mice 74, However, the practical applications of the hydrogel were limited by its small
size, which can lead to diffusion into other organs and potential off-target NO depletion. Additionally,
combining anti-inflammatory agents with NO scavengers has been evident to be more effective than

each treatment alone 175,

3.2.4 Regulate the insulin secretion

NO plays a multifaceted role in the progression of hyperglycemia. NO generated in the
endocrine pancreas contributes to the synthesis and secretion of insulin. During the advanced phases
of diabetes, NO donors have been shown effective in the normalization of vascular function 78,
Dysfunction of eNOS can decrease the flow of microcirculation blood and delivery of insulin in
hormone-sensitive organs %3, In a study by Dr. Gu et al., a glucose oxidase-magnetic NPs hybrid (GOx-
MMVs) was developed as a novel glucose stimulation system to decline the level of blood sugar 77,
The reaction of L-arginine and H,0, was started through an alternating magnetic field to reach a
controllable NO delivery 77, However, excessive NO levels can interfere with insulin signal
transduction pathways affect pancreatic B cell dysfunction, and develop type 2 diabetes. To
counteract the cytotoxic effects of excessive production of NO under hyperglycemic conditions,

specific iNOS inhibitors were administered ¢!,

Table 5. The typical paradigms of NO-releasing biomaterials for versatile biomedical applications.

Listed 2022 and 2023.
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Gas Sourc Mechanism Control method Ultimate gas Release Application Remarks Refs
e release duration
NO L- Light- Incorporating arginine ~40uM 12h Synergistic The particles did not show any NO  [178]
argini responsive into epigallocatechin photodynamic/gas/phototherm production without light. The
ne gallate and ferric ions al therapy synergistic effect of the NO release
particles particles was demonstrated with in
vitro and in vivo studies.
Encapsulating arginine From ~20to40pM  6h Cancer therapy Arginine produced NO via reaction ~ [179]
into photosensitizer with 0.5to 1.5 with generated ROS at 808 nm
PEGylated indocyanine W/cm?
green integrated to
polyphosphazene nano-
vesicle
Loading arginine and ~20-30 uM 4h Cancer treatment the generated NO enhanced the [180]
doxorubicin hydrochloride therapeutic efficacy of multimodal
into a nanovesicle system therapy.
- Self-assembly of arginine - - Tumor hypoxia (cancer therapy)  pH-sensitive NO complex. [181]
protein complex Produce NO at a pH of 5.5 and 10
mM of HzOz.
H,0,- Encapsulating cisplatin ~6 UM 50 h Imaging guided therapeutic Cisplatin accelerated NO 1182]
responsive  into amphiphilic triblock production by elevating
copolymer based on intracellular H,0; levels.
polyethylene glycol, PCL,
and polyarginine
Encapsulating arginine ~4 uM 30h Bacterial ablation and wound The synergistic antibacterial effect ~ [183]
and H;0;into a hydrogel healing of H,0, and NO was observed. The
hydrogel improved collagen and
blood vessel formation.
Loading arginine into ~1-1.8 (value was 12h Cancer therapy The amount of NO generated was (184
cerium oxide not reported) related to the concentration of
cerium oxide and reaction time
Endogenou  Using mesoporous silica - - Preventing myocardial NO at a low level in the heart [185]
s NOS NPs as arginine carrier dysfunction showed benefits in myocardial
recovery.
Ultrasound  Mesoporous Mo-doped ~20 uM After 1 min Chemodynamic therapy NO gas was generated [186]
CusSs loaded with arginine with continuously during ultrasound
ultrasound excitation.
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Glutathion
e_

Encapsulating L-arginine
into PEG-modified

Cancer therapy

The generated NO regulated
vasodilation for alleviating tumor

[187]

responsive mesoporous organosilicon hypoxia
NPs
NONO - Conjugating NONOate to 0.4 to 0.6 pmol 45 h Acute ischemic stroke The NONOates significantly [188]
ates polyethyleneimine with a reduced the necrotic ratio
different molecular compared to the control.
weight
Heat- NONOates were From ~12 to 125 20 min Antibacterial and wound healing  Utilizing polydopamine and [189]
responsive conjugated on umol with different NONOates simultaneously inhibits
polydopamine- laser irradiation the growth and biofilm formation
functionalized magnetic conditions significantly
iron oxide nanoclusters
SNO Heat- Blended by polymer zein From From 1 to 24h Antibacterial nanofibers The combination of zein, silk [190]
responsive  and silk firoin to develop 0.09+0.01x10%to fibroin, and NO showed a
nanofiber 1.39+40.26x1010 synergistically high antibacterial
mol/min efficiency
Light- Incorporating s- From ~2.5t0 5.5 60 min Inflammation immunotherapy The NO-releasing nanorods could [191]
responsive nitrosothiols into pmol with different against periodontal diseases be effective for deep tissue
mesoporous silica-coated  concentrations of treatment along with anti-
gold nanorods the nanorods (25- inflammatory and antibacterial
100 pg/ mL) capabilities
- FromOto~600nM 750s Breast cancer therapy NO was generated under the [192]
green light. NO represented
remarkable toxicity under the
green light irradiation
Integrating PVA with S- From ~15to 35 25 h Wound healing Targeted delivery of NO with 193]
nitrosoglutathione nmol/mg microneedle structure disturbed
the biofilm and inhibited bacterial
growth
GSNO  Physiologic  Covalently immobilized on  240.05 + 74.94 x 20h Antibacterial NPs 5 mg/mL of the synthesized [194]
al and titanium dioxide NPs 10719 mol/ min. mg particles could inhibit 99.99% of
heat- gram-positive (S. aureus) and
responsive 99.70% of gram-negative (E. coli)
bacteria
Metal  Glutathion Nanoassembly of From ~ 50 to 180 ~390 min Cancer therapy NO could expand the range of [(195]
nitros  eand polynitrosated polyesters UM immunogenic cell death inducers
yl immunoge
nic cell
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death-
responsive

comp
ound

Magnetic
and heat-
responsive

Conjugating [Fe(u-S-
thioglycerol)(NO);], with a
metal-organic framework-
derived porous Fe3;0,@C

From 0 to ~1.75
nmol/mg by
changing
temperature and
from O to ~45
nmol/mg by altering
the magnetic field

Within 60 min
by
temperature
and 3000 s by
altering the
magnetic field

Treatment of bacteria-infected
cutaneous wound

The Burst release of NO by altering
the magnetic field showed an
efficient antibacterial activity
against S. aureus and E. coli.

[196]

Light-
responsive

Loading Ru nitrosyl From 3.39t0 7.71 120 min - Water-insoluble Ru nitrosyl [197]
compound into lipid UM with various compound was loaded into
bilayers liposomes via amounts of NO liposomes with a hydrophilic
hydrophobic interaction donor (14.7- 50 uM) surface to improve

biocompatibility
Newly designed bidentate  From 1.56 to 5.63 - Antibacterial activity and wound 50 pg/mL of the NO donor showed ~ [198]
ligands UM healing significant wound healing and

inhibited more than 99% of

bacteria after 1.5 h
Synthesizing an Quantum yield t1/2=0.4-5.5  Antibacterial activity The synthesized complex could [199]
amphiphilic terpyridine between 3.19%X103  min release NO at acidic and basic

ligand containing RU
nitrosyl complex

-0.12

media and different temperature

914
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4 Carbon monoxide (CO)

4.1 CO delivery

In recognition of the potential of CO in the treatment of cardiovascular diseases,
inflammation, bacterial infections, etc., when introduced in low concentrations, the controlled release
of CO at target sites, using CO-releasing molecules (CORMs), was initially proposed by Motterlini et al.
(2001 |n their study, transition metal carbonyls of [Mn,(C0O)10] and [RuCl,(CO)s], were produced and CO-
release was subsequently achieved through ligand exchange and at physiological conditions. Notably,
the need to enhance the functionality of these CORMs via the synthesis of molecules with a regulated
COrelease in vivo translated to several studies in the field. Several CORMs, which could be compounds
of aldehydes, oxalates, boroncarboxylates, and silacarboxylates, were subsequently developed 2!

and classified as CORM A to E based on the functional groups of the compounds as shown in Figure 14

[202]

| corms
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L ;——|= o b9
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Figure 14. Schematic representation delineating diverse classifications of CO-releasing sources known
as CORMs. This categorization is predicated on their functional groups, encompassing metal carbonyl

complexes, ketones and carboxylic acids, aldehydes, boron carboxylates, and oxalates.

These CORMs can also be classified as endogenous, exogenous, and multiple stimuli-sensitive
CORMs, depending on specific triggers imposed to stimulate CO release. For instance, in the study by
Sitnikov, Li, Zhang, Yard, and Schmalz %! protease-triggered CORMs of acyloxydiene-Fe(CO)s

complexes were prepared. These complexes were composed of a penicillin G amidase (PGA)-cleavable
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side chain capable of releasing CO under the endogenous stimuli of PGA. In another study,
endogenous pH stimuli were employed to trigger the release of CO from rhenium(ll)-based complexes
of cis-trans-[Re"(CO);Br,L]" (i.e. L= monodentate) 2%, The study demonstrated that complexes with
monodentate ligands could liberate CO in a pH-dependent manner, such that lower pH values led to
an increase in CO release time. Similarly, exogenous and multiple stimuli-sensitive CORMs such as
BODIPY chromophores 2% and Mn,(CO)1o 12°! were also developed and shown to facilitate controlled
CO release in the presence of external stimuli of near infrared (NIR) light and visible light, NIR light,

H,0, respectively.

Crucially, however, established issues of random diffusion, metal ions induced toxicity, and
reduced cellular uptake efficiency have so far hindered the direct applicability of the CORMs in
biological applications 2%’ In this regard, the integration of CORMs with several scaffolds and
conjugated formulations has been explored as a viable strategy to enhance CORM applicability, since
such scenarios have the potential to promote CORM stability, enhanced CO release modulation, and
localization of CO to target sites 12°7-2%8] These platforms include metal-organic frameworks (MOFs)
and NPs, peptides, proteins, vitamins, metallodendrimers, micelles, and nanofibers as summarized in
Figure 15 2%, For instance in the study by Dérdelmann, Pfeiffer, Birkner, and Schatzschneider %! a
copper-catalyzed azide—alkyne 1,3-dipolar cycloaddition click reaction was employed in covalently
linking the photoactivatable CORM of [Mn(CO)s(tris(pyrazolyl)methane)]* containing an alkyne-
functionalized tris(pyrazolyl)methane ligand with silicium dioxide nanoparticles. The study was able
to show that the CORM-functionalized NPs could be employed to induce the release of CO to specific
solid tumors. Similarly, targeted CO release was also shown to be achievable using mesoporous silica
AI-MCM-41 NPs (MSP) to encapsulate the CORM of [Mn(1,4,7-triazacyclononane)(CO)s]* and the
cisplatin drug. The study was able to demonstrate that the use of the MSP enabled controlled CO
delivery asillustrated by the lower rate constant of CO release kinetics of encapsulated CORM of 0.017

min! relative to the rate constant of 0.031 min 229,
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Inorganic |
NPs

Metal-organic
framework
(MOFs) !

Various approaches for CO delivery }
960

961 Figure 15. Schematic depiction showcasing diverse CO delivery methods for therapeutic applications,
962 including metal-organic frameworks (MOFs) and nanoparticles (NPs), peptides, proteins, vitamins,
963 metallodendrimers, micelles, and nanofibers. The controlled release of CO is influenced by the structural

964  design, physico-chemical properties, shape, and size of the carriers.

965 MOFs of NH,-MIL-88B-Fe and MIL-88B-Fe were also employed in facilitating CO delivery, with
966 CO binding achieved using unsaturated coordination sites. CO release from the MOFs was examined
967 under physiological conditions through a myoglobin assay with the study showing that the CO release
968  rate was dependent on the MIL degradation with t % values of 38 min and 76 min, determined for
969 MIL-88B-Fe and NH,-MIL-88B-Fe respectively ?'!. The use of micelles is based on the combination of
970  triblock copolymers, namely a hydrophilic fragment (i.e. poly(ethylene glycol), the CO release filament,
971  and a hydrophobic fragment (poly(n-butylacrylamide) 2%, In such micelles platforms, CO release is
972 induced via exposure to compounds such as cysteine, glutathione, and protein that contain the thiol
973  functional group ?*!. The use of micelles in CO delivery was demonstrated in the study by Hasegawa,
974  van der Vlies, Simeoni, Wandrey, and Hubbell 22, In the study, micelles were prepared by combining
975  hydrophilic poly(ornithine acrylamide) blocks and poly(ethylene glycol), a hydrophobic poly(n-
976  butylacrylamide) block, and a CO-releasing moiety of Ru(CO)sCl(ornithinate) ?'2. It was reported that
977  the micelles formed were spherical, with hydrodynamic diameters ranging from 30-40 nm, and also
978  exhibited high-level stability when in physiological conditions. It was determined that the micelles

979  were capable of releasing CO when exposed to cysteine 212,

980 Furthermore, biomolecules of proteins and peptides have also been explored as preferred
981 platforms for targeted CO release due to their favorable biocompatibility properties and the

982 abundance of binding sites (i.e. via amino acid-based coordination) for CORMs. For instance, CO
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releases through conjugation of Thr-Phe-Ser-Asp-Leu peptide to the CORM of
[Mn(CO)s(tris(pyrazolyl)methane)]* via by Pd-mediated Sonogashira cross-coupling, was shown to
facilitate the controlled release of 1.7 CO equivalents per unit Mn when exposed to a light irradiation
of 365 nm 2*3!. Another study also explored the conjugation of monomeric proteins of bovine serum
albumin and CORMs containing moieties of Ru(CO), and demonstrated that the spontaneous release
of CO could be used to down-regulate expression levels of tumors while simultaneously circumventing

secondary cytotoxicity issues 214,

4.2 CO therapy

In living organismes, it is possible to endogenously produce CO via the metabolism of heme for
CO, iron, and biliverdin generation 2**, Heme metabolism is enabled via the action of the enzyme of
heme O2ase (OH), which is determined to exist as three isoforms of, HO-1 (32 kDa), HO-2 (36 kDa),
and HO-3 (33 kDa), although HO-2 and HO-3 are characterized by low activity!?!?!. The catabolism of
heme CO is responsible for endogenous CO production with diffusion employed in the removal of CO
from the cell to the blood with the CO subsequently bound to hemoglobin (Hb) to form COHb 2'7],
Although the literature shows that endogenously produced CO can enable signaling processes in the
brain, liver, and endothelium, provided that the CO concentration is maintained at physiological levels,

higher concentrations of CO are recognized as being toxic 28!,

Indeed, for higher concentrations of CO, cases of tissue hypoxia, manifested as a range of
symptoms ranging from headache and dizziness (i.e. for COHb 10-20%) to brain damage and death
(i.e. for COHb > 70%) have been reported [2*%!, At properly regulated and physiological levels, CO
may however enable the regulation of vascular tone, neurotransmission, vasodilation, inflammatory
mediators, and apoptosis mechanisms 2172283 The regulation of vascular tone, neurotransmission,
and vasodilation is achieved via promoting cyclic guanosine monophosphate (cGMP) signaling
pathway activation, which is an intracellular nucleotide cascade that also influences neuroplasticity
(2173, 2183, 219] * Although not well understood, the promotion of the cGMP signaling pathway also
facilitates the inhibition of proliferation and tumor angiogenesis. This inhibition is achieved via limiting
B-catenin/ transcription factor 7 and SRY-box transcription factor 9 signaling ??%. The mediation of
inflammatory mediators in the presence of CO is due to the associated modulatory effects on pro and

anti-inflammatory cytokines!?*2,

The presence of CO has also been reported to be useful in the treatment of issues such as sepsis
and chronic graft rejection 22, These beneficial benefits of CO may however be antagonized by
inhibition of the catabolism of heme, negatively impacting a vast range of biological processes,

implying that in such scenarios, there is a need to introduce therapeutic volumes of CO using suitable
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CORMs, discussed earlier above ?**!, Additionally, CO is useful in cancer treatment due to its capacity
to induce the so-called 'anti-Warburg' effect in cancerous cells by promoting cancer cell bioenergetics
(i.e. for increased respiration) leading to terminal metabolic exhaustion 22, For instance, Li, Dang,
Liang, and Yin 22 investigated the use of a NIR-light-triggered CORM that was based on Pentacarbonyl
iron and mesoporous Prussian blue (PB) NPs for the treatment of cancer via the promotion of
metabolic exhaustion (Figure 17a). In the study, tumor-site-specific NIR light irradiation of 808 nm
facilitated the release of CO from the Pentacarbonyl iron with the released CO demonstrated to
expedite mitochondrial metabolic exhaustion. The CO-induced metabolic exhaustion was also shown
to block ATP synthesis, and thus lead to a reversal of multidrug resistance, via the inhibition of ATP-
dependent drug efflux (Figure 16a). This multidrug resistance is recognized as the main cause of
chemotherapy failure 2?2, Crucially, as stated earlier above, these benefits of CO require that its

concentration is properly controlled to avoid toxic outcomes.

Although CO could demonstrate a high efficacy in cancer therapy by increasing the damage of
mitochondria, the efficiency can be compromised by protective mitophagy (autophagy) ??3. To
address this issue, Xiao et al. integrated cannabidiol into CO nanocomplexes (HMPOC@M) to induce
excessive autophagy (Figure 16b) 223!, The H,0; in the tumor environment stimulated the CO donor
and generated CO and Mn?%. Producing CO and Mn?* along with the release of cannabidiol results in

[223]

cell apoptosis (Figure 16b)
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Figure 16. (a) A schematic of NIR-light-triggered CO release based on Pentacarbonyl iron and
mesoporous Prussian blue (PB) NPs for the treatment of cancer via the promotion of metabolic
exhaustion (Copyright © 2019, American Chemical Society, Open access) %%, and (b) Schematic

illustration of the preparation of cannabidiol integration on CO nano complex (HMPOC@M) to
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generate CO via H,0, of tumor environment to enhance cancer therapy via excessive autophagy

(Copyright © 2023, ScienceDirect, Open access) 1223,

5 Hydrogen sulfide (H.S)

In addition to CO and NO, H,S is considered 3™ gaseous signaling molecule. Although H,S was
recognized as an environmental hazard for many decades, it gas has recently been regarded as a gas
transmitter due to its unique functions such as cell membrane permeability, cellular signaling
functions, and its role in tissue regenerations 22, H,S is flammable and colorless, with high water

solubility and a lower electronegativity than O, 221,

5.1 HaS delivery

H,S is present in the human body and can be produced via nonenzymatic and enzymatic
methods. H,S endogenously can be produced mainly by four enzymes such as cystathionine -
synthase (CBS), cystathione y-lyase (CSE), and 3- mercaptopyruvate sulfurtransferase (3-MST), and
cysteine aminotransferase (CAT) in the enzymatic pathway (Figure 18) 2!, CBS and CSE-catalyzed
enzymatic process results in H,S production, or a 3-MST-catalyzed desulfhydration process results in

) [227]

H.S production (Figure 17

Endogenous H,S generation
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Enzymatic Nonenzymatic — Tg O
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Figure 17. Nonenzymatic and enzymatic pathways for endogenous H.S generation. Four enzymes such
as cystathionine -synthase (CBS), cystathione y-lyase (CSE), and 3- mercaptopyruvate sulfurtransferase
(3-MST), and cysteine aminotransferase (CAT) can produce H,S in the enzymatic pathway. Besides the

enzymatic pathway, nicotinamide adenine dinucleotide phosphate (NADPH), persulfides, and

polysulfides can be utilized for H,S production via a reduction reaction.

In CBS, the CSE enzymatic pathway of H.S production -ketoglutarate and pyruvate are

produced from -homocysteine and |-cysteine as substrates for H,S production (Figure 17). Moreover,
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different factors can affect enzyme activity and H,S production. For example, intracellular Ca?
concentration can adversely affect CSE activity, and a high concentration of Ca?*can suppress the
production of H,S, %28, These enzymes are mainly present in mammalian tissues such as the kidney,
liver, uterus, and pancreatic, as well as cardiac cells, which can contribute to cellular signaling 2%
Moreover, in addition to the enzymatic pathways, nonenzymatic chemicals can be employed for the
endogenous production of H,S. Chemicals such as nicotinamide adenine dinucleotide phosphate
(NADPH), persulfides, and polysulfides can be utilized for H,S production via reduction reaction (Figure

17) 230,

Regarding the delivery of H,S, the most straightforward approach is the inhalation of H.S
which is not practical due to its toxic nature and reduced bioactivity caused by oxidation. To address
the direct delivery of H,S, “slow release” small molecule H,S donors have been suggested to mimic
the endogenous production of HS 1233, However, using small molecules for H,S has some limitations
such as low water solubility, toxicity, and high clearance rates 232, However, some of the issues
associated with inorganic donors and small molecules can be overcome by macromolecular H,S
donors. For example, the low water solubility of small molecule H,S donors can be improved by

conjugation with a hydrophilic polymer.

Alternatively, small molecule donors can be encapsulated in polymeric matrices such as
micelles, hydrogels, and nanofibers for local delivery of H,S. Different macromolecular H,S donors can
be classified as hydrolysis trigger 1233, thiols trigger, and light trigger ¥ macromolecular H,S donors
(Figure 18). Hydrolysis triggers macromolecular H,S donor can release H,S in an aqueous solution;
thiols hydrolysis trigger macromolecular H,S donor can generate H,S via reduction reacting with thiol-
containing bioactive compounds, such as cysteine (Cys) and glutathione (GSH), which is more
favorable for the pathological redox microenvironments 123°1, Moreover, using exogenous stimuli such
as light-triggered macromolecular H,S donors can pave the way for tissue-specific delivery without
disrupting native biochemical processes 32, However, due to the short wavelength of UV or visible
light for activating the light-triggered macromolecular H,S donors, this approach results in poor tissue

penetration, which needs to be improved.
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Chemical structure of H,S donors
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1090 Figure 18. Various macromolecular H,S donors can be classified as hydrolysis-trigger, thiol-trigger,
1091  enzyme-trigger, and light-trigger macromolecular H,S donors. Incorporating the H,S donors into a

1092 hydrophilic matrix or modifying them with hydrophilic groups can improve their biocompatibility.

1093 5.2 H.Stherapy

1094 Similar to NO and CO, H,S has been reported to exhibit therapeutic effects on numerous
1095  organs such as Anti-inflammatory, tissue regenerative, and antioxidant defense responses 23, Recent
1096  studies revealed that H.S can reduce the expression of proinflammatory chemokines, cytokines, and
1097  enzymes leading to the inhibition of NF-kB pathways, macrophage differentiation, and apoptosis
1098  induction in neutrophils leading to modulating inflammatory responses 237}, Moreover, H,S can
1099  mitigate inflammation pain by diminishing edema formation 238, Yu et al. investigated the H,S therapy
1100  using a PLA-based microsphere as a carrier for endogenous H,S modulators to release in vivo H,S for
1101 alleviating RA 9, A prolonged in vivo release of H,S and a better Anti-Inflammatory therapeutical

1102  effect on RA rats were observed compared to the control groups (no intervention).
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Moreover, Zhang et al. studied an H,S-releasing hydrogel system for alleviating cardiac
inflammation 2%, In vivo, investigation of myocardial ischemia-reperfusion on rat models showed that
the H,S-releasing hydrogel groups exhibited attenuated cardiac inflammation, prevented
microvascular obstruction, and reduced myocardial fibrosis. However, unlike CO, which has definite
anti-inflammatory effects ?*Y, H,S's Anti-inflammatory effect is complicated, and even the
proinflammatory effect of H,S has been reported 122, Moreover, although several studies have
examined how H,S contributes to reducing inflammation, the mechanisms remain obscure because

their effects vary depending on the phase of inflammation.

Moreover, studies reported the role of H.S in tissue regeneration, such as bone tissue
regeneration and wound healing ?*3!. Exogenous H,S can stimulate the proliferation and
differentiation of human keratinocytes in a dose-dependent manner by regulating autophagy which
is crucial in the wound healing process ?*4. Moreover, endogenous H,S has shown wound healing
properties. A recent study investigated the wound healing potential of sodium alginate sponges
containing H,S-releasing (SA/JK-1) as a pH-dependent H,S donor %!, The sponge exhibited a
sustainable release of H,S by absorbing exudate with acidic pH at the wound interface, resulting in
fibroblast proliferation and migration, angiogenesis, and granulation tissue formation in a full-
thickness rat model, indicating the influential wound healing potential of H,S therapy. Furthermore,
ischaemic diabetic wound healing has been reported by H,S treatment via induction of different
growth factors productions, such as epidermal growth factor (EGF), vascular endothelial growth factor
(VEGF), and Platelet-derived growth factor (PDGF), as well as increasing the production of endothelial

NO synthase (eNOS) in type 2 diabetic db/db mice 124°],

H.S can regulate bone homeostasis, and recent studies showed that H,S-releasing scaffolds
promote bone tissue regeneration 24}, Indeed, the role of H,S in bone regeneration includes several
mechanisms, such as bone cell activity regulation, decreasing oxidative stress, improving angiogenesis,
and regulating the bone cells' calcium intake 28, More specifically, the expression of CBS and CSE as
H,S-producing enzymes in mesenchymal stem cells (MSCs), and osteoblasts (OBs) can protect the OBs
from homocysteine-induced mitochondrial toxicity and cell death by H,0; as well as apoptosis 2*°!. A
polycaprolactone (PCL)/gelatin (Gel) electrospun loaded JK-2 (H,S donor) exhibited a significant in vivo
bone regeneration compared to the control group 27", PCL/Gel-JK-2 not only increased the MC3T3-
E1 cells cell proliferation and attachment but also could improve the skull defects after 1 and 2 months

of treatment in the rat model.

Moreover, H,S may act as an antioxidant and antibacterial agent in living organisms 2°°, H,S

works as an intracellular mediator that protects against oxidative stress in multicellular organisms by
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acting as endogenous ROS scavengers 2°3, Although the direct antibacterial activity of H,S is limited,
H.S can be used to alleviate bacterial infection by regulating inflammation. Moreover, a high
concentration of H,S (1 mM) could inhibit the growth of E. coli by inducing severe oxidative damage
(25061 " However, a high concentration of H,S can also cause inflammation and tissue damage 2.
Similarly, a controversial effect of H,S as an antioxidant has been reported by Hamar et al.
demonstrated a poor antioxidant activity of H,S in isolated arteries and veins without any impact on
superoxide 1253 Hence, it can be concluded that the direct antioxidant and antibacterial effect of H,S

is not as definite as NO, and this function of H,S is debatable and needs further investigation.

6 Hydrogen (H>)

In the past, it was commonly believed that H, had no significant role in the human body.
However, recent research has demonstrated that H; is capable of selectively reducing harmful free
radicals, such as *OH and ONOO" 253, These free radicals can induce harm to proteins and nucleic acids,
leading to inflammation and cell toxicity. One of the most reactive free radicals, "OH, is produced by
mitochondria and has a major impact on oxidation and inflammation in the body. Fortunately, H, has
been found to reduce oxidative stress and inflammation by scavenging ‘OH with the underlying
mechanism presently unclear 2°32>%, |t is hypothesized that an exothermic reaction between H, and
07 radicals is responsible for this phenomenon, according to equations 1 to 3, which would contradict
the idea of H,'s selectivity. Regardless of the mechanism, the discovery of H,'s ability to reduce free

radicals marks a significant breakthrough in our understanding of its role in the body 12!,

H2+ ¢OH —» H,0 + *H (AE ~ 12 kcal/mol) (1)
*H+ 0O, —» HOy (2)
*OH + eH —»p H,0 (3)

6.1 Hadelivery

The inhalation of H, is the primary method of delivering H;, to the body. However, it is essential
to monitor the desired concentration of H, during inhalation as high concentrations of H, can be
flammable and explosive (>4.1% in O, and >4.6% in the air) 2/, While inhalation is a rapid method, it
has some drawbacks, including being time and cost-consuming, non-targeted, and requiring extensive
equipment. To overcome these limitations, H,-rich water has been introduced as a simple, rapid, and
cheap alternative. H,-rich water is prepared by dissolving H, under high pressure, electrolysis of water,
or a reaction of water with magnesium 12°’1, Although it is an untargeted method, it is an effective way

of delivering H,.

For more targeted H; delivery, the injection of H,-rich fluids has been utilized, although it is

not effective for deeper tissues. Nonetheless, this approach increases controllability and reduces the
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amount of H; lost before reaching the targeted tissue or organ. Overall, the various delivery methods
provide options for delivering H, to the body, each with its advantages and limitations. To maximize
the efficacy of H, therapy, the amount of released H; per unit volume and the timing of H; release are
crucial factors. To address these concerns, researchers have explored using 2D and 3D materials to
dope H; and release it at a specific time and place 2°*’!, These materials include graphene, boron
nitride, mesoporous silica, metal-organic and covalent-organic frameworks, microbubbles, and
fullerene 2>, By decreasing the size of H, carriers from micro to nano, their loading capacity and
solubility can increase, which can lead to more effective H, therapy. However, the process of trapping
gas into materials is complex, and there is a risk of losing some of the loaded H, during the delivery

process 1254 281 Tg address this, in situ H,-generating materials have shown better performance.

H, can be generated by chemical reactions, photocatalysis, and enzymatic catalysis in the
tissue microenvironment, which has a rapid production rate 2>**!. Incorporating H, generators into 2D
and 3D materials extends H; release time and prevents burst release's side effects. Kong et al.
developed NPs with a core-shell structure called Mg@p-SiO,, which generated H, through a reaction
between magnesium and water 2°°!. By adjusting the thickness of the layer of mesoporous silicon
dioxide, the rate of generated H, could be controlled. The resulting H, was effective in protecting cells
from oxidative stress by selectively scavenging harmful "OH. External stimuli such as ultrasounds 2%,
light 1261, and magnetic fields generate H, %%, increase releasing efficacy, and help deeper penetration

[254b] Tg achieve sufficient penetration depth for in vivo therapy, an X-ray can be helpful 254,

6.2 H,therapy

H, activates endogenous antioxidant enzymes such as catalase and superoxide dismutase,
reduces the concentration of oxidative stress markers, and regulates the transcription of genes by
activating proteins like ERK %, nuclear factor kappa B, and extracellular signal-regulated kinase 1253, By
controlling oxidative stress, H, can regulate inflammation mediators, thereby reducing inflammation
(2641 'However, a high concentration of H, may not be effective due to its low solubility in biological
environments. Nonetheless, it has been shown to induce toxicity in cancer cells through the p-AMPK
and caspase-independent pathway and reduce lipid oxidation %%, Yang et al. decorated the surface
of magnesium with platinum to generate H continuously in aqueous media for cancer therapy (Figure
19a) (2%®1, The generated H, could induce mitochondrial dysfunction and destroy the intracellular redox
homeostasis (Figure 19a) 12%°l. Furthermore, the synergistic effects of H, with common cancer
treatments have been observed, although the exact mechanism remains unknown. Overall, H; exhibits
promising potential as an antioxidant and anti-inflammatory agent with potential therapeutic

applications. (266!
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Figure 19. (a) The decorated magnesium with platinum generates H; in an aqueous media. The
developed magnesium could generate H, continuously in a tumor media which resulted in the
dysfunction of mitochondrial and destruction of intracellular redox homeostasis (Copyright © 2022,
nature, Open access) 2%, and (b) lllustration of the preparation of the photothermal hydrogel
composed of the thermoresponsive block copolymer of carbon NPs and Pluronic F127 with amino

groups to release CO for wound healing (Copyright © 2021, Elsevier) 1267],

7 Carbon dioxide (CO2)

Carbon dioxide (CO,) is typically produced in nature as a byproduct of oxidative metabolism,
which occurs during the citric cycle %8, CO, is also produced in the environment as a result of
anthropomorphic activities, involving the use of fossil resources, and is recognized as largely
responsible for prevailing climate change and global warming issues 2%, This CO, emission influences
marine organisms by leading to acidic aquatic environments, which negatively influence the
biochemistry of organisms, such as reducing the ability of organisms to synthesize CaCOs; for external

skeleton production 1279,

7.1 COy delivery

Crucially, in spite of these highlighted negative impacts, CO,, has been identified as constituting
an important molecule in the biomedical industry, due to its potential as an antibacterial and wound
healing aid, provided of course that its delivery is controlled. To achieve such controlled CO, release,
biomaterials such as hydrogels containing carbonates are employed ?%7). For instance, the use of a
photothermal hydrogel composed of the thermoresponsive block copolymer of carbon NPs and
Pluronic F127 with amino groups (Figure 19b), was employed for controlled CO, release and based on
bicarbonate as a precursor, in the presence of light 2. Another study reported the viability of
employing photothermal hollow CuS NPs for CO, release after coordination with Fe®* ions to enable

the incorporation of bicarbonate Y. This composite is based on the ion-ligand coordination
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nanoarchitecture and was demonstrated to have the capability to release CO, when exposed to near-

[271]

infrared light

7.2 COy therapy

It is well-known that CO; is employed by plants in the synthesis of carbohydrates via the
photosynthesis process. Additionally, CO; can influence several physiological processes via sugar
sensing and signaling pathways 2. CO, can therefore regulate gene expression, seed germination,
hormonal crosstalk, etc., although the mechanism of this regulation, remains unclear ?72. It also plays
an important role in oxidation phases during aerobic metabolism in microbial and human cells 273!,
When retained in cells, CO; can lead to elevations of its concentration in the blood resulting in
respiratory acidosis, leading to symptoms ranging from anxiety and dyspnea to hallucinations and
coma, depending on if it is acute or chronic 274, The respiratory acidosis may be acute or chronic
depending on whether the compensatory elevation of the concentration of HCO? in the blood is
1 mEq/L or 4 mEg/L for every 10 mm Hg increase in Paco, respectively 274!, |n regulated quantities,
however, the literature reports that CO, can be employed in therapeutic applications, due to its

unique properties of CO, as summarized in Figure 6.

For instance, it was shown that CO, has inflammatory, anti-cytokine effects, and can stimulate
the immune system of humans 27?1, CO, has also been reported to be capable of being used in cancer
treatment due to its ability to induce mitochondrial apoptosis in cancer cells ?7¢!, It is also possible for
CO; to be employed in the deactivation of viruses via CO,-protein binding, which leads to capsid
damage 1?”7). Indeed, the administration of CO, was shown to facilitate the amelioration of COVID-19
symptoms via facilitating improvements in respiratory physiology and cardiovascular health as well as
human nervous systems 27, Additionally, CO, was reported to present therapeutic effects to enhance
microcirculation and tissue oxygenation and thus can be employed in the treatment of chronic wounds
(2781 This effect of CO; is known as the Bohr effect 7%, It has also been reported that CO; can increase

the effects of other antibacterial agents, thus further improving the protection imparted.

Table 6. The typical paradigms of gas-releasing biomaterials for versatile biomedical applications.

Listed 2022 and 2023.
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Gas Source Mechanism Control method Ultimate gas Release Application Remarks Refs
release duration
H, Mg- H,0- Mg sheets and wires From ~100 to 250 700 min Cancer therapy Topical delivery of H, improved [280]
based  responsive MM under different the expression level of the P53
bioma concentrations and tumor suppressor protein. The
terials pHs minimum H; concentration for
tumor apoptosis with magnesium-
based biomaterials was recorded
at 91.2 ul/mm?3
Mg H,0- Decorating platinum on ~40 umol by Mg 160 h Cancer therapy The in situ generated H-induced [266]
and responsive the surface of Mg and ~160 by Mg- mitochondria dysfunction.
Mg- based galvanic cell
based
galvan
ic cell
Mg pH- - 82.33+3.21 uM at >700 min colon carcinoma treatment The study showed that the [281]
responsive apHof5.6 localized release of H, could
increase the expression level of
P53 tumor suppressor proteins
CaH, H,0- Dispersion of CaH, in low From 0 to ~1500 - Cancer therapy The synthesized CaH, could [282]
responsive molecular weight PEG ppm with different generate H,, calcium ions, and
concentrations of hydroxyl ions in the presence of
CaH, H,0
co FesCO  Hy0,- Fe3CO;, was conjugated - - Photothermal therapy Fe3CO;; generated CO in the [283]
12 responsive on mPEG2000-SH presence of endogenous H202 via
a Fenton-like reaction. The release
of CO improved the efficiency of
the PTT.
Mang  pH/light/H,  PDA was functionalized From 0 to ~ 60% In 25 min by Antitumor therapy The modified PDA could generate 2821
anese  O;- with MnCO and folic acid. NIR light CO from the CO donor (MnCO)
carbo responsive upon NIR light at 808 nm.
nyl pH/glutathi  MNCO has incorporated From 0 to more - Gas therapy (cancer therapy) The CaCOs was degraded in acidic [285]
(MnC one (GSH)-  coated silicon dioxide than 1. (unit was media and resulted in CO release.
0) Responsive  with CaCOs. not reported)
Gaseo  Ultrasound Loading gashouse CO into - - Antitumor therapy The synthesized microbubbles [286]
usCO  -responsive  microbubbles. could encapsulate up to 337.1+8.0

(x103) ppm of CO.
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1254

HS  (NH4),  Light- (NHa),S was coated with From O to ~ 80 uM In 40 min Photothermal augmented gas Remarkable mitochondria damage 2871
S responsive self-assembled gold in different pH (5- therapy was induced by the generated H,S,
nanovesicles (GVs) 7.4) which results in a reduction in the
level of energy of adenosine
triphosphate (ATP).
Devo Co-assembly with an Up to ~ 200 uM In 6 hours Cancer therapy The co-assembly nanocarriers [288]
synthe amphiphilic pentapeptide. improved the sensitivity of tumors
sized to radiotherapy.
H,S
donor
(thiol-
activat
ed)(CL
2/3)
HSD-R  ROS- - FromOto ~ 100 uM 150 min Myocardial infarction The synthesized HSD-R could [289]
(novel  responsive with and without generate H,S and emit ROS-
synthe H,0, responsive fluorescence in the
sized diseased sites.
H.S
donor)
CO, CaCOs; pH- Synthesizing CaCO3 NPs From ~50to ~ 800 - Enhance antitumor activity The synthesized CaCO3 NPs could [250]
responsive by gas diffusion method. ppm with different decompose to Ca?* and CO; in

concentrations of
the synthesized
particles in different
pHs from 5.5 to 7.4

acidic media. The produced CO,
improved HIFUT so that its tumor
ablation efficiency was about
61.04%.
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8 Therapeutic biosafety of gas-releasing biomaterials

Gas therapy using gas-releasing biomaterials represents a novel and highly effective therapeutic
approach for the treatment of various diseases in biomedicine. Unlike traditional therapies such as
chemotherapy, surgeries, and RT, gas therapy has high therapeutic efficacy and biosafety, as well as
supplementary functionality to enhance the effectiveness of other therapeutic approaches. The
unique feature of gas therapy is its ability to achieve therapeutic outcomes with small amounts of

introduced gases.

To achieve efficient delivery and release of therapeutic gases, diverse carriers, and generators
are used in gas therapy. However, the biocompatibility and toxicity of these carriers and generators
are crucial factors in determining the further clinical translation potential of gas-releasing
biomaterials. While organic carriers such as liposomes and polymeric particles are highly
biocompatible and easily degraded, their low stability in physiological conditions makes the control of
gas delivery and release difficult. On the other hand, inorganic carriers have high stability and
multifunctionality, allowing for specific on-demand gas release through endogenous and exogenous
triggers. However, their low biodegradation rate may cause critical biosafety risks. Therefore, the

rational design of organic-inorganic carriers is expected to solve the critical biosafety issue.

Although preliminary biosafety investigations have shown the promising therapeutic biosafety
of gas-releasing biomaterials, detailed in vivo assessments on the biodistribution, biodegradation,
excretion, histocompatibility, hemocompatibility, and specific toxicity to different tissues are
necessary to guarantee their potential clinical translation. The concentration of delivered gases should
also be controlled accurately to avoid inducing toxicity to normal cells or organs. After a full illustration
of biocompatibility and high biosafety can gas releasing biomaterials enter the crucial step of clinical
trials. However, it is important to note that gas therapies are still in their infancy and require further

research and development to achieve their full therapeutic potential.

9 Conclusion and outlook

In recent years, gaseous molecules such as O,, NO, CO, H,, H,S, and CO, have emerged as
therapeutic agents with processing efficiency in various therapeutic applications. Moreover, gas-
releasing biomaterials by supplying the gases at the site of diseases have enhanced the efficiency of
PDT, radiotherapy, PTT, and ultrasound-responsive therapy. Figure 20 shows a representation of the

research map of gas-releasing biomaterials timeline developments.
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Figure 20. Schematic represents a research map of gas-releasing biomaterials timeline developments.

(Adapted, 2018, Wily) [*°1,

However, the therapeutic application of gas-releasing biomaterials is faced with critical
challenges that should be addressed in the future. For example, delivering the gases with nano and
micro platforms might differ in the therapeutic mechanism of the gases. Furthermore, the therapeutic
potential of the delivered gases should be distinguished from their carrier therapeutic potential.
Therefore, all the challenges should be carefully evaluated and responded to before clinical

applications.

One way to address these challenges can be to focus on their biological, molecular, and physical
mechanisms rather than the overall outcomes of gas-releasing biomaterials. While gas-releasing
biomaterials have made progress in achieving controllable gas loading, delivery, and therapy, the
results are not yet satisfactory. One challenge is the lack of controllability of the microenvironment-
responsive diseases in gas therapy because of the significant variations among different diseases
during distinct stages. Additionally, selecting the right carriers and generators for gas-releasing
materials is critical, with a priority on high biocompatibility and biosafety. Therefore, another way can
be to design and develop new smart gas carriers with expectable gas loading, controllable gas delivery,

and clear gas therapy mechanisms, which are essential to reach favorable results.

The article highlighted the need for more research on the biocompatibility and biosafety of gas
carriers and generators. The versatility and simplicity of gas-releasing biomaterials-enabled gas
therapy are anticipated to demonstrate its therapeutic capabilities in diverse biomedical domains,
including tissue engineering and cell therapy. Therefore, the article calls for extensive and close
collaboration between experts in chemistry, material science, pharmacy, biology, and medicine for

further clinical translation of gas-releasing biomaterials.
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1309 10 List of abbreviations
1310  Calcium carbonate: CaCOs3

1311 Calcium peroxide: CPO

1312 Carbon dioxide: CO,

1313  Carbon monoxide: CO

1314 CO-releasing molecules: CORMs
1315  Glutathione: GSH

1316 Hemoglobin: Hb

1317 High-intensity focused ultrasound: HIFU
1318 Hydrogen: H,

1319 Hydrogen peroxide: H;0,

1320 Hydrogen sulfide: H,S

1321 Magnesium peroxide: MPO

1322 Manganese dioxide: MnO,

1323 Metal-organic frameworks: MOFs
1324  Myoglobin: Mb

1325 Nanoparticles: NP

1326 Nitric oxide: NO

1327 Oxygen: O,

1328  Perfluorocarbons: PFCs

1329 Photodynamic therapy: PDT

1330 Photothermal therapy: PTT

1331 Poly(lactic acid): PLA

1332 Polycaprolactone-sodium percarbonate: PCL-SPC
1333  Red blood cells: RBCs

1334  Rheumatoid arthritis: RA

1335  Sodium percarbonate: SPO

1336  Sonodynamic therapy: SDT
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