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a b s t r a c t 

Hydrogen sulfide (H2 S) is a toxic, essential gas used in various biological and physical 

processes and has been the subject of many targeted studies on its role as a new gas 

transmitter. These studies have mainly focused on the production and pharmacological 

side effects caused by H2 S. Therefore, effective strategies to remove H2 S has become a 

key research topic. Furthermore, the development of novel nanoplatforms has provided 

new tools for the targeted removal of H2 S. This paper was performed to review the 

association between H2 S and disease, related H2 S inhibitory drugs, as well as H2 S responsive 

nanoplatforms (HRNs). This review first analyzed the role of H2 S in multiple tissues and 

conditions. Second, common drugs used to eliminate H2 S, as well as their potential for 

combination with anticancer agents, were summarized. Not only the existing studies on 

HRNs, but also the inhibition H2 S combined with different therapeutic methods were 

both sorted out in this review. Furthermore, this review provided in-depth analysis of 

the potential of HRNs about treatment or detection in detail. Finally, potential challenges 

of HRNs were proposed. This study demonstrates the excellent potential of HRNs for 

biomedical applications. 
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Fig. 1 – Association of different tissues induced via H2 S. 
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. Introduction 

ecently, drug-delivery systems, that are sensitive to the 
nternal or external stimulus (e.g., temperature, ultrasound,
as, pH, light, oxidation, or reduction), have attracted 

ignificant attention in the field of nanomedicine [1] . Among 
hem, gas sensitive nanoparticles, which effectively remove 
ndogenous harmful gasses, are receiving more attention [2] .
urrently, many studies have achieved an accurate release 
f nanoparticles gas-sensitive nanoparticles in response to 
xcess nitric oxide at an inflammatory site [3] . However, the 
xploration of suitable responsive gasses is a primary concern 

or these nanoplatforms. 
In recent years, hydrogen sulfide (H2 S), which is generated 

n mammalian tissues, has been explored widely as a 
timulus-responsive gas [4] . H2 S, produced via the enzymes 
ysteine γ -lyase (CSE) and cysteine β-synthetase (CBS), is 
verexpressed in colonic and other cell types [4] . In addition,

2 S has been shown to have certain advantages at relatively 
ower concentrations [5,6] . However, the “burst” production of 

2 S can cause noticeable tissue toxicity to the heart, liver, and 

any other organs [7–10] . Through many occupational and 

oxicological studies of H2 S, both sublethal and lethal effects 
f H2 S on mammals have been elucidated and can be ignored 

o further [6] . Therefore, nanoplatforms, with the capability 
o deplete H2 S, will have the enormous potential for clinical 
herapeutics. 

Not only designed H2 S responsive nanoplatforms (HRNs) 
an consume overproduced H2 S in pathological conditions,
ut also resist the side effects caused via the high H2 S 
oncentration [11] . Furthermore, HRNs, which have a variety 
f H2 S response units, can achieve accurate release of 
athological sites due to H2 S expression under pathological 
onditions [11–16] . Moreover, HRNs can combine with a suite 
f therapeutic strategies (such as chemical therapy [11] ,
hemodynamic therapy (CDT) [12] , photodynamic therapy 
PDT) [13,14] , and photothermal therapy (PPT) [15] ) to achieve 
ptimal treatment outcomes and avoid toxic side effects.
n addition, the combination of H2 S inhibitors with clinical 
rugs can achieve the pharmacology notion of “1 + 1 > 2”,
hereby suggesting great potential for clinical application of 
RNs [16] . 

Although HRNs have the potential for both clinical 
pplication and combination, it is important to first measure 

2 S levels. Over the years, much attention has been focused 

n probing the physiological role of H2 S to determine the 
ignaling role of H2 S during pathological conditions [17] .
urthermore, HRNs, with the short development history,
ave been classified into two categories according to the 

unction. One class consists of smart nanoplatforms to 
eplete H2 S and record responses to determine therapeutic 
fficacy. The second category is a nanoplatform probe for 
he real-time detection of H2 S levels. Although HRNs are 

ostly used for the treatment of the cancer, they have also 
eceived some attention in other disease areas due to the 
cavenging ability of H2 S [5] . However, HRNs currently lack 
he systematic introduction, thus hindering their clinical 
otential development. 
Here, we provide a brief review of H2 S relevance of H2 S 
n diseases and investigate how HRNs can be used for the 
reatment or detection. Furthermore, HRNs response units 
ave been summarized in this article for reference. We discuss 

he current challenges and requirements of HRNs for clinical 
pplication and expansion of HRNs use. 

. H2 S and diseases 

s an endogenous signaling molecule, H2 S has specific 
hysiological functions that aid in the maintenance of cellular 
ealth in the circulatory system [18] , the nervous system, as 
ell as many other organ systems [19–22] . These functions 
re attributed to the formation of protein persulfides through 

he conversion of cysteine residues [23] . A quick glance 
hows that many studies have been published about the 
ollowing keywords: “hydrogen sulfide” and “H2 S” [24,25] .
nterestingly, different manifestations of H2 S with regards 
o pathways regulation have also been reported [26] . While 
t is worth considering that H2 S can induce side effects 
t high concentrations in multiple tissues types (such as 
he cardiovascular disease, the brain disease, the intestinal 
isease, and the cancer, Fig. 1 ). The potential damage induced 

ia overproduction of H2 S is mainly due to inhibition of 
ytochrome oxidase activation, which inhibits adenosine 
riphosphate (ATP) synthesis by the mitochondria and causes 
 pro-inflammatory reaction of H2 S [6] . This process increases 
ardiovascular diseases burden, brain diseases, intestinal 
iseases and cancer [6] . Notably, each of these diseases has 
 specific association with H2 S. Therefore, we have provided 

 thorough discussion of the association between H2 S and 

iseases. 

.1. H2 S and cardiovascular diseases 

ome preclinical trials focusing on cardiovascular diseases 
ave shown that H2 S can regulate blood pressure, protect 
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Fig. 2 – Pathophysiology of H2 S induced the neurotoxicity 

and the cardiotoxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

blood vessels, and reduce myocardial injury at a low
concentration [27] . H2 S can hyperpolarize endothelium-
derived factors to dilate blood vessels and ATP-sensitive
potassium (KATP ) channels for changing vascular-relaxation
activity after showing activity in the circulatory system [28] .
Studies have demonstrated that H2 S might act as the inhibitor
of cytochrome oxidase, which could reduce ATP levels and
activate KATP channels [29] . 

However, H2 S is a primary chemical hazard [30] . The degree
of H2 S toxicity, with clinical manifestations of pulseless
electrical activity and respiratory depression, is associated
with the rapid development of cardiac arrest [31] . These
symptoms occur when the concentration of H2 S in blood
exceeds 2–5 μM [32,33] . Several main potential effects and
interactions between H2 S and related molecules involved in
cardiomyocytes hampers determination of the mechanism
of the action about H2 S upon the cardiotoxicity, including:
(i) activation of L-type calcium ion (Ca2 + ) channels; (ii)
activation of KATP channels [32,34] ; (iii) reconfiguration of
proteins with cysteine residues [35] ; (iv) inhibition of ATP to
affect actin–myosin interactions [29] ; (v) influence of reactive
oxygen species (ROS) accumulation in mitochondria, and
then affecting various key ion channels [36] ; (vi) interaction
between H2 S and nitric oxide to increase production of cyclic
guanosine phosphate [37] , as well as depression of the cyclic
adenosine monophosphate pathway [38] , both of which can
lead to the cardiac depression. In summary, the interaction
between H2 S and the cardiac disease can cause cardiotoxic
effects and sequelae in direct or indirect ways. 

2.2. H2 S and brain diseases 

H2 S in brain tissue is the critical gas regulator in brain-related
diseases [39] . H2 S can positively govern pH homeostasis
and Ca2 + release in microglial cells, neurons, and astrocytes
[40–43] . In addition, H2 S takes part in the development of
various neurological diseases, including Alzheimer’s disease
[44] , Parkinson’s disease [45] , cognitive deficits, or epilepsy
[46,47] . The influence of H2 S at a low concentration on
neurological disorders may depend on anti-apoptotic [48] ,
antioxidant [49] , anti-inflammatory, and calcium overload
effect [50,51] . 

The low concentration of H2 S is physiologically beneficial
for keeping the homeostasis of the brain [47] . The high H2 S
level may cause damage [52] , leading to neurodegeneration,
neurological sequelae, or death [53] , and affecting the
pathophysiology of the brain [52,54] . Simultaneously, the lung
can become edematous after acute exposure to high levels
of H2 S, resulting in reduced oxygen uptake [52,54] . Hypoxia
induced via H2 S also affects the cardiovascular system [55,56] ,
inducing the vasodilatation that leads to the hypotension
and the exacerbates hypoxia [57,58] . The above effects also
lead to cerebral ischemia and hypoxia ( Fig. 2 ). Furthermore,
H2 S inhibits the cytochrome oxidase in mitochondrial
electron transport chain, which reduces ATP production
[59,60] . Collectively, these pathological and physiological
interactions between H2 S and the brain, causing acute
neurotoxic effects and subsequent long-term neurological
sequelae [54,61] . 
2.3. H2 S and intestinal diseases 

The mucus consists of a highly glycosylated polymeric
network of mucins linked by disulfide bonds [62] , and goblet
cells primarily produce mucin proteins in the intestinal
epithelium [63] . Mucin (MUC)-2 polymerizes via C-terminal
dimerization and N-terminal trimerization into large sheets
[64–66] . Numerous studies have shown that defects in the
mucus layer contribute to the inflammatory bowel disease
(IBD) [67,68] , which correlates with the rate of H2 S production
[69] . H2 S produced by specific intestinal bacteria can break the
disulfide bonds in mucus. Thus, solubilizing the polymerized
MUC-2 network is one of the main mechanisms of destroying
the mucus layer [70] . The human colon has been reported to
have the highest luminal concentration of H2 S in the body
(1.0–3.4 mM) [71,72] . The production rate of H2 S increases with
IBD severity. In the IBD patients, with an increasing number of
sulfate-reducing bacteria, the H2 S concentration is 2–3-times
higher than healthy people [64,73,74] . 

Degeneration of the inner and outer mucus layers caused
by H2 S can open-up mucus network, allowing bacteria to
penetrate and contact with the host epithelium [75] . Under
inflammatory conditions, H2 S can reduce the disulfide bond
in MUC-2, enabling the formation of trisulfide bonds [74] . In
addition, the destructed mucous layer increases interactions
between H2 S, bacteria, and epithelial cells [72] . Under
pathological conditions, the increasing in sulfate-reducing
bacteria in intestinal lumina increases concentration of H2 S
in lumen and leads to the instability of the mucosal layer
of colonic cells, which also causes H2 S spread to the colonic
epithelium, increasing the intracellular H2 S concentration
[76] . 

Ishigami et al. found that low levels of H2 S, absorbed
for storaging in cells, interact immediately with cells [77,78] ,
and it can permeate freely through cell membranes [72,73] .
The ability of colonic cells to process H2 S is reduced when
H2 S concentration in colonic cells is high. The interaction of
H2 S with colonic epithelial cells also increases interleukin-
6 expression and inducible nitric oxide synthase [76] , which
aggravates colonic inflammation ( Fig. 3 ). 
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Fig. 3 – Schematic representation of the effect of excess H2 S on mucin-2 and inflammation in colon cells. 

Table 1 – Changes in H2 S-producing enzymes in tumor 
types. 

Cancer type Cell line H2 S producting enzyme Ref. 

CBS CES 

Colon HT29 ↑ ↑ [85] 
Gastric SGC-7901 ↑ ↑ [86] 
Prostate PC3 ↑ ↑ [87] 
Breast MCF-7 ↑ ↑ [88] 
Liver HepG2 ↑ ↑ [89] 
Mouth OSCC ↑ ↑ [90] 
Melanoma A375 N/A ↑ [91] 
Leukemia HL-60 ↑ N/A [92] 
Ovarian OV202 ↑ N/A [93] 
Gliomas C6 N/A N/A [94] 

N/A: Not test; ↑ : upregulation; CSE: cysteine γ -lyase; CBS: cysteine 
β-synthetase. 
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Fig. 4 – Oncogenic signaling pathway regulated by H2 S. 
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.4. H2 S and cancer 

2 S plays a vital part in the proliferation and metastasis 
f tumor cells, and it becomes a new target for cancer 
herapy [79] . Studies have shown that the upregulation of 

2 S-producing enzymes in tumor tissues leads to significant 
ncreasing in concentration of H2 S [80] . However, endogenous 

2 S shows high expression only in some tumor cells, and 

ts concentration can reach 3.4 mM [81] . Some scholars have 
evealed changes in the expression and role of the enzymes 
CSE and CBS) that help to produce H2 S during a development 
f cancer [82] , such as colon [83] , gastric [84] , prostate [85] ,
reast [86] , liver [87] , and mouth [88] , as summarized in 

able 1 . The cancer can generate H2 S only through CES [89] , or
BS [90,91] . Anyway, there are some cancers without causing 
hanges in CSE and CBS [92] . 

Studies have demonstrated that H2 S can promote tumor 
roliferation via four main pathways: (i) providing energy for 
umor growth via mitochondrial respiration and glycolysis 
93] ; (ii) activating KATP channels upon vasodilation and then 

nducing expression of hypoxia-inducible factor-1 α [94] ; (iii) 
ctivating anti-apoptotic pathways [91] ; (iv) accelerating the 
ell cycle and promoting the proliferation of tumor cells [94] .

2 S also has the central role in modulation of oncogenic 
ignaling pathways, such as vascular endothelial growth 

actor, phosphatidylinositol 3-kinase/protein kinase B [95] ,
anus kinase/signal transducer and activator of transcription 

JAK/STAT) [96,97] , and Ras/Raf/extracellular-signal-regulated 

inase signaling cascades [95,98] , as shown in Fig. 4 . In 

ddition, STAT3 can promote expression of CSE and H2 S by 
ctivating a CSE promoter. In this way, CSE regulates STAT3 
xpression via the sirtuin-1/acetyl STAT3 pathway, increasing 
he efficiency of STAT3 [99] . Simultaneously, H2 S can restrict 
he immunogenicity of tumor cells, thereby reducing its 
oncentration and inducing and improving infiltration of 
mmune cells into the tumor [100,101] . Interestingly, excessive 

S can also increase the ROS level in normal cells or around 
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Fig. 5 – Schematic illustration of in situ H2 S responsive 
nanoplatforms and their applications in the disease 
therapy. 
tumor via the overexpressed enzyme catalase [102] . However,
the comprehensive study of pharmacological properties and
mechanisms of these molecules is needed to advance H2 S
inhibition research in clinical trials. 

3. Inhibition of H2 S production 

Pharmacological inhibition or blockade of H2 S expression
has been shown to reduce H2 S pathology in some diseases
[102] . Novel inhibitors have been synthesized to suppress H2 S
production and promote H2 S depletion in the clinic [97] . 

Three drugs have been shown to help remove H2 S and
include: l -aspartic acid (L-Asp), DL-propargylglycine (PAG),
and aminooxy acetic acid (AOAA) [103] . The mechanism of
action of l -Asp (C4 H14 NO4 ) can scavenge H2 S by blocking
the active site of CSE. Wang et al. indicated the suppression
of endogenous H2 S generation, caused by l -Asp, could
dramatically inhibit the nasopharyngeal carcinoma growth
via the ROS/mitogen-activated protein kinase pathway
[104] . Khan et al. also indicated l -Asp could decrease the
endogenous H2 S production to inhibit the growth of human
breast cancer [88] . 

PAG (C5 H7 NO2 ) is similar to l -Asp. However, the solubility
of PAG is much higher than that of l -Asp. Thus, the effect
of PAG has been shown to be stronger than l -Asp. Bhatia
et al. indicated that PAG could decrease the formation of H2 S
on pancreatic to counter role of H2 S in acute pancreatitis
and lung injury therapeutic effects [105] . Based on the above
results, Ji et al. also indicated that an active suppression of
H2 S, caused by PAG, could restore over-activated autophagy,
which might be a promising therapeutic approach against
acute pancreatitis related injuries. [106] . By the way, PAG can
effectively blocked H2 S production in the colon at 2 mM,
and inhibitor also can increase spontaneous colonic motility
[107] . Although PAG has a great H2 S removal capacity, the
removal efficiency about inhibition of H2 S still has a great
improvement. 

Meanwhile, AOAA has been reported to deplete H2 S via
inhibiting CBS and CSE [108,109] . AOAA can regulate cell
activity by reducing ATP levels and the rate of glycolysis
and is highly soluble in water and phosphate-buffered saline
(PBS), so it has been applied extensively [107–109] . AOAA has
been shown to induce E-cadherin and zonula occludens-1
expression, as well as downregulate fibronectin expression
[110] . An analog of AOAA known as 5-aminosalicylic acid has
been shown to have a therapeutic effect against IBD and
ulcerative colitis by reducing H2 S concentration levels [74] . 

To some extent, inhibiting H2 S production can reduce
or slow-down the growth of a tumor. A study by Yue
et al. showed that H2 S inhibitor resistant colon cancer
can be prevented [16] . In their study, AOAA and oxaliplatin
combination therapy, was used and was successful in
reducing H2 S synthesis [16] . Furthermore, AOAA was shown
to enhance the effect of oxaliplatin with regards to apoptosis
of colon cancer cells as well as the sensitization of colon
cancer cells. However, Yue et al. indicated that both potency
and specificity of H2 S inhibitors needed to be increased
in future studies. Unfortunately, CBS inhibitors affect
multiple signaling pathways and cannot accurately mimic the
inflammatory effects of H2 S during treatment. H2 S-producing
enzymes are present on many biological substrates, therefore
inhibitors of H2 S-producing enzymes can cause unwanted
side-effects. 

In short, H2 S-scavengers allow targeted clearance of H2 S,
but their targeted features are limited [111] . Over the last
two decades, enormous progress has been made in the
development of nanoplatforms, and their targeting properties
can be found in many therapeutic approaches [112] . Thus,
targeted elimination of H2 S through nanoplatforms may have
great potential for using in biomedical applications. 

4. Nanoplatforms for H2 S response and 

inhibition 

HRNs, received attention on the cancer therapy, have been
constructed and shown great potential in the diagnosis and
treatment of diseases [113] . The HRNs enhance therapeutic
effects specifically via integrating existing therapies.
According to their functions, HRNs can be divided into
five main categories [114,115] ( Fig. 5 , Table 2 ). HRNs can be
combined with: (i) chemical therapy; (ii) CDT; (iii) PDT; (iv)
photothermic therapy (PTT); (v) multiple therapies. However,
the therapeutic actions of HRNs in vivo are uneven [116] . In
addition, HRNs, the diagnostic strategy, has begun to appear
in field of cardiovascular diseases, cancer, hepatitis and
other diseases due to association between H2 S and diseases
[117,118] . Therefore, analyzing existing nanoplatforms for
H2 S response is important. 

4.1. HRNs combined with chemical therapy 

Chemical therapy drugs are the primary means for the
clinical treatment. However, the above drugs are limited
by poor solubility, low bioavailability and systemic toxicity
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Fig. 6 – Possible mechanism of cellular uptake for N3–Nap-PHEMA45 -b-PMMA42–N3 micelles (A) H2 S-triggered charge reversal 
(B) and positive charge-mediated targeting properties (C) for N3–Nap-PHEMA45 -b-PMMA42–N3 micelles. Copyright 2022 
Nature [119] . Use of NPs@BOD/CPT for cancer imaging (D) H2 S-triggered NIR photothermal ability (E) and photo-controlled 

on-demand drug release (F) for NPs@BOD/CPT. Copyright 2019 Wiley Online Library [11] . 

Table 2 – H2 S responsive nanoplatforms and their 
applications in the therapy. 

Therapeutic type 
Therapeutic 
strategy 

H2 S responsive 
unit Ref 

Chemical 
Therapy 

N3-Nap-PHEMA-b- 
PMMA-N3 

Azide [119] 

NPs@BOD/CPT BOD-Cl [11] 
PALA@CIP PALA [120] 

Chemodynamic 
therapy 

VZnO Zn [12] 
FeOOH NSs Fe [2] 

Photodynamic 
therapy 

Cu2 (ZnTcpp) ·H2 O Cu [13] 
ZNNPs@FA ZM1068-NB [121] 

Photothermal 
therapy 

HKUST-1 Cu [122] 
NP-Cu Cu [123] 

Multiple 
Therapies 

5-Fu/Cur-P@HMPB HMPB [124] 
Cu2 O@CaCO3 @HA Cu2 O [14] 
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125] . Therefore, most studies have focused on controlling the 
elease of “precision drugs” on-demand by small molecules 
n pathological region to overcome side-effects of chemical 
herapy. 

H2 S-mediated reduction of azides, which are reduced to 
ositively charged amines via H2 S, has become the most 
ommon strategy for H2 S detection [119] . Azide-based H2 S 
esponsive material can also be used to control the surface 
harge of nano-drug carriers. Zhang et al. prepared H2 S- 
riggered charge-reversal micelles based on azide-based 

2 S responsive material (N-(2-hydroxyethyl)-4-azide-1,8- 
aphthalimide ended amphiphilic diblock copolymer poly (2- 
ydroxyethyl methacrylate)-block-poly (methyl methacrylate,

3 -Nap-PHEMA45 -b-PMMA42 -N3 ) to achieve cancer detection 
nd targeted delivery of drugs [119] ( Fig. 6 A). The surface 
harge-induced enhanced cellular uptake was reversed 

ia N3 -Nap-PHEMA45 -b-PMMA42 -N3 micelles with positive 
harge-mediated targeting properties ( Fig. 6 B and 6 C). Hence,

3 -Nap-PHEMA45 -b-PMMA42 -N3 micelles can recognize H2 S 
n cancer cells and deliver doxorubicin to cancer cells for 
fficacious chemical therapy. 

In addition to azide-based H2 S responsive nanoplatforms,
he boron-dipyrromethene nanoplatforms have been 

xplored for targeted drug delivery in cancer treatment.
hi et al. prepared HRNs with generation of near infrared 

NIR)-triggered hyperthermia for photo-controlled drug 
elease in cancer cells to improve the specific targeting of 
umor cells and anticancer performance [11] ( Fig. 6 D). These 
RNs (Boron dipyrromethene/camptothecin nanoparticles,
Ps@BOD/CPT) worked as well as NIR photothermal agent 

 Fig. 6 E). Also, the drug, camptothecin-11, was encapsulated 

nto the nanoplatform. In the absence of H2 S, NPs@BOD/CPT 

ithout exhibiting the significant hyperthermia effect under 
IR laser. Conversely, the NPs@BOD/CPT caused a conversion 

rom solid to liquid, which led to the release of a hydrophilic 
rug and increased chemotherapeutic effect of camptothecin- 
1 ( Fig. 6 F). 

Notably, HRNs also have been utilized for the responsive 
rug delivery systems targeting specific infections. Lu 

t al. prepared HRNs, which release ciprofloxacin (CIP) for 
esponding to H2 S produced by Salmonella spp. in the intestine 
ia oral administration [120] . The response mechanism of 
RNs is destroying disulfide bond-containing poly ( α-lipoic 
cid) (PALA), and disulfide bonds are reduced to sulfhydryl 
roups via H2 S. The results show that PALA nanoparticles,
oaded with CLP (PALA@CIP), can recognize the infection 

bout Salmonella , eradicating the bacteria. Therefore, the 
esponse of H2 S in the nanoplatform could be an auspicious 
ay to combine chemical therapy. 
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Fig. 7 – Synthetic route to VZnO and H2 S removal for the colorectal cancer therapy (A) Copyright 2021 Springer Nature [12] . 
Synthetic route to Fe3 O4 @PDA-PEG-cRGD-DOX NPs (B) The hearts, livers, spleens, lungs and kidneys of the treatment group 

after treatment (C) Copyright 2019 Dove Medical Press [128] . MRI capability of GO-PEG- β-FeOOH (D) Copyright 2013 Springer 
[129] . Western blots of p-p38 and p38 expression level in CT26 cells after different treatments (E) Western blots of the 
expression of p-p38, p38, and GPX4 within tumor tissue after various treatments (F) p-p38 and CD31 immunostaining of 
CT26 tumor sections after a series of treatments (Scale bar = 100 μm) (G) Copyright 2020 Wiley Online Library [2] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. HRNs combined with CDT 

CDT has been employed to convert hydrogen peroxide (H2 O2 )
to the toxic hydroxyl radical ( • OH) in tumor tissues, causing
damage to tumor cells [126] . Furthermore, CDT combined
with removing H2 S gas into a single nanoplatform enhance
anticancer effect [127] . Zinc oxide has the great safety profile,
which has prompted more attention in the medical research
compared with other metal-oxide nanoparticles. Pan et al.
reported HRNs based on zinc oxide-coated silica (VZnO)
nanoparticles for treatment of colorectal cancer ( Fig. 7 A). The
reduction of H2 S via VZnO resulted in an indispensability
reduction in cellular levels, which was combined with CDT
[12] . 

Nanoparticles designed with fixed elements (e.g., iron (Fe))
can have therapeutic functions [2,130] . Our research group
prepared multifunctional targeting Fe3 O4 nanoparticles
based on modification of polyethylene glycol (Cyclo
(Arg-Gly-Asp- d -Phe-Cys) conjugated doxorubicin-loaded
Fe3 O4 @polydopamine nanoparticles, Fe3 O4 @PDA-PEG-cRGD-
DOX NPs) to integrate the diagnosis and treatment of tumors.
These nanoparticles had excellent safety and anti-tumor
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ffects [128] ( Fig. 7 B and 7 C). At the same time, the H2 S
esponse properties of Fe are also used in cancer treatment.
he paramagnetic ferric-hydroxide (FeOOH) nanospindles 

NSs), constructed via Chen et al., have been used as a 
agnetic resonance imaging (MRI) contrast agent for the 

iagnosis and the treatment of the cancer [129] ( Fig. 7 D).
eOOH NSs not only consume H2 S in tumor environments,
ut also show the high reactivity and adsorption of H2 S at the 
oom temperature in typical environments. In response to the 
xcellent performance of FeOOH NSs in cancer treatment, Li 
t al. constructed biocompatible nanosystem for FeOOH NSs 
o combine colon-cancer treatment with enhanced MR and 

DT [2] . The reduced level of phosphorylated-p38 (increased 

evels of p-38) and glutathione peroxidase 4 (GPX4) promotes 
herapeutic effects of FeOOH NSs against cancer via CDT 

 Fig. 7 E and 7 F). In addition, in vivo experiments reveal that 
he group without undergoing laser irradiation show the 
ubstantial anti-tumor effect, suggesting that H2 S clearance 
ause the tumor-killing effect to a certain extent with an 

xcellent synergistic effect on CDT ( Fig. 7 G). Those results 
lso indicate that HRNs combined with laser irradiation 

ight lead to the extraordinary result. 

.3. HRNs combined with PDT 

nder action at a specific wavelength (e.g., NIR light),
hotosensitive materials/genes can kill tumor cells, which is 
alled PDT [131–133] . Compared with conventional therapies 
uch as the chemical therapy, PDT is an ideal strategy 
or treating cancer (tumor cell apoptosis and necrosis 
hrough the activation of ROS) [134] . However, due to unique 
hysicochemical properties (e.g., instability of photosensitive 
aterials/genes), most strategies have led to poor targeting 

f tumor cells and poor specificity of distribution. Designing 
nd synthesizing a drug for accurate delivery to a tumor 
ite has become an important research direction. Our 
esearch team designed a “light-switch” transgene system to 
egulate (spatially and temporally) the gene expression of the 
iphtheria toxin under the blue-light irradiation to kill tumor 
ells selectively [135] ( Fig. 8 A). This light-switch transgene 
ystem improved the targeting and the activation of ROS.
imultaneously, we have explored the potential of this nano- 
elivery system against melanoma cells [136] ( Fig. 8 B and 8 C).

Studies have shown that some specially treated 

anomaterials can implement this strategy effectively 
137,138] . For example, Ma et al. developed an “intelligent”

2 S-activated metal-organic framework (MOF) nanosensor 
hat became the photosensitizer upon H2 S action [13] ( Fig. 8 D).
his novel MOF (Copper and zinc metalated 5,10,15,20- 

etrakis (4-methoxycarbonylphenyl) porphyrin monohydrate 
anoparticles, Cu2 (ZnTcpp) ·H2 O, NP-1) was synthesized 

sing a reversed-phase microemulsion method. NP-1 and H2 S 
an rapidly complete the reaction within 1 min, and the red 

uorescence is restored. ZnTcpp achieve the certain degree 
f the tumor shrinkage after irradiation, but the effect is less 
han the NP-1 group. The expression of H2 S in HCT-116 cells 
onfirmed a role of H2 S in radiation-induced injury. 

H2 S-activated nanocomposites offer unprecedented 

trategies for precisely targeted the cancer therapy in form 

f responsive therapeutic tools. The intelligent and H2 S- 
ctivated nanoplatform for scavenging of H2 S and biomedical 
pplications has been reported. The responsive unit of H2 S 
as been encapsulated via biocompatible and amphiphilic 
PEG5000-PCL3000 and mPEG5000-PCL3000-Folic acid (FA) 

olymers to afford the stability and the targeting of the 
anoparticle in the biological medium. The nanoparticle 

H2 S responsive and depleting nanoplatform, ZNNPs@FA) 
an undergo the nucleophilic substitution reaction with H2 S 
o generate NIR conversion and ratiometric photoacoustic 
ignals. Therefore, ZNNPs@FA decrease mitochondrial H2 S 
evels in cancer cells while activating PDT effects, leading to 
he significant glycolysis reduction and severe mitochondrial 
amages [121] ( Fig. 8 E). This intelligent nanoplatform 

P-1 has shown excellent potential as the H2 S-selective 
hotosensitizer for PDT. In addition, the modification with 

EG is strongly recommended to enhance systemic circulation 

nd increase the accumulation at tumor sites. 

.4. HRNs combined with PTT 

s the companion therapy to PDT, our research team 

emonstrated that PTT kills cancer cells based mainly on 

he thermal energy via laser irradiation [128] . However, laser 
rradiation also damages surrounding normal tissue, due to 
he uneven distribution of photothermal agents. Therefore,
here is an urgent need for designing the novel PTT agent 
hat can exert PTT mainly at the tumor site while causing less 
amage to normal tissues. 

Li et al. designed the H2 S-activated nanomaterial, Cu- 
OF (also known as HKUST-1), to treat the colon cancer 

122] ( Fig. 9 A). Under the action of a high concentration of H2 S
n colon cancer, HKUST-1 decompose to form large lamellar 
opper sulfide (CuS) ( Fig. 9 B). According to the temperature 
urve, HKUST-1 absorption increase significantly at 808 nm 

fter reacting with sodium hydrosulfide (NaHS), which 

emonstrate CuS is the great photothermal material and 

xhibited concentration-dependent increase in temperature 
 Fig. 9 C). In vivo animal experiments showed that the 
emperature increased at the tumor site about 13 °C after the 
articular duration of laser irradiation at 808 nm ( Fig. 9 D).
ontrary to expectations, the increasing in the concentration 

f H2 S without increasing the total amount of CuS, accelerated 

nly the rate of the generation of H2 S. The bodyweight of 
ach group without changing significantly during treatment.
hose data suggest that PTT is safe, and the in situ - 
ctivated HKUST-1 nano-preparation is the excellent drug for 
TT [122] . 

Based on the excellent PTT features of CuS, some scholars 
evelop the nanoplatform (Copper nanoparticle, Cu-NP) 
rame via assembling chlorin e6 (Ce6), hypoxia-responsive 
rodrug (mitoxantrone) with clickable dibenzocyclooctyne,
nd copper-ion complex ( Fig. 9 E). Subsequently, CuS is 
enerated via the reaction of H2 S with Cu2 + to aid PTT 

123] ( Fig. 9 F). 

.5. HRNs combined with multiple therapies 

hether PDT or PTT, single treatment often fails to achieve 
he desired antitumor effect, leading to tumor recurrence and 

istant metastasis [139] . Immunotherapy using programmed 
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Fig. 8 – (A) Scheme of DTA based nanodrug delivery system combined with LightOn gene expression system for PDT of 
breast cancer. Copyright 2020 ScienceDirect [135] . (B) The tumor was collected at the end of treatment via LightOn gene 
expression system, and (C) Immunofluorescence staining of CD31 and TUNEL for tumor tissue sections and H&E-stained 

tumors after treatment with LightOn gene expression system. Copyright 2020 ScienceDirect [136] . (D) Simple structural 
fragment of MOF NP-1 and the proposed strategy for 1 O2 generation in cancer therapy. Copyright 2017 Wiley Online Library 

[13] . (E) The activation of PDT by ZNNPs@FA and the inhibition of ATP synthesis via depletion of H2 S in CRC. Copyright 2020 
American Chemical Society [121] . 
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Fig. 9 – (A) Schematic diagram of the PTT of colon cancer by HKUST-1 nanoenzyme in response to H2 S. (B) Transmission 

electron micrograph of HKUST-1 nanoparticles with H2 S. (C) Temperature curves of aqueous NaHS solutions (5 mM) in the 
presence of HKUST-1 nanoparticles (0–5 mM) under the laser irradiation for 10 min. (D) Heatmap of the same concentration 

of HKUST-1 after 10 min laser irradiation at NaHS concentration of 5 mM. Copyright 2022 American Chemical Society [122] . 
(E) NP-Cu nanocomplex constructed using a simple clickable self-assembly strategy. (F) Simple strategy of endogenous 
H2 S-triggered of PTT. Copyright 2022 American Chemical Society [123] . 

c  

b
n
t
o
s

P
c
(
[  

i
i
t
(
b
c
a
(

i  

c  

C
m
c
u
d
H
s
(
p
i
(
w
o

4

B  

H
i
h

ell death protein-1 has achieved excellent clinical results,
ut it is suitable only for specific populations [139] . A single 
anotherapeutic agent can be combined with other types of 

reatment [140–144] . Subsequently, the combination therapy 
ften failure of specificity to the tumor site, inducing in 

uperfluous damage to serviceable tissues [145–147] . 
Colleagues developed the nanomedicine (5-Fu/Cur- 

@HMPB) via encapsulation of natural anticancer drug 
urcumin (Cur) and chemotherapeutic drug 5-fluorouracil 
5-Fu) into a hollow mesoporous Prussian Blue (HMPB) 
124] ( Fig. 10 A). The task of the iron (II) ion (Fe2 + ) detection
s realized mainly via 1,10-phenanthroline. The iron (III) 
on (Fe3 + ) is reduced to Fe2 + via a reaction with H2 S, and 

his process is detected in the presence of NaHS at 511 nm 

 Fig. 10 B). HMPB with the low fenton catalytic activity can 

e converted to the prussian white with the high fenton 

atalytic activity based on the combined action of HMPB 

nd H2 S for activating CDT and the chemical therapy 
 Fig. 10 C). 

Considering the potential of combining multiple therapies 
n HRNs, PTT, PDT, and CDT is combined in a HRNs. Chang et al.
onstructed core-shell nanostructures (Cu2 O@CaCO3 @HA,
CH) by targeting the high concentration of H2 S and acidic 
icroenvironment in the colon cancer [14] . The calcium 

arbonate (CaCO3 ) shell of Cu (I) oxide (Cu2 O) decomposes 
nder acidic conditions. Hence, the core of Cu2 O generates 
jurleite (Cu31 S16 ) with PTT, PDT, and CDT under the action of 

2 S ( Fig. 10 D). Moreover, the high temperature and oxidative 
tress generate by CCH can reprogram macrophages of the M2 
tumor-promoting) phenotype to the M1 (tumor-suppressive) 
henotype and initiate vaccine-like immune effects to 

nhibit distant metastasis and the recurrence of colon cancer 
 Fig. 10 E). Given the potential of HRNs in the combination 

ith multiple therapies, many related studies are 
ngoing. 

.6. HRNs combined with diagnosis 

ased on the association of H2 S with various diseases,

2 S detection techniques have been developed [124] . For 
nstances, Zhang et al. indicated the plasma level of H2 S 
ad both high sensitivity and specificity rates to predict 
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Fig. 10 – (A) Schematic Illustration of Cur-P@HMPB NPs and 5-Fu/Cur-P@HMPB NPs preparation. (B) UV–vis spectral changes 
induced via the mutual action of HMPB and different concentration of NaHS by 1, 10-phenanthrolineis. (C) Summary figure 
of 5-Fu/Cur-P@HMPB activating CDT and chemical therapy against colon cancer. Copyright 2021 Wiley Online Library [124] . 
(D) Mechanistic diagram of the antitumor effects, degradation and renal clearance of the tumor microenvironment triggered 

nanoparticles. (E) Mechanism diagram of the anti-tumor immune response triggered via the regulation of the tumor 
microenvironment from CCH. Copyright 2020 Wiley Online Library [14] . 
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ostural orthostatic tachycardia syndrome [148] . However,
ost methods are not suitable for in vivo monitoring of H2 S in 

he disease states [149] . Therefore, HRNs, with H2 S response 
nd focal targeting characteristics [150] , have been widely 
oncerned in the detection of H2 S field about cardiovascular 
iseases, brain diseases, cancer and other diseases. In 

hort, HRNs can offer the better cell-compatibility and 

igher spatiotemporal resolution than previously employed 

echniques. 

.6.1. HRNs combined with diagnosis in cardiovascular 
iseases 
ccording to the importance of H2 S in cardiovascular disease,

ing et al. developed HRNs composed of nitrogen-doped 

dots (N-Cdots)/TiO2 nanowire (N-Cdot-TiO2 NW), which 

llowed real-time detection of H2 S produced via myocardial 
yoblasts [118] . N-Cdot-TiO2 NW is set to the off state via 

oaking into Cu2 + solution as HRNs. The high concentration 

f H2 S can combine with Cu2 + on the surface of N-Cdot- 
iO2 NWs to gradually restore the photocurrent, calling “on”
tate, to realize the detection of H2 S in cardiomyocytes.
lthough there without more research about the detection 

nd treatment of HRNs in field of the heart, above studies have 
roduced significant implications for the treatment of HRNs in 

ardiovascular diseases. 

.6.2. HRNs combined with diagnosis in brain diseases 
he accurately detecting H2 S levels in the brain remains 
 huge challenge. With the development of synthetic 
echnology, a series of materials that respond to H2 S in the 
rain have emerged in recent years [151,152] . However, the 
bove materials are mostly injected into the brain, which is 
armful to the brain. The above mentioned ZNNPs@FA, which 

ave the ability to treat colon cancer, can detect trace amounts 
f H2 S in the damaged brains via the targeting characteristics 
f HRNs [121] . Therefore, we speculate that HRNs has great 
otential in the detection of H2 S about brain diseases in the 
uture. 

.6.3. HRNs combined with diagnosis in cancer 
iven the highly expressed H2 S in some cancer sites,
RNs, based on BOD or Ag2 S nanoparticles, have been 

esigned for H2 S-related bioimaging in the cancer [153,154] .
or example, Deng et al. developed an endogenous H2 S- 
ctivated NIR-II emitting optical probe (Ag-CEW) for diagnosis 
f colorectal cancer. Ag2 S, which formed from H2 S reactions 
ith Ag-CEW, emitted a strong NIR-II fluorescence signal 

t approximately 1090 nm, enabling ultrasensitive detection 

bility of H2 S from HRNs [154] . In addition to colon cancer,
RNs can also be used to detect H2 S in other cancer sites.
heng et al. synthesized the HRNs (AB-DS@BSA-N3 NYs) 
y conjugating 3-azidopropylamine (–N3 (−)) with Bi2 S3 -Ag2 S- 
ATS@BSA nanoparticles (AB-DS@BSA). Under the action of 

2 S, –N3 (−) of AB-DS@BSA-N3 NYs could be reduced to –
H3 ( + ) by H2 S for the treatment and diagnosis of liver 
ancer [155] . Furthermore, Ma et al. presented a Cu (II)- 
etalated 3D porous nanoscale metal–organic framework 

nano-MOF) and successfully employ this nano-MOF as a 
ovel heterogeneous fluorescence probe for H2 S detection 

n HepG-2 [156] , indicating the application prospect of 
RNs in the diagnosis of liver cancer. To note, HRNs,
ontaining Mn, can also be used for the MRI of breast 
ancer to achieve diagnosis and treatment [127] . These related 

tudies demonstrate the importance of HRNs in cancer 
iagnosis. 

.6.4. HRNs combined with diagnosis in other diseases 
n order to achieve H2 S detection in the inflammation of 
iver and lung, Zhou et al. developed the lanthanide-doped 

pconversion nanoparticles (UCNPs) to monitor H2 S in the 
ipopolysaccharide induced mouse [157] . By the way, HRN can 

lso be used for the separate detection of H2 S in the hepatic 
iseases. Qin et al. developed HRNs for sensing of H2 S via 
he absorption competition induced effect via H2 S responsive 
hromophores and lanthanide-based NIR-II luminescence 
anoparticles to image lipopolysaccharide induced hepatic 

nflammation. The absorption of chromophores at 808 nm,
nd the NIR-II emission of nanoparticles recovers after the 
epatitis environment leads to high H2 S expression [117] .
he above HRNs can detect the ability of CSE inhibitors 

o remove H2 S from the liver, and results indicate that 
ecrease of inflammatory cell infiltration is accompanied via 
emoval of H2 S, as well as recovery of liver function. The 
esult also suggested that HRNs may have some therapeutic 
otentials in hepatitis. In addition, HRNs also can detect 

2 S in other inflammatory sites. Based on the trap volatile 

2 S in a solid form by using radioactive copper, Swarbhanu 

t al. detected H2 S in the inflamed paw accurately on the 
asis of the high sensitivity of the radioisotopes from 64 Cu–
yclen [158] . Compared with other signal molecular response 
anoplatforms, there are few studies on the therapeutic 
nd diagnostic capabilities of HRNs. With the growing 
nderstanding of H2 S and nanoplatforms, the treatment 
nd detection from HRNs in more disease areas can be 
ncountered. 

. Conclusions 

ver the past decade, the exploration of the correlation 

etween H2 S and diseases for biomedical application has 
ed to use H2 S being used in the clinic. Changes in 

2 S concentration can lead to cardiovascular diseases,
eurodegenerative diseases, intestinal diseases, and cancer.

n this study, we described the potential link between H2 S and 

hese diseases and summarized the therapeutic potential of 
ombination with drugs. 

Nevertheless, there needs to be a more thorough 

nvestigation of the link between H2S and diseases in 

uture studies. This paper presented problems facing H2 S 
esearch as well as the advantages of combining H2 S with 

anotechnology. The potential employment of existing 
anoplatforms for modulation of H2 S in various therapeutic 
trategies, including chemical therapy, CDT, PDT and PTT, was 
escribed in detail. Furthermore, the relationship between 

hotothermal conversion and H2 S responsive nanoplatforms 
annot be ignored. Although HRNs have potential for the 
linical detection and treatment of diseases, challenges 
annot be ignored. Based on our understanding of HRNs,
hese challenges can be summarized below. 
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The first challenge involves finding ways to selectively
regulate H2 S concentration in tissues and cells. Due to
the high tissue specificity of H2 S, increasing the H2 S
concentration may be favorable to one tissue or cell type
and harmful to others. Using HRNs to design tissue- or
cellular-targeted strategies that alter local H2 S concentrations
is a rational approach. The challenge involves developing
and improving the detection of H2 S. Detection is the most
common challenge for the gas-responsive nanoplatforms.
Solving this problem will assist in establishing the major
role of H2 S amongst different nanosystems and under
different conditions. The third problem involves development
of oral HRNs. Currently, HRNs are administered intravenously
and have unwanted side-effects and suffer from poor
patient compliance. These problems affect the potential for
clinical application. Therefore, developing HRNs that can
be administered orall y will broaden the clinical prospects
of HRNs. The fourth problem involves the development of
HRNs and gene therapy. Gene therapy (i.e., changing the
genetic information of diseased cells) has gradually become a
mainstream method used in multiple biomedical applications
[159] . More than 1000 gene therapy clinical trials have been
completed in the past decade. However, most of them
have stability problems. HRNs have great stability and can
help realize gene-based drugs loadings while simultaneously
consuming H2 S, which provides new applications for future
gene therapies. The fifth problem involves the development
of HRNs, such as the one that regulates the intestinal
microenvironment and prevents intestinal diseases such as
IBD. To date, there have been few studies on the regulation
of HRNs in the intestinal microenvironment. Developing
nanoplatforms that can effectively regulate H2 S concentration
in intestinal lesions could revolutionize clinical treatment
of intestinal diseases. Finally, the therapeutic effects of low
H2 S concentrations deserve attention [27] . In future studies,
the regulation of optimal response concentrations and the
response termination of HRNs need many studies to fully
deduce. In summary, HRNs, a novel therapeutic strategy,
present significant potential for the clinical treatment with
some challenges. 
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