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Bacterial infections can compromise the physical and biological functionalities of humans and pose a huge
economical and psychological burden on infected patients. Nitric oxide (NO) is a broad-spectrum antimicrobial
agent, whose mechanism of action is not affected by bacterial resistance. S-nitrosoglutathione (GSNO), an
endogenous donor and carrier of NO, has gained increasing attention because of its potent antibacterial activity
and efficient biocompatibility. Significant breakthroughs have been made in the application of GSNO in bio-
materials. This review is based on the existing evidence that comprehensively summarizes the progress of anti-
microbial GSNO applications focusing on their anti-infective performance, underlying antibacterial mechanisms,
and application in anti-infective biomaterials. We provide an accurate overview of the roles and applications of
GSNO in antibacterial biomaterials and shed new light on the avenues for future studies.

molecules can interact with and inactivate bacterial DNA, proteins, and
enzymes, thereby contributing to bacterial death [15,16]. Moreover, the

1. Introduction

Nitric oxide (NO) is an endogenous gaseous molecule produced from
arginine by nitric oxide synthase (eNOS, nNOS, or iNOS) [1]. NO is
involved in multiple physiological processes, including angiogenesis [2],
antiapoptosis, anti-inflammation [3-5], platelet activation [6,7], antith-
rombosis [8], vasodilation [9-11], and immune response [12-14].
Additionally, NO exhibits broad-spectrum antibacterial activities via the
formation of reactive nitrogen species (RNS), including, but not limited
to, peroxynitrile, dinitrogen trioxide, and nitrogen dioxide. These RNS

characteristic antibacterial mechanisms of NO significantly diminish the
risk of developing bacterial resistance, which is a predominant threat for
conventional antibacterial drugs [15,16]. Therefore, NO is a promising
therapeutic agent for a variety of diseases [17-20].

Despite its desirable properties, the extremely short half-life of
gaseous NO (34 s) restricts its therapeutic applications, which requires
sustainable NO release [21,22]. NO is covalently bound to the sulfur
atom of compounds in a C-S-NO pattern and can be released during the
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heterolytic or homolytic cleavage of the S-N bond [23]. Mammalian
glyceryl trinitrate S-nitrosothiols (RSNOs), including S-nitrosoalbumin,
glyceryl trinitrate (GTN), S-nitrosohemoglobin, and S-nitrosoglutathione
(GSNO), have been confirmed as effective endogenous NO donors and
carriers [23-26]. In particular, GSNO has attracted much attention owing
to its several advantages over RSNOs [27]. First, as an endogenous RSNO,
GSNO is relatively stable and decomposes into oxidized glutathione
(GSSG) and glutathione (GSH), which are abundant and biocompatible in
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animal cells [28]. Second, in addition to its antibacterial activity, GSNO
plays a critical role in inflammation and host defense mediated by
macrophages [29]. Third, endogenous GSNO was demonstrated to pro-
mote the production of vascular endothelial growth factor (VEGF),
regulate angiogenesis, and prevent embolization of the vasculature
[30-32]. Fourth, GSNO differs from most of the other RSNOs because of
its effective direct contribution to the S-nitrosation of enzymes contain-
ing sulfhydryl, during which the thiol groups are blocked on the enzymes

Table 1
Antibacterial properties of S-nitrosoglutathione and associated mechanisms.
Author Year Disease Solute/GSNO Bacterial/Strain Treatment Cells/Number Animals Findings
Concentration Number Time
Marcinkiewicz, 1997 NA NA/0.1-10 mM E.coli/ATCC 1h NA NA GSNO strongly affected the
J. [65] 25922 cytotoxic activity of neutrophils
and macrophages.
Venketaraman, 2005 Tuberculosis PBS/5 mM M. tuberculosis/ land 72 h Murine NA GSNO at a 5 mM concentration
V. [58] H37Rv macrophage cell was bactericidal for H37Rv via
line/J774.1 nitrite and NO.
Dayaram, Y. K. 2006  Tuberculosis PBS/5 mM M. tuberculosis/ 5d Murine NA y-glutamyl transpeptidase
[75] H37Rv macrophage cell mutant was resistant to the
line/J774.1 antibacterial properties of GSH/
GSNO
de Souza, G. F. 2006  Cutaneous PBS/1072M L. major 24 h NA NA GSNO had leishmanicidal
[23] leishmaniasis L. amazonensis activity via S-nitrosation
reactions, especially the cysteine
proteases.
Nahrevanian, H. 2007 Cutaneous DMSO/olive oil/ L.major/IR/75 6,8and 10w  NA Balb/c Both SNOG and DMSO/olive oil
[49] leishmaniasis 10 mg/kg mice had leishmanicidal activity.
Stroeher, U. H. 2007  Pneumonia PBS/2.5 mM S.pneumoniae/ 1h NA CD1 Both NmIRsp and AdhC were
[47] D39 mice required for survival in blood
Wood, S. R. [56] 2007  Cystic fibrosis NacCl solution/5 P.aeruginosa/ 0.5h Epithelial Cells/ NA GSNO may inhibited the
mM PAO57811 IB3-1 and S9 conversion of P. aeruginosa via
suppress alginate biosynthesis.
Jarboe, L.R. [53] 2008  Digestive disease DPA/0.5 mM E.coli/BW25113 1h NA NA GSNO altered regulatory activity
of MetJ, MetR, and CysB
Li, J. [80] 2010 NA NA/20 mM E.tenella/ 12h NA NA The inhabitation of GSNO on
Yangzhou oocysts was mediated by
expression of EtCRK2 mRNA.
Zanini, G. M. 2012  Malaria NA/0.035-3.5 P.berghei/ANKA 8d NA C57Bl/6 GSNO prevented experimental
[50] mg/mouse mice cerebral malaria development in
a wide range of doses
Costa, I. S. [48] 2013  Localized NA/0.1-0.3 mM L. major 5w Human THP-1 BALB/c GSNO suppressed lesion growth,
cutaneous macrophages mice reduced the parasite load, and
leishmaniasis L. braziliensis C57BL/6 induced healing.
mice
Nobre, L. S. [46] 2013 NA NA/0.05-0.15 S.aureus/NCTC 2h NA NA GSNO significantly altered the
mM 8325 expression of regulatory
function-associated genes.
Ong, P. K. [63] 2013 Malaria NA/NA P.berghei/ANKA 6d NA C57BL/6 Pial arterioles dilated in
mice exposure to GSNO
Tang, C. H. [40] 2013 Pneumonia NA/NA K.Pneumonia/ NA NA C57BL/6 GSNOR-Deficient Mice had
ATCC® 43816™ mice increased susceptibility to K.
Pneumonia and Mortality
Liao, Z. [79] 2016 Fungal infection DMS0O/0.6 mM C.albicans/ 1h NA NA GSNO and r-arginine could
SC5314 enhance the antifungal activity
C.albicans/SN250 of Shikonin.
C.albicans/cta4A/
A
C.albicans/
yhblA/A
Neufeld, B. H. 2016  Infection NA/5-25 mM P.aeruginosa/PAO 24 h NA NA The GSNO concentration
[57]1 causing at least a 90% reduction
in bacterial biofilm viability was
10 mM
Vargas, D. [64] 2016 NA NA/NA M. smegmatis/ 60 h NA NA GSNOR were required for
mc?155 normal biofilm formation
Elphinstone,R.E. 2017  Cerebral malaria NA/NA P.berghei/ANKA NA NA C57BL/6 GSNOR deficiency was
[62] mice associated with better survival in
ECM.
Liu, C. [67] 2017 PCVAD NA/10 mM Porcine circovirus In-vitro 72 h PK-15 cells BALB/c GSNO suppresses PCV2 infection
type 2 In-vivo 7 d mice in PK-15 cells and BALB/c mice.
Das, T. [45] 2019  Chronic Lung NA/10 mM P. aeruginosa/ 24 h Human foreskin NA GSNO disrupted biofilms of both
Infection PAO1 fibroblast/HFF-1 P. aeruginosa PAO1 and

A. baumaunii/
MRAB 015069

multidrug resistant A.
baumaunii
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reversibly [33,34], and lastly GSNO is relatively easier to synthesize and
purify [27]. Therefore, GSNO is a desirable agent for endogenous NO
production.

GSNO is metabolized in vivo by the conserved enzyme GSNO reduc-
tase (GSNOR) [35,36]. In human blood, GSNO is present at a concen-
tration ranging from 0.02 to 0.20 pM and functions as an NO carrier
[37-39]. Pharmacological approaches for increasing GSNO have been
applied in clinical practice; for example, inhibiting the activity of GSNOR
with the first-in-class inhibitor of GSNOR (N6022, N30 Pharmaceuticals)
has been used to treat cystic fibrosis patients [35,40-43]. In vitro, GSNO
is chemically synthesized in a fast, efficient, and productive manner via
an equimolar S-nitrosation reaction between nitrous acid and reduced
GSH [27]. Briefly, after cooling in ice bath and purging under nitrogen,
the GSH dissolved in aqueous HCl is mixed with equal-molar sodium
nitrite followed by stirring in the absence of light. The formed GSNO is
precipitated using acetone, separated by vacuum filtration, and washed
using ice-cold water and acetone. Finally, the prepared GSNO is stored at
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—20 °C after drying under vacuum at room temperature [30]. The
amount of GSNO was quantified using ultraviolet-visible spectropho-
tometry at 335 nm [44].

Therefore, GSNO has attracted increasing attention from researchers;
in particular, it has become a hotspot for biomaterials in the last decade,
such as hydrogels, polymers, films, nanoparticles, microspheres,
implantable devices, and blood-contacting devices. This review sum-
marizes the progress made in the applications of GSNO in anti-infective
biomaterials based on existing evidence (Graphical abstract), and
mainly includes the biological properties of GSNO and its application in
biomaterials and provides a useful beacon for future research.

2. Antibacterial property of GSNO and associated mechanisms
2.1. Antibacterial performance of GSNO

GSNO possesses antibacterial activity owing to its ability in the
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Fig. 1. Schematic illustrating the antibacterial activity of S-nitrosoglutathione. (a) The antibacterial property of GSNO for K. Pneumonia. Adapted with permission
from Ref. [40], copyright 2013 Elsevier Ltd. (b) The antibacterial property of spray-dried GSNO particles for P. aeruginosa and multidrug resistant A. baumaunii.
Adapted with permission from Ref. [45], copyright 2019 American Chemical Society. (c) The antibacterial property of GSNO for L. major and L. braziliensis. Adapted
with permission from Ref. [48], copyright 2013 Oxford University Press. (d) The antifungal property of GSNO for C. albicans. Adapted with permission from Ref. [79],

copyright 2016 Springer Nature.
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formation of NO. This activity is influenced by various factors, including
the bacterial strain, GSNO dose and concentration, treatment duration,
and NO release kinetics. Numerous studies have been conducted to
evaluate the antibacterial properties of GSNO in various diseases
(Table 1), including pulmonary infection [40,45-47], cutaneous infec-
tion [23,48,49], cerebral malaria [50], cystic fibrosis [51,52], and
digestive tract disease [53] (Fig. 1).

The lungs are one of the most susceptible organs to bacteria, and
bacterial lung infections result in more than 4 million deaths worldwide
every year, and with the emerging antibiotic resistance it necessitates the
development of novel therapeutic approaches [54]. Great efforts have
been made to evaluate the therapeutic efficacy of GSNO in pulmonary
infections [40,45-47]. Low levels of GSNO were insufficient to suppress
the biosynthesis of alginate and exacerbation of cystic fibrosis in lungs
infected with Pseudomonas aeruginosa [55,56]. Under normal culturing
conditions (nutrient broth at 37 °C), the concentration of GSNO required
to generate adequate NO to reduce >90% P. aeruginosa biofilm on
medical-grade polyurethane was determined to be 10 mM, which
amounted to 2.73 mM NO [57]. GSNO at a concentration of 5 mM was
demonstrated to be bactericidal against Mycobacterium tuberculosis in the
detection of colony-forming units and determination of optical density
[58]. As previously mentioned, GSNO is metabolized by GSNOR in vivo.
One study explored the antibacterial activity of GSNO via gene editing,
and found that mice deficient in GSNOR (GSNOR—/—) were more sus-
ceptible to Klebsiella pneumoniae derived pulmonary infection, indicating
that GSNOR inhibitor should be applied carefully when monitoring
infection in clinical trials [40]. The representative histological section
staining of K. pneumoniae-infected spleen of wild-type and GSNOR—/—
mice is shown in Fig. 1a (The bottom row represents magnification of the
images in the top row. Bar = 50 pm) [40]. Using spray drying, inhalable
GSNO powders possessing aerosol properties were produced that
demonstrated higher efficiency in disrupting Dbiofilms of
multidrug-resistant Acinetobacter baumannii and P. aeruginosa, compared
to GSH alone (Fig. 1b) [45]. Additionally, GSNO displayed a synergistic
effect with amikacin in inhibiting A. baumannii, and also enhanced the
growth and confluence of human foreskin fibroblasts (HFF-1).

Numerous species of Leishmania can survive as intracellular non-
flagellated amastigotes in macrophages, resulting in infectious cuta-
neous lesions. Localized cutaneous leishmaniasis (LCL) of a single ul-
cerated lesion dominates as the most common clinical presentation,
followed by mucosal/mucocutaneous patterns, and diffuse cutaneous
leishmaniasis [49]. GSNO has been shown to possess leishmanicidal ac-
tivity, suggesting its potential as a promising alternative for the man-
agement of cutaneous leishmaniasis [23,48,49]. The in vitro 50%
inhibitory concentrations (ICso) of GSNO against Leishmania amazonensis
and Leishmania major were 68.9 + 7.9 and 68.8 + 22.86 pmol L7},
respectively [23]. Additionally, reducing agents (ascorbic acid and
dithiothreitol) were able to revert protein S-nitrosation induced by
GSNO, and decompose GSNO directly, which resulted in the reversal of
GSNO's antibacterial activity against Leishmania, indicating that GSNO
functions via transnitrosation of proteins [23]. Balb/c mice infected with
L. major MRHO/IR/75/ER were treated with the NO inducer lipopoly-
saccharide (LPS) and GSNO simultaneously; LPS was beneficial for
elevating plasma reactive nitrogen intermediates (RNI) and reducing the
proliferation of amastigotes inside macrophages, but exhibited no effect
on lesion size. The same results of decreasing lesion size and eliminating
amastigotes within lesions were obtained on treatment with GSNO and
its drug vehicle (DMSO-olive oil), indicating that these performances
were associated more with the drug vehicle than with the GSNO [49]. For
interferon-y-knockout mice infected with L. braziliensis, topical applica-
tion of GSNO suppressed lesion growth notably. The topical application
of GSNO showed comparable therapeutic efficiency to intravenous
administration of amphotericin B (AMB) for BALB/c mice infected with
L. major [48]. In addition, in vitro immunofluorescence staining demon-
strated that treatment with GSNO could result in significant protein
S-nitrosation in L. major-infected THP-1 cultures with the arrows pointed
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to intracellular parasites, indicating that the anti-infective effect of GSNO
may be mediated by S-nitrosation ( x 60 objective lens, red fluorescence:
antinitrocysteine antibody indicating S-nitration; green fluorescence:
anti-Leishmania antibody indicating Leishmania; blue fluorescence: DAPI
indicating cell nuclei) (Fig. 1c) [48].

Cerebral malaria (CM) is a lethal encephalopathy caused by the ma-
laria parasite and is one of the leading causes of death in children under
the age of five years [59,60]. Experimental cerebral malaria (ECM)
induced using Plasmodium berghei ANKA (PbA) is distinguished by com-
plications of brain microcirculation, such as decreased blood flow and
resultant vascular collapse [50]. Although administration of
dipropylenetriamine-NONOate (DPTANO) notably prevented the pro-
gression of ECM in mice, the necessary high dose (2 mg/mouse/day)
resulted in undesired potent side-effects, such as hypotension [50,61]. In
mice infected with PbA, prophylactic application of GSNO suppressed the
growth of parasites and reduced ECM incidence in a wide dose range
from 0.035 mg to 3.5 mg, with milder side effects [50]. Moreover, among
mice infected with PbA, the mortality of the GSNOR knockout (KO)
group was significantly delayed compared to that in the wild-type (WT)
group; however, the former group possessed a higher parasite load [62].
Additionally, after treatment with the antimalarial drug (artesunate),
GSNOR-KO mice showed notably better survival than the WT group.
Interestingly, in mice with ECM, treatment with GSNO superfusion
activated the pial arteriole response [63]. In addition to the bacteria
described above, GSNO has also been reported to show latent antibac-
terial activity against Streptococcus pneumoniae [47], Staphylococcus
aureus [46], Mycobacterium smegmatis [64], Escherichia coli [53,65], Hel-
icobacter pylori [66], and porcine circovirus type 2 [67].

2.2. Underlying mechanisms contributing to GSNO's antimicrobial
properties

NO is known to play an antibacterial role via the formation of RNS
and induction of nitrosative stress, which mediates the bacteriostatic
properties of GSNO [68]. However, the underlying molecular mecha-
nisms were not clarified completely (Fig. 2). In addition, the specific
mechanisms accounting for the antimicrobial performance of GSNO may
vary among different bacteria, especially mutant bacteria. Several critical
genes and proteins have been demonstrated to be crucial for the anti-
bacterial activity of GSNO, because the expression of their products could
influence multiple processes associated with GSNO, including transport,
decomposition, and action (Fig. 2).

Alginate is a critical independent virulence factor that contributes to
the formation of a viscous polysaccharide biofilm-like matrix, making
bacteria resistant to pharmacological attack (antibiotics) and host anti-
bacterial innate-immunity (RNS) [51,52,56,69-71]. Alginate promotes
the conversion of P. aeruginosa to mucoid phenotypes in cystic fibrosis,
resulting in a poor clinical prognosis [56,72]. GSNO induced nitrosative
stress downregulates the expression of most genes related to alginate
synthesis and reduces alginate protein production in mucoid
P. aeruginosa, indicating a viable strategy to suppress P. aeruginosa [56].
GSH and GSNO, tripeptides comprising y-glutamate-cysteine-glycine,
cannot access the bacteria directly. Glutamate is first cleaved from GSNO
by y-glutamyl transpeptidase (GgtA), and the resultant Cys(NO)-Gly
dipeptide is transported into bacteria via the dipeptide permease,
which is a multicomponent ABC transporter [73,74]. In M. tuberculosis,
GgtA mutants may contribute to GSNO resistance and improve survival
inside macrophages compared to the wild-type strain [75]. Neisseria
merR-like regulator (NmlR) is a novel transcriptional regulator. NmlR is
cotranscribed with and manages the expression level of AdhC (alcohol
dehydrogenase in class 3), which is capable of metabolizing GSNO using
NADH as a reducing agent [76,77]. In S. pneumoniae, mutations in NmiR,
and AdhC weakened the AdhC-derived oxidoreductase activity and
became more sensitive to GSNO compared with wild-type bacteria,
indicating an NmlRg-AdhC resistance system to GSNO [47]. Additionally,
mutational analysis showed that GSNO oxidoreductase was
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Fig. 2. Schematic illustrating antibacterial mechanisms of S-nitrosoglutathione.

AdhC-dependent in N. meningitidis but not in N. gonorrhoeae [78].

Similarly, another NADH-dependent oxidoreductase, FrxA, was
shown to reduce GSNO, in addition to metabolizing metronidazole and
nitrofurans in H. pylori [66]. Mutation of the FrxA-coding gene enhances
the susceptibility of H. pylori to GSNO, and FrxA was shown to contribute
to the infection of macrophages and mice. Whole-genome microarray
detection revealed that GSNO-derived nitrosative stress had a notable
impact on the transcription of genes associated with regulatory function.
Thus, suggesting a key role for GSNO in inhibiting bacterial respiration,
interfering with zinc metabolism, and unbalancing intracellular potas-
sium levels in S. aureus [46]. Interestingly, the combination of GSNO and
hydrogen peroxide affects the transcription of genes involved in iron
metabolism and the cell envelope [46]. One study mapped the response
network of E. coli to GSNO using a novel integrated biochemical analysis
and found that GSNO mainly targeted thiols-containing homocysteine
(Hcy) and cysteine (Cys) rather than the metal groups, thereby primarily
modifying the metabolic and regulatory schemes [53]. GSNO may
enhance the antifungal capability of shikonin which exhibits antibacte-
rial activity through inducing NO to regulate YHBI and CTA4 intracel-
lularly in Candida albicans [79]. As shown in Fig. 1d, significant induction
of NO production (green fluorescence) can be seen in the suspension cells
incubated with 2 pg/mL SK and 0.6 mM GSNO compared to 2 pg/mL SK
alone under confocal laser scanning microscope (Bar = 7.5 pm). How-
ever, the association between GSNO and YHB1/CTA4 was not further
investigated. GSNO showed an inhibitory effect on Eimeria tenella,
although limited to early-stage sporulation, primarily by suppressing the
transcriptional expression of cyclin-dependent kinase related protein-2
(EtCRK2) [80]. Additionally, GSNO has been reported to result in oxy-
gen independent cytostasis, which may be most correlated with the
antimicrobial or antiproliferative performance of NO [73]. Additionally,
heterolytic NO+ transfer and not homolytic NO- release, accounted for
the cytostasis [73]. Some researchers proposed that the function of GSNO
was concentration-dependent, since low-concentrations of GSNO facili-
tates Sp3 to bind to ‘housekeeping’ genes like cftr, whereas nitrosative
stress induced concentration GSNO cut off Sp3-dependent transcription
[81].

Overall, GSNO exerts an antibacterial effect via NO release. Although

it was reported that GSNO can affect bacterial activity via regulation of
bacterial genes and proteins, this regulatory effect was also mediated by
the NO-induced nitrosative stress.

3. Application of GSNO in antibacterial biomaterials

Among critically ill patients, 47.4% of hospital-acquired infections
(HAISs) result from medical device-associated infections (MDAI) [82,83].
The high incidence of MDAI necessitates the antibacterial modification of
medical devices, especially in the case of implantable devices. However,
the direct application of GSNO exhibits an unpredictable decomposition
rate in the aqueous phase [84,85]. Thus, encapsulating GSNO in devices
exhibited dual effects by enhancing the antibacterial activity of medical
devices and slowing GSNO decomposition. Recent studies have made
great breakthroughs in functionalizing medical devices and pharma-
ceutical preparations by loading GSNO.

3.1. Polymers loading GSNO for antibacterial application

Wound healing is a well-coordinated process comprising inflamma-
tion, cellular proliferation, deposition of extracellular matrix, and tissue
remodeling. Bacterial infections represent a common menace for
wounds, which usually disrupt the healing process [22,86]. The polymers
loaded with GSNO are listed in Table 2. Fiber scaffolds comprising
gelatin, GSNO, and polycaprolactone (PCL) were manufactured via
electrospinning for wound healing and pathogen elimination, wherein
GSNO was encapsulated in shells (Fig. 3a) [44]. A consistent and pro-
longed NO release profile >4 days was identified in the coaxial fibers,
whereas large GSNO release and leaching was detected in the blended
fibers. Both fibers contributed to a 3-log reduction in S. aureus viability
without any in vitro cytotoxicity to the mouse fibroblast cells. GSNO was
integrated with chitosan (CS) to produce an NO-releasing chitosan film
(CS/NO film) for the treatment of full-thickness wounds, in which the
NO-releasing feature followed the Korsmeyer-Peppas model with Fickian
diffusion kinetics [22]. In addition, this CS/NO film showed more potent
bactericidal properties against S. aureus and P. aeruginosa than the CS
film, and accelerated re-epithelialization and healing of full-thickness
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Table 2
Polymers loading S-nitrosoglutathione for antibacterial application.
Author Year Diseases Polymers Methods GSNO NO Bacterial/ID Cells/ID Animals Findings
releasing
Joslin, J. 2013  Devices- PVC films Adding GSNO to ~ 5-30 0.64 + NA NA NA GSNO-
M. associated the Tygon w/w% 0.5 x incorporated
[134] blood clot and solution and 1071 Tygon film was
infection drying mol cm™? constructed and
min~! concentration of
GSNO within the
film does not
influence NO
release profiles.
Kim, J. 0. 2015 Wound Chitosan Mixing 2.5-20 NA P. aeruginosa/ NA Sprague-Dawley CS/NO film
[22] infection film wt% PAO1 rats showed a stronger
S.aureus/ antibacterial
RN4220 activity and
accelerated wound
healing
Pant, J. 2019 Skin infections Alginate/ Cross-linking NA 5.01 £ S.aureus/ATCC Mouse NA Alginate-PVA-
[30] PVA 0.49 x 5538 fibroblast GSNO dressings
10-10 cell/ATCC eradicated bacteria
mol cm™? 1658 and enhanced
min ! P.aeruginosa/ HUVEC cellular
ATCC 27853 proliferation and
migration.
Rolim, W. 2019  Infection and AgNPs- Solvent casting 2.5 wt 4-7 pmol E.coli/ATCC Human NA GSNO-containing
R. [95] tumor containing % NO/cm? 25922 prostate PVA/PEG films
PVA/PEG S.aureus/ATCC cancer demonstrated
Films 29213 cell/PC3 toxicity toward
K.pneumoniae/ human tumor cells but had
ATCC 700603 foreskin no antibacterial
P.aeruginosa/ fibroblast effect.
ATCC-27853 cell/HFF-1
Yapor, J. 2019  Infection Emulsion Mixing 1.72 46 + 4 NA HDFs NA GSNO-containing
P. [14] containing w/w % pmol g~! emulsion was
HA and produced and
vitamin E showed no
cytotoxicity to
HDFs
Hopkins, 2020 NA Fibers Electrospinning 20 wt 391 + S.aureus/ATCC Mouse NA PCL/gelatin fiber
S.P. comprising % 0.96 x 5538 fibroblast containing GSNO
[44] PCL and 10710 cells/ demonstrated
gelatin mol mg ™! ATCC antibacterial
min~? 1658 activity and no
cytotoxic response.
Li, W. [8] 2021 Devices- Silicone 3D printing 2wt % >10 x P.mirabilis/ Murine NA GSNO embedded
associated 10710 ATCC 29906 fibroblast in the printed
inflammation mol cm~2 cell/L929 silicone matrix
and infection min~? released NO about
one month.
Wang, W. 2022  Cutaneous CS/GE films Mixing NA NA E.coli NA BALB/c mice CS/GE films
[87] wound S.aureus containing GSNO
infection functionalized
PDA nanoparticles
demonstrated
antimicrobial
efficacy.

wounds favorably. In an extended study, the CS/NO film demonstrated
anti-biofilm activity against MRSA and promoted wound healing in
MRSA-infected diabetic mice, with CS cooperating with NO to accelerate
healing synergistically [21]. Similar to the CS/NO films, hybrid wound
dressings comprising poly vinyl alcohol (PVA) (synthetic polymer),
alginate (natural polymer), and GSNO were prepared through
cross-linking, were able to eradicate P. aeruginosa and S. aureus with an
efficiency of 98.93 + 0.69% and 99.89 + 0.40%, respectively; and
enhanced proliferation of human endothelial cells by 3-fold in compar-
ison to the control without GSNO, indicating a considerable potential for
angiogenesis (Fig. 3b) [30]. Moreover, this alginate—PVA—GSNO dres-
sing promoted a notable proliferation and migration of mouse fibroblasts.
To further increase GSNO use and efficiency, one study covalently bound
GSNO with polydopamine nanoparticles (PDA-GSNO NPs) to minimize
NO loss in aqueous conditions. The PDA-GSNO NPs were then embedded

into biocompatible CS/gelatin (GE) composite films possessing favorable
hydrophilicity and mechanical-adhesive properties, which were able to
release NO for killing bacteria under photo-thermal stimulation (Fig. 3c)
[87]. The PDA used is a near-infrared (NIR) light-responsive material,
which can transform NIR light into heat efficiently [88,89], provided two
benefits for the PDA-SGNO NPs: first, the photothermal conversion of
PDA NPs could be an energy source for accelerating controlled NO
release; and second, NIR light irradiation-derived local heat conversion
could activate the bacterial lysis, also known as photothermal therapy
(PTT) [90,91]. The results indicated that the CS/GE/PAD-GSNO com-
posite films possessed potent antimicrobial activities against E. coli and
S. aureus in vitro and promoted wound healing in vivo under NIR light
irradiation with good biocompatibility, which was similar to some extent
to the NO enhanced photodynamic therapy reported recently [20].

In addition to wound healing, the application of GSNO-loaded
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Fig. 3. Schematic illustrating polymers loading S-nitrosoglutathione for antibacterial application. (a) PCL fiber loading GSNO. Adapted with permission from
Ref. [44], copyright 2020 American Chemical Society. (b) PVA loading GSNO. Adapted with permission from Ref. [30], copyright 2019 American Chemical Society.
(c) Chitosan/gelatin hydrogel films GSNO. Adapted with permission from Ref. [87], copyright 2022 Elsevier Ltd. (d) 3D-printing silicone loading GSNO. Adapted with
permission from Ref. [8], copyright 2021 American Chemical Society. (e¢) PVA/PEG films loading GSNO. Adapted with permission from Ref. [95], copyright 2019
American Chemical Society. (f) Tygon materials loading GSNO. Adapted with permission from Ref. [134], copyright 2013 American Chemical Society.

polymers in other diseases have also been developed. The advantage of
personalized device design via 3D printing has garnered increasing
attention [92]. A previous study reported a one-step printing strategy for
fabricating NO-eluting devices possessing drug-free coating and
drug-loaded substrate, with high-viscosity silicone as the 3D printing ink,
crystalline-forms of GSNO as the model drug, and low-viscosity silicone
as the outermost layer, and the printed devices had a smooth surface
coating because of the low-viscosity silicone diffused outward upon
deposition (Fig. 3d) [8]. The GSNO-embedded silicone matrix could
release NO for up to one month under physiological conditions showed
strong antibacterial performance against P. mirabilis and adequate
biosafety for murine fibroblast cells. Selenium (Se) is an essential trace
element that plays a critical role in multiple Se- enzyme-dependent
physiological processes, including endogenous production of NO from
RSNO [82,93,94]. One study designed a hierarchical S-nitro-
so-N-acetylpenicillamine (SNAP)-doped polymer with a blended
Se-interface [82]. This polymer composite was able to release NO from
the SNAP reservoir and generate NO via the incorporated Se explicitly,
resulting in antibacterial activity against S. aureus and E. coli. To make
use of the antimicrobial effect GSNO and silver nanoparticles (AgNPs)

synergistically, researchers incorporated both into PVA/polyethylene
glycol (PVA/PEG) polymeric solid films for topical application (Fig. 3e)
[95]. Unexpectedly and inconsistent with previous studies [21,30,87],
this film showed no antibacterial properties against S. aureus, E. coli,
P. aeruginosa, and K. pneumoniae, but were toxic to human prostate cancer
and cervical carcinoma cells [95].

3.2. Hydrogels loading GSNO for antibacterial application

Hydrogel-based medical dressings are ideal for accelerating wound
healing because they can build moist environments and are usually
injectable [96]. GSNO loading significantly enhanced the anti-infective
ability of the hydrogel and provided a novel source for the treatment
of infected wounds, as listed in Table 3.

As described previously, CS/NO film fabricated via GSNO and chi-
tosan mixing followed by drying showed anti-biofilm activity against
MRSA, and CS in cooperation with NO synergistically accelerated wound
healing (Fig. 4a) [21]. Through the incorporation of GSNO into the
pluronic F127/alginate (PL/AL) mixture at a given temperature, the
thermoresponsive GSNO-PL/AL hydrogel was prepared (Fig. 4b), which



H. Qian et al.

Materials Today Bio 16 (2022) 100419

Table 3
Hydrogels loading S-nitrosoglutathione for antibacterial application.
Author Year Diseases Hydrogels Methods GSNO NO Bacterial/ID Cells/ID Animals Findings
releasing
Pelegrino, 2018  Infection Pluronic F- Incorporating 50 36 mmol  P.aeruginosa/ Vero cells/ NA GSNO-PL/CS hydrogel
M. T. 127/ mmol ! ATCC 27853 CCIAL-057 demonstrated antibacterial
[97] Chitosan L! effect and no toxicity to the
hydrogel Vero mammalian cell.

Lee, J. [15] 2019  Cutaneous Alginate/ Blending and 4wt% NA MRSA/USA NA Mice NO/GP remained stable over
wound pectin/PEG micronizing 300 four months, which absorbed
infections hydrogel P.aeruginosa/ wound fluid and immediately

PAO1 converted to a hydrogel
showing potent antibacterial
activity against MRSA.

Cao, J. [84] 2020  Infected Pluronic/ Gelation NA >7 days MRPA/3089 Mouse Mice GSNO-PL/AL thermoresponsive
wounds alginate MRSA/2200 fibroblasts/ hydrogel exhibited potent

hydrogel 1929 bactericidal activity and
accelerated infected wounds
healing.

Choi, M. 2020  Infected Chitosan Incorporating NA >3 days MRSA/ Mouse Diabetic NO-releasing chitosan film

[21] wounds hydrogel FPR3757 fibroblasts/ mice inhibited bacteria significantly.
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Fig. 4. Schematic illustrating hydrogels loading S-nitrosoglutathione for antibacterial application. (a) Chitosan hydrogel loading GSNO. Adapted with permission from
Ref. [21], copyright 2020 Elsevier Ltd. (b) Pluronic F127/alginate hydrogel loading GSNO. Adapted with permission from Ref. [84], copyright 2020 MDPI (Basel,
Switzerland). (c) Pluronic F-127/Chitosan hydrogel loading GSNO. Adapted with permission from Ref. [97], copyright 2018 MDPI (Basel, Switzerland). (d) In situ
hydrogel-forming powder containing GSNO. Adapted with permission from Ref. [15], copyright 2019 MDPI (Basel, Switzerland).

actively responded to heat and released NO sustainably for seven days. It
was demonstrated to be biocompatible with 1929 mouse fibroblasts,
bactericidal to MRSA and multidrug-resistant P. aeruginosa (MRPA), and
facilitated healing of MRPA-infected wounds, indicating a promising

option for dealing with infectious wounds [84]. Considering the intrinsic
anti-infective property of CS and thermal reactivity of PL, researchers
merged GSNO in PL/CS mixture to fabricate the GSNO-PL/CS hydrogel
(Fig. 4¢c). The hydrogel benefited from the thermoresponsive behavior of
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PL, controlled release of NO, and antibacterial activity of CS, with a low
minimum inhibitory concentration (MIC) of 0.5 pg mL™! against
P. aeruginosa (Fig. 4c) and biocompatibility with the Vero mammalian
cells [97]. Despite these advantages, the clinical application of hydrogels
loaded with GNSO was flawed by the time-consuming process, un-
matched shapes of gels corresponding to the wounds and unsatisfactory
storage stability. In contrast, in situ hydrogel-forming powders could
benefit from the advantages of both hydrogels and powders, such as high
storage stability, plastic shapes fitting the wound surface, application
even in the bendable areas of the body, protecting the wound area from
the external environment, and maintaining a moist environment by
absorbing fluid and converting it to a hydrogel [98-100]. In addition,
fluid absorption during hydrogel formation is beneficial for bacterial
elimination and wound healing [101-103]. An on-site hydrogel-forming
powder comprising GSNO pectin, alginate, and PEG was manufactured
through blending and micronizing, which remained stable for >4 months
under 4° or 37 °C (Fig. 4d) [15]. When absorbing fluid, the powders were
converted to hydrogels that possessed adhesive properties similar to
those of commercial-Vaseline petroleum jelly (Fig. 4d). The formed
hydrogel could result in 6-log reduction in colony formation of MRSA and
P. aeruginosa and accelerate the healing of bacterial-infected full-thick-
ness wounds.

3.3. Micro/nano-scale structures loading GSNO for antibacterial
application

In recent years micro/nanoscale structures have been applied in
multiple clinical applications [104], and nanoparticle-based drug de-
livery systems have shown distinct advantages in increasing drug de-
livery efficiency and improving biocompatibility [105]. GSNO-loaded
micro/nanoscale structures inaugurated new possibilities for the appli-
cation of GSNO, as listed in Table 4.

Binding hydrophilic GSNO onto hydrophobic polylactic-co-glycolic
acid (PLGA) covalently through an EDC/NHS coupling reaction is a
feasible method to generate GSNO-conjugated PLGA nanoparticles
(GSNO-PLGA; GPNPs), which minimizes the loss of GSNO during fabri-
cation (Fig. 5a) [106]. The prepared GPNPs displayed higher efficiency in
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delivering NO and improved antibacterial activity against MRSA
compared to that of GSNO and facilitated the healing of full-thickness
wounds in MRSA challenged mice. In addition to loading the prepared
GSNO directly, GSNO can also be synthesized at the site. Inspired by the
formation of GSNO via the reaction between NO and GSH, researchers
mixed an antibacterial NO-releasing nanoparticulate platform (NO-np)
with GSH to produce GSNO, demonstrating that the rapidly produced
GSNO was more active against MRSA, P. aeruginosa, E. coli, and
K. pneumoniae than the NO-np [33]. In addition, NO-np plus GSH
completely inhibited P. aeruginosa within one day and accelerated heal-
ing of the infected wounds [107]. To take advantage of this finding, re-
searchers incorporated thiol-containing captopril into NO-np to form
SNO-CAP-np, which could release NO with S-nitrosocaptopril
providing thiol to facilitate transnitrosylation (Fig. 5b) [108]. Upon
exposure to GSH, SNO-CAP-np exhibited stronger transnitrosylation ac-
tivity and increased GSNO formation compared to that of NO-np, and
showed potent antimicrobial properties against E. coli and MRSA in a
dose-dependent manner. It was concluded that transnitrosylation was
responsible for resolving the issue of E. coli resistance, rather than free
NO. Sterically stabilized cationic liposomes (SSCL), cationic liposomes
containing phospholipid-conjugated polyethylene glycol (PEGylated
phospholipid), are prone to be recognized by and target macrophages via
mechanisms associated with endocytic clathrin and caveolae [29,109].
GSNO-loaded SSCL was demonstrated to improve the intracellular NO
level by a magnitude of 20, confirming the macrophage-targeting ca-
pacity of SSCL [29]. GSNO-loaded SSCL also possessed strong bacterio-
static activity against S. aureus and P. aeruginosa, indicating that
liposomal GSNO is a promising anti-infective approach. GSNO was
blended with polylactic acid (PLA) and polyhydroxybutyrate (PHB) to
fabricate antibacterial nanofibers with different GSNO concentrations
ranging from 10 to 20 wt % (Fig. 5¢), and the manufactured nanofibers
released NO in a GSNO concentration-dependent mode [110]. Moreover,
the nanofiber successfully reduced ~80% viability of S. aureus within 24
h, showed no obvious signs of cytotoxicity, and facilitated the adhesion
and functionality of NIH/3T3 mouse fibroblasts, thereby providing an
adequate coating to blood-contacting medical devices. NO release from
GSNO conjugated to the surface of porous silicon nanoparticles (pSiNPs)

Table 4
Micro/nano-scale structures loading S-nitrosoglutathione.
Author Year Diseases NP Methods Bacterial/ID Cells/ID Animals Findings
Friedman, A.J. 2011  Infection Hydrogel/glass ~ Forming GSNO in P. aeruginosa/ NA NA Combination of NO-np with
[33] NO-np the presence of GSH Clinical isolates GSHcould generate GSNO and had
K. pneumoniae/ potent antimicrobial therapy.
Clinical isolates
E. coli/Clinical
isolates
MRSA/Clinical
isolates
Chouake, J. 2012  Infected Hydrogel/glass ~ Forming GSNO in P. aeruginosa NA Mice NO-np + GSH accelerated wound
[107] wounds NO-np the presence of GSH closure in P aeruginosaeinfected
wounds
Mordorski, B. 2015  Infection SNO-CAP-np Modified TMOS- E. coli/Clinical NA zebrafish SNOCAP-np exhibited increased
[108] based sol-gel isolates embryos GSNO formation.
method MRSA/Clinical
isolates
Hasanzadeh 2016  Infection pSiNPs GSNO was E.coli 3T3 fibroblast ~ NA PSiNPs conjugated with GSNO could
Kafshgari, conjugated on the S.aureus cells release NO, which was boosted in
M. [111] surface of pSiNPs the presence of ascorbic acid.
Hlaing, S. P. 2018 MRSA PLGA Solid-in-oil-in-water MRSA 1929 mouse ICR mice NO releasing prolonged over 7 days
[28] infections microparticles emulsion solvent fibroblast and exerted antibacterial activity
evaporation method cells against MRSA
Lee, J. [106] 2020 MRSA- PLGA NP EDC/NHS coupling MRSA/USA300 NA ICR mice GSNO-conjugated PLGA
infected reaction nanoparticles could deliver NO more
cutaneous efficiently, enhanced antibacterial
wounds effects against MRSA, facilitated
infected wound healing.
Douglass, M. 2021  Thrombosis PHB/PLA Electrospinning S. aureus/ATCC 3T3 mouse NA GSNO-based PHB/PLA nanofibers
[110] and infection nanofibers 5538 fibroblasts/ reduced bacterial adhesion and
ATCC 1658 platelet adhesion.
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Table 5
Nanoparticles catalyzing NO releasing from S-nitrosoglutathione.
Author Year Disease NP Target Methods NO flux Bacterial/ID Cells/ID Animals  Findings
Materials
Douglass, M. 2019  Thrombosis Cu NP Tygon PVC Coating 7.1 £0.4 x P. aeruginosa/ Mouse 3T3 Rabbit Cu NPs promoted
E. [113] and infection tubing 10 '°mol ATCC 27853 fibroblast NO releasing from
in ECC em~?min! S. aureus/ cells/ATCC GSNO and increased
ATCC 5538 1658 antimicrobial
properties of ECC
loops without
cytotoxicity
Doverspike, 2019 Infected ZnO NP Vaseline Mixing NA S. aureus/ NA NA ZnO NPs promoted
J. C. [37] wounds ATCC 25923 NO releasing from
S. GSNO and increased
epidermidis/ antimicrobial
ATCC 12228 properties
P. aeruginosa/
ATCC 27853
E.coli/ATCC
11303
Doverspike, 2020  Blood stream ZnO NP TDC Dispensing ~ NA P. aeruginosa/ NA Sheep ZnO NPs promoted
J. C. [126] infections ATCC 27853 NO releasing from
S.aureus/ GSNO and increased
ATCC 25923 antimicrobial
properties
Kulyk, K. 2020  Thrombosis Cu0/SiO, NA Mixing NA NA NA NA CuO/SiO, promoted
[120] and NO releasing from
inflammation GSNO
Mendhi, J. 2021 Titanium PDAM@Cu  Implant- Dip NA Saliva NA NA PDAM@Cu coatings
[121] implant associated coating with NO generating
infection surfaces have a dual

anti-biofilm
function.
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can be increased by ascorbic acid, which then eliminates the growth of
S. aureus and E. coli within a 2-h incubation, suggesting that NO-releasing
pSiNPs are a potential formulation for antibacterial applications [111].
Similar to the GPNPs, GSNO-loaded PLGA microparticles (GSNO-MPs)
fabricated through the solvent evaporation method (Fig. 5d) can prolong
NO release by more than a week, display antimicrobial activity against
MRSA in a time- and concentration-dependent manner, and accelerate
healing of MRSA-infected wounds [28].

3.4. Catalytic modification promoting NO release from GSNO

Generally, NO-releasing (NOrel) materials release NO under favor-
able physiological circumstances in a limited manner, which restricts
their bactericidal properties as sustained and sufficient NO is necessary
for killing bacteria [82]. In contrast, NO-generating (NOgen) materials
can generate NO locally and catalytically by triggering natural enzymes
or utilizing metal ions such as Cu2+, Zn2+, Fe2+, Niz+, Co** [82,112]. As
a NOgen, GSNO can generate NO in a controlled manner. The S-NO bond
binds NO to the RSNO species, the disruption of which mediates the
production of NO from GSNO and can occur via various mechanisms,
such as metal ion catalysis [113-115]. Inspired by this, numerous at-
tempts have been made to promote NO production from GSNO using
metal nanoparticles or ions [53,113,115], as listed in Table 5.

Copper has been demonstrated to mediate GSNO decomposition via
the interaction between Cu™2-derived Cu™! and nitrosothiol, ultimately
promoting the release of NO [116]. Therefore, Cu nanoparticles (Cu-NPs)
provide an excellent option for the ion catalysis of GSNO. It is worth
noting that Cu-NPs not only benefits GSNO decomposition and resultant
NO production, but also interacts with other endogenous RSNOs in the
blood [117] and exhibits intrinsic antimicrobial activity [118,119].
When using Cu-NPs to modify NO release from GSNO coated on poly-
vinyl chloride (PVC) (tubing for extracorporeal circulation) (Fig. 6a), the
addition of Cu-NPs increased NO flux five-fold within the same release
duration, resulting in a 3-log and 1-log reduction in bacterial adhesion of
S. aureus and P. aeruginosa, respectively [113]. Additionally, in vitro and
in vivo experiments using mouse fibroblasts and rabbits revealed that
Cu-NPs plus GSNO improved hemocompatibility, with no cytotoxicity.
Copper (II) oxide/silica nanoparticles (CuO/SiO2 NP) prepared through
chemisorption of Cu?" acetylacetonate on nanosilica and subsequent
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calcination were proven to be capable of catalyzing NO generation from
GSNO, and this catalytic activity depended on surface CuO exposure and
material surface area but not on the bulk content of CuO [120]. One study
fabricated a polydopamine copper (PDAM@Cu) coating on titanium
surfaces to modify NO generation using a dip-coating technique (Fig. 6b),
and demonstrated that the novel coatings promoted NO production from
GSNO and possessed synergistic functions of both biofilm dispersal from
NO and bactericidal performance from Cu ions [121]. In blood plasma,
GSNO can be catalyzed to be decomposed by a heterogeneous catalyst,
CuBTTri, which is a copper-containing metal-organic framework (MOF)
[122]. However, neither CuBTTri- nor copper ion-catalyzed GSNO
decomposition in the blood could be monitored precisely making it
difficult to compare their efficiencies [123]. In response, researchers
developed a novel 'H nuclear magnetic resonance (\H NMR) method,
which was able to monitor the concentrations of GSH, GSSG, and GSNO
in water simultaneously, providing a determined stoichiometry for
comparison between copper ions and CuBTTri in catalyzing GSNO
decomposition [123].

Additionally, Zinc (Zn) ions are a promising option for catalyzing NO
generation, and also possess antibacterial properties [124]. Patients
using tunneled dialysis catheters for hemodialysis treatment are usually
threatened by bloodstream infections [125]. Modifying the catheter hubs
using GSNO and zinc oxide nanoparticles (ZnO-NPs) with ZnO-NPs
accelerating NO release from GSNO could yield a reduction of >6.6-log
for S. aureus and P. aeruginosa (Fig. 6¢) [126]. Similarly, an NO-releasing
cream consisting of ZnO-NPs, GSNO, and Vaseline petroleum jelly,
designed for infected wounds treatment, showed potent bactericidal
properties against S. epidermidis, S. aureus, and P. aeruginosa, which were
dependent on the final concentration of GSNO [37].

4. Application of GSNO in antithrombosis and antiinflammation

NO plays a key role in a number of biological activities involved in
thrombosis, including inhibiting adhesion and aggregation of platelets,
vasodilation, and preventing the proliferation of smooth muscle cells,
and therefore, GSNO also regulates thrombus formation [127]. Addi-
tionally, the most abundant intracellular antioxidant, GSH, is also pro-
duced during GSNO decomposition [128], endowing GSNO with
anti-inflammation and anti-oxidation functions (Table 6). However,
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Table 6
Other studies about S-nitrosoglutathione.
Author Year Diseases Bacterial/ID Cells/ID Animals Findings
De Groote, M. 1995 NA S. typhimur NA NA GSNO caused oxygenindependent cytostasis.
A. [73]
Zaman, K. 2004 NA NA Type II alveolar NA Low concentrations of GSNO promoted Sp3 binding to cftr,
[81] epithelial/A549 whereas nitrosative stress-associated GSNO shut off Sp3-
Drosophila SL2 cells dependent transcription.
Romero, J. 2006  Spinal cord slices NA NA Sprague- Extracellular GSNO mediated protein S-nitrosation in spinal
M. [135] Dawley rats cord slices
Potter, A. J. 2007  Meningitis and N. gonorrhoeae/ NA NA NADH GSNO oxidoreductase activity was associated with adhC
[78] septicemia 1291 in N.meningitidis but not in N.gonorrhoea.
N.meningitidis/
MC58 ¢3
Justino, M. C. 2014  Gastric H.pylori/26695 Murine macrophage/ C57BL/6J NADH-flavin oxidoreductase FrxA of H. pyloripossessed GSNO
[66] pathologies H.pylori/B128 ATCC Tib71 mice reductase activity and contributed to the chronic colonization.
Tuttle, R. R. 2019 NA NA NA NA A direct 1H NMR method was designed, which simultaneously
[123] monitors GSNO, GSH, and GSSG in water.
Fan, H. [5] 2021  Septic acute NA NA Sprague- GSNO attenuated Septic acute kidney injury of rats via
kidney injury Dawley rats inhibiting apoptosis, inflammation, and oxidation.
Mondal, A. 2019  Thrombosis and S.aureus/ATCC 3T3 mouse fibroblast NA The Se interface was able to generate NO in the presence of
[82] infection 6538 cells/ATCC 1658 GSNO
Zhang, Q. 2020  Thrombus and NA Human monocyte- NA GSNO and CD47 modification could enhanced anti-
[133] inflammation derived macrophage/ inflammatory/anti-platelet effects.

THP-1

because of their potent antibacterial activity, the above two functions of
GSNO have not received considerable attention.

Various blood-contacting devices such as sensors, extracorporeal
circuits, and intravascular catheters are used to treat thrombosis caused
by platelet activation [129,130]. Owing to its antiplatelet and
anti-inflammatory properties, NO has become an attractive substance for
improving the biocompatibility of these blood-contacting devices [131].
However, it has been demonstrated that physiological NO fluxes com-
parable to the concentrations necessary for IV devices derived from
endothelial cells (0.5-4.0 x 107 '° mol cm 2 min~!) were difficult to
maintain [132,133]. The application of GSNO can provide alternatives to
resolve the disparities in the field. CD47, a transmembrane protein with
anti-platelet properties, can complement NO and improve longevity and
effectiveness [133]. Silicone tubing with a CD47 surface was filled with
GSNOyascorbic acid solution, the CD47 coating and NO release worked
synergistically and significantly improved the anti-inflammatory and
anti-platelet properties of the blood-contacting surface [133]. One study
incorporated GSNO into Tygon, a PVC polymer used as an extracorporeal
circuit [134]. SEM observation and corresponding energy dispersive
spectrometer maps detecting S-containing phase revealed significant
alteration after soaking for 5 h in PBS at 37 °C (Fig. 3f). The prepared
films could produce an NO release covering the lowest endothelium NO
flux, and concentrations of GSNO ranging from 5 to 30 w/w% did not
impact the release profiles of NO, indicating the potential of the
GSNO-incorporated films in blood-contacting applications [134]. Simi-
larly, the SNAP-Se-1 polymer was also reported to inhibit platelet
adhesion by 85.5% in comparison to their respective controls [82].

In septic rats, pretreatment with GSNO significantly decreased mor-
tality, reduced pathological damage to the kidneys, lowered the levels of
inflammatory indices, including serum creatinine, IL-1p, and TNF-a, and
downregulated the expression of iNOS, COX-2, NO, and PGE2 in the
kidneys [5]. GSNO integrated into hyaluronic acid and vitamin E to
prepare an emulsion with excellent viscosity, pH, and biocompatibility,
allowed moisture retention in dermal tissue and provided a potential
platform for wound healing [14]. However, another study indicated that
GSNO, rather than S-nitrosocysteine or N2Os, is an effective S-nitrosating
agent in the spinal cord slices of rats, and when exposed to
high-concentration GSNO, the viable proteins for S-nitrosation were
limited, revealing the critical role of GSNO in inflammation status [135].
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5. Discussion

Infections associated with respiration [136], medical devices [137],
and wounds [138] have resulted in tremendous challenges to human
health and socio-economy. In particular, the overuse of antibiotics have
resulted in the emergence of bacterial resistance, which is considered as
one of the most challenging public health concerns in the 21st century
[28,111]. Bacteria secrete and embed within the extracellular polymeric
substances (EPS) to form complex communities called biofilms [139].
Mature biofilms build protective microenvironments that shield bacteria
from phagocytosis by immune cells, and make them resistant to con-
ventional antibiotics [140-142]. Therefore, there is an urgent need to
develop more effective treatment options against bacterial infections.

NO is a readily diffusible, highly reactive, gaseous molecule with
powerful inherent oxidant activities. This compound is synthesized via
three distinct sub-type NO synthases (NOS) with notably different
expressional modes and functional performances: neuronal NOS (nNOS
or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or
NOS3) [143-146]. In response to infections induced by various microbial
pathogens, both innate and adaptive immune responses promote NO
generation by macrophages [64,147,148]. In the early 1990s, the critical
role of NO in combating pathogen infection was reported for the first
time [111,149]. In the same period, the crucial role of NO in preventing
endothelial cell related thrombosis was recognized [120]. As mentioned
previously, NO has attracted increasing attention as a novel therapeutic
agent for infection owing to its powerful broad-spectrum anti-infective
properties, facilitating cellular proliferation and tissue remodeling, and
promoting wound healing [15]. It was also reported that NO could pre-
vent biofilm formation and dispersion via cyclic di-GMP by initiating the
functions of the effector and triggering biofilm disruption [21,150]. Most
importantly, these antibacterial mechanisms are different from conven-
tional antibacterial agents, because NO is not affected by bacterial
resistance [28,111].

NO exerts its antibacterial effects through multiple mechanisms. First,
NO can react with superoxide anions (O3) to form cytotoxic peroxynitrite
(OONO™), and the highly reactive OONO™ oxidizes several cellular tar-
geting molecules, thus collaborating with the respiratory burst of
phagocytic cells [151,152]. Second, NO can interact with intracellular
metal ions, inactivate essential enzymes, or exhaust cellular iron storage
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[153]. Third, reactions between NO and thiols can catalyze the formation
of disulfide bonds and dysregulate protein function [108]. Fourth, NO
may react with DNA directly, leading to deamination [154]. Finally, NO
can obtain indirect antibacterial properties by upregulating gamma
interferon (IFN-y) [155] and accelerating the release of superoxide and
hydrogen peroxide in neutrophils [156]. In addition, the hydrophobic
nature of NO makes it ready to access the membranes [108]. Central to its
mechanism of action is the reducing power of radical NO, which subse-
quently leads to lipid peroxidation and bacterial cell wall rupture [111].
However, some scholars have proposed that it was the transfer of the
nitrosonium group (NO+) rather than the NO itself, which accounted for
damage to pathogen DNA or enzymes, ultimately inhibiting microbial
proliferation [33].

Since endogenous NO was not sufficient and sustainable for anti-
bacterial performance, supplementation with NO was considered. How-
ever, the toxicity of the byproducts formed during the generation of NO
has emerged as a major concern for the anti-infective application of NO
donors, including nitrite, N-diazeniumdiolates (NONOate), and RSNO
[37]. Moreover, NONOates have been reported to form N-nitrosamines
through a back reaction, and most nitrosamines are carcinogenic [157].
In contrast, RSNO is the most biocompatible NO-releasing agent [37]. As
an important NO donor, RSNO exists in the plasma at a concentration of
7 x107° M, including S-nitrosoalbumin and GSNO [120]. The relatively
stable GSNO is regarded as an ideal NO carrier for the fabrication of
antibacterial biomaterials. NO generated from GSNO was primarily
detected using the Griess assay [158], and another product, GSH, was
assayed via spectrophotometry and monochlorobimane staining [58,
159].

Based on the existing evidence summarized in this review article, we
highlighted the potent antibacterial properties of GSNO. Although very
few exceptions have been reported, GSNO-modified materials show no
significant antimicrobial activity [95]. The reason for this inconsistency
may be that the GSNO concentration was too low to generate sufficient
NO, or that the GSNO was blocked in the materials during processing and
could not act efficiently. The phenomenon of the change in GSNO
function in a dose-dependent manner [81] may be explained by the
concentration-dependent effect of NO [97]. Low concentrations of NO
ranging from picomoles to nanomoles promote vasodilation, cellular
proliferation, wound healing, and favorably reduce adhesion and ag-
gregation of platelets [160]. In contrast, high-concentration NO ranging
from micromolar to millimolar concentrations exhibits antibacterial and
antitumor properties [103]. NO release eliminates the antibacterial
mechanisms of GSNO [87,106,107,113]. However, GSNO could also
exert anti-infective activity through other biochemical mechanisms,
although some scholars proposed that it was the direct transnitrosation
and S-thiolation of thiol groups that damaged pathogen DNA or enzymes
primarily, ultimately inhibiting microbial proliferation [33,53]. GSNO
enhanced the antifungal activity of shikonin, and shikonin inhibited the
expression of YHB1 and CAT4 [79]. Considering that both shikonin and
GSNO properties are functions of NO production, it is possible that GSNO
also plays a role in orchestrating the expression of YHBI and CAT4.
Despite the numerous advantages, GSNO possesses few inevitable
weaknesses. First, GSNO is not very stable and usually stored in the dark,
where it can degrade and become ineffective under long-time exposure to
light, limiting its further application to some extent. Second, although the
GSNO can be synthesized efficiently, its production cost is relatively
high. Finally, the effect of GSNO, at effetive
antimicrobial-concentrations, on critical normal cells, especially bone
marrow stem cells (BMSCs) remain unknown.

Considerable achievements have been made in the application of
GSNO in antibacterial biomaterials, including hydrogels, nanoparticles,
microspheres, and polymer films. Polymers are attractive biomaterials
due to their wide source and cost effectiveness, but it has the disadvan-
tage of unsatisfactory biodegradability. Hydrogels benefit from injectable
property/plasticity but are criticized due to their weak strength, which
does not provide sufficient mechanical support in some specific cases.
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The advantage of loading GSNO using micro/nano-scale structure is
recognized by the sustained controlled-release, however, low drug-
loading efficiency and instability remain its major disadvantages. Ca-
talyses using metal ion modification could felicitate the NO release from
GSNO positively, however, the uncertainty of biological effects of
metallic ions on human body is still a factor that has to be considered.
Additionally, favorable anti-thrombosis, anti-inflammation, and anti-
tumor properties are also demonstrated by GSNO. Importantly, light
decomposition, metal ion catalysis, and thermal decomposition are
powerful accelerators of NO generation from GSNO [113-115]. Photo-
catalysis showed that 336- and 545-nm GSNO-absorbance irradiation
could cleave the S-NO bond photolytically, but the requirement of
obvious light exposure restricted its application [113]. Thermal decom-
position is difficult to achieve at ambient temperatures, and excessive
temperatures may also be harmful to normal tissues [113]. Considering
these drawbacks, researchers have integrated metal ions into GSNO for
NO-releasing catalysis, compensating for its shortcomings in decompo-
sition [37,82,113,120,121,126]. However, the intrinsic functional ac-
tivities of the metal particles have not been fully utilized or studied when
applied to catalyzing GSNO in biomaterials, such as the osteogenic ac-
tivity of Zn?* [161].

Currently, impressive results have been achieved in the research of
GSNO, specifically: 1) It was demonstrated that GSNO showed potent
antibacterial properties against both gram-negative and gram-positive
bacteria; 2) The underlying mechanisms involved in the antibacterial
effect were elucidated partly; 3) GSNO has been designed and applied to
various antibacterial biomaterials widely and dexterously. While, the
application of GSNO in double- and multi-functional biomaterials is
rather rare and more efforts should be directed in this filed. In future
studies, it would be useful to apply GSNO to biomaterials used in
implantable devices, including load-bearing orthopedic scaffolds,
thrombosis-challenging intravascular catheters, and coronary stents. In
addition to obliterating the common infection challenge, GSNO can also
provide unique biochemical effects for individual devices, including NO-
inducing vascularization for orthopedic scaffolds [162], NO-derived
antithrombosis and antiinflammation for coronary stents [130], and
intravascular catheters [163].

6. Conclusion

GSNO has demonstrated significant antibacterial activity against
multiple initial and antibiotic-resistant bacteria by generating NO or by
transnitrosation. Considerable progress has been made in the application
of GSNO in antibacterial biomaterials, and biomaterials incorporating
GSNO have shown potent anti-infective performance in vitro and in vivo
without apparent cytotoxicity. Further studies are needed to elucidate
the antimicrobial mechanisms of GSNO and take advantage of these
mechanisms in a more effective and novel manner.
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