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Abstract

Hydrogen sulfide (H2S) is a widely recognized gasotransmitter, with key roles in physiological
and pathological processes. The accurate quantification of H.S and reactive sulfur species (RSS)
may hold important implications for the diagnosis and prognosis of various diseases. However,
H>S species quantification in biological matrices is still a challenge. Among the sulfide
detection methods, monobromobimane (MBB) derivatization coupled with reversed phase
high-performance liquid chromatography (RP-HPLC) is one of the most reported. However, it
is characterized by a complex preparation and time-consuming process, which may alter the
actual H2S level. Moreover, quantitative validation has still not been described based on a
survey of previously published works. In this study, we developed and validated an improved
analytical protocol for the MBB RP-HPLC method. Main parameters like MBB concentration,
temperature, reaction time, and sample handling were optimized, and the calibration method
was further validated using leave-one-out cross-validation (CV) and tested in a clinical setting.
The method shows high sensitivity and allows the quantification of H.S species, with a limit of
detection (LOD) of 0.5 pM and a limit of quantification (LOQ) of 0.9 M. Additionally, this
model was successfully applied in measurements of H>S levels in the serum of patients
subjected to inhalation with vapors rich in HS.

In addition, a properly procedure was established for H.S release with the modified MBB
HPLC-FLD method. The proposed analytical approach demonstrated the slow-release kinetics
of HzS from the multilayer Silk-Fibroin scaffolds with the combination of different H2S donor’s

concentration with respect to the weight of PLGA nanofiber.

In the end, some efforts were made on sulfide measurements by using size exclusion
chromatography fluorescence/ultraviolet detection and inductively coupled plasma-mass
spectrometry (SEC-FLD/UV-ICP/MS). It’s intended as a preliminary study in order to define
the feasibility of a separation-detection-quantification platform to analyze biological samples

and quantify sulfur species.

Keywords: Hydrogen sulfide pool; Biomarkers; High performance liquid chromatography
with fluorescence; Monobromobimane; Sulfur species; Method validation; Silk Fibroin

scaffold; GYY4137; SEC-FLD/UV-ICP/MS;
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Chapter 1. Optimization and validation of a monobromobimane (MBB)
derivatization and RP HPLC-FLD detection method for sulfur species

measurement in human serum after sulfur inhalation treatment

1.1 Introduction

1.1.1 General physical and chemical characteristics of H2S

Hydrogen sulfide (H2S) is investigated and characterized as a colorless, flammable, water-
soluble gas with the rotten egg smell. It is heavier than air (d = 1.19) with a molecular weight
of 34.08 and burns in air with a blue flame emission. H>S is slightly soluble in aqueous solution
at ambient temperature, one gram of HoS will dissolve in 242 mL of H2O at 20 °C, and it can
yield as different species, such as hydrosulfide anion (HS") and sulfide anion (S*). By this
means, H.S acts as a weak diprotic acid with two dissociation constants, pKa"?> of 7.04 and
pKaS" of 11.96, respectively. The indicated equations determine the relative ratios of
protonation forms at actual pH values [1, 2]. See equations (1)-(4) in Figure 1.1. In addition,
HS is highly soluble in water (~80 mM) when temperature is raised to 37 <C and it can easily
penetrate the lipid bilayer of biological membranes with two-fold higher concentration than
water without a transporter. The partition coefficients (Kp) were found to be around 1.9 — 2.1

fold in liposome membranes relative to water [3].

pK,125=7.04 _
HS =——— H + HS (1)
KaH2S = [Hs7][H 7]/ [HS] (2)
HS-_
e pK, 5= 11.96 a4t 3)
K" = [s27][H 7]/ [HsT] (4)

Figure 1.1 Dissociation forms of volatile HS at different pH conditions.
Currently, it’s been widely known that the stability of undissociated form of H»S is the greatest
under acidic conditions, and it exists as the volatile H>S. Conversely, since the physiological
pH level in blood is about 7.4, approximately one-third of HzS exists as the volatile H>S and

two-thirds as the HS™. When at pH conditions higher than 7.4, similarly, H>S is primarily found
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in the form of HS™ in biological systems, but gaseous H.S and sulfide anion S~ are still present,
respectively, at low and at negligible concentration levels as the dissociation of HS™ to S?-
occurs almost exclusively at very high pH values. Thus, sometimes, it is considered that S*",
nearly does not exist in commonly aqueous alkaline solutions of inorganic polysulfides, sodium
hydrosulfide (NaHS) and sodium sulfide (Na2S) reagents, which were widely utilized as a

source of exogenous sulfide in a few published research literatures.

In this present study, term of ‘H>S species’ mentioned is collectively used to refer to all three
species forms including the diprotonated (H2S), monoanion (HS") and dianion (S*) that
disperse in aqueous solution. Generally, the term H»S species is used in the case of biological
samples and H>S in the case of gas samples. What’s more, it is not possible to separate the
effects of gaseous H>S and HS™ on physiological functions and signaling processes since these
species coexist at physiological conditions in cells and in circulation [4]. Definition and

interconversion of these compounds will be introduced in detail in the next section.
1.1.2 Toxicity of H,S: Is H2S a foe or friend?

Historically, it’s been three hundred years since the first description of hydrogen sulfide toxicity
by Ramazzini, in 1713 [5]. But for more than a century, H2S has been previously regarded as a
toxic gas in earlier studies, and it was a potential industrial and environmental health hazard.
Until the 1990s, the explosive research on H.S was focused on mechanisms of H,S toxicity and
most studies about toxic effects of this molecule have been further investigated. In addition,
several studies devoted to the toxicity of H.S to humans have been published in the last decades
[6-8]. Besides, in the view of Milby et al. [9], the majority of the data presented in previous
reviews continues to be valid, but some issues deserve further clarification. So, elucidation of
some controversial issues related to H>S poisoning has been discussed and it indicated that the
determination of sulfide in biological specimen can be useful in corroborating a diagnosis of
H>S toxicity utilizing urine, blood, and tissue analyses. However, it should be noted that the
extent of toxicity for this molecule is mostly driven by the sulfide concentration levels. That
means degree of damage having more to do with exposure concentration of H>S which would
result in various physiological responses to humans. It is extremely toxic and quickly causes

death to humans in elevated concentrations (> 500 ppm (~15 mM)). Even long-term exposure



to H2S in lower concentrations (> 50 ppm) can cause adverse effects, such as conjunctivitis.
But if exposure is transient, as usually happens in the oil patch, recovery may be equally rapid
and apparently complete in functional terms. Table 1.1 shows approximate thresholds for the

major physiological effects to human exposure to H,S.

Table 1.1 Toxic effects of H,S exposure to human with increasing concentration in air.

H.S concentration in air (ppm) Physiological responses

0.01-0.3 Odor threshold

1-5 Moderate offensive odor

10 Obvious unpleasant odor

20 Odor very strong

20-50 Conjunctives and lung irritation

100 - 150 Eye irritation, olfactory paralysis,
odor disappears

200 — 300 Pulmonary edema may occur

500 — 1000 Loss of consciousness, cessation

of respiration and death

Due to the physiological effects occurring with the accumulation of H.S in humans, it is,
therefore, significant to understand the pathways involved in H.S metabolism and
detoxification. So far, the metabolism of H.S can be divided into three main pathways,
including oxidation to sulfate, methylation, and reaction with metallo- or disulfide-containing
proteins. Apart from complexation of H>S with methemoglobin to form sulfmethemoglobin has
been found to apparently detoxification. The third metabolic pathway is largely responsible for
the toxic character of H.S which contains the reactions of H>S with essential metalloproteins.
Collectively, metabolic pathways primarily contributed to the toxicity profile of H.S were

shown in Figure 1.2.

Reaction consequences

Metalloproteins 1) Metahemoglobin, Ferritin Detoxification

+ (Fe, Cu) 2) Cytochrome Oxidase Toxicity
’ 3) Catalase, Peroxidase Toxicity
S
H
+

Dlsulﬁde—cgntalnlng Succinic dehydrogenase Toxicity
proteins

Figure 1.2 Metabolic pathways primarily responsible for the toxicity profile of H,S.
As we all know, H,S has been proved to play a similar manner to hydrogen cyanide (HCN),

causing anoxia at the cellular level attributed to the toxicity of H>S. The primary mechanism



for the toxic action of HS is the ability to direct inhibition of the activity of a kind of metal-
containing enzyme in the mitochondrial respiratory chain, namely cytochrome ¢ oxidase [6, 10,
11]. Meantime, the small molecular H.S has the potential to reduce disulfide bridges in proteins.
This reaction has been proposed as a basic mechanism for H,S inhibition of succinic
dehydrogenase, then toxicity reaction consequences occurred, whereas the toxic consequences
of inhibition of enzymes like catalase and peroxidase have not been completely explored. In
addition, it’s necessary to mention that Truong and co-workers [7] reported that the molecular
mechanism of HzS cytotoxicity also involves the formation of reactive sulfur species (RSS),
which depletes glutathione (GSH) and activates oxygen to form reactive oxygen species (ROS).
It’s demonstrated as another important mechanism contributing to H>S-induced cytotoxicity.

1.1.3 Generation of endogenous H-S through enzymatic and non-enzymatic pathways

Endogenous H.S is synthesized and degraded by mammalian tissues at relatively high rates
[12], and is detectable in blood circulation [13]. It is endogenously produced by mammalian
cells mostly via enzymatic pathways, while only a small part is produced by non-enzymatic
pathways [14]. H.S is mainly formed as a byproduct in mammalian cells from sulfur-containing
amino acids (SAAS), like methionine, cysteine or homocysteine, which are the main precursors
for the enzymatic generation of HzS via the trans-sulfuration pathway enzymes. The enzymatic
reactions were catalyzed by three main enzymes, cystathionine f-synthase (CBS), cystathionine
y-lyase (CSE), and 3-mercaptopyruvate sulfur transferase (3-MST). Therein, enzymes of CBS
and CSE contributed to the majority of the endogenous produced H>S in mammalian tissues
and may also produce RSS metabolites besides H.S. Then, after the conversion of methionine
to homocysteine, CBS is required to form cystathionine from homocysteine whereupon CSE
converts cystathionine to L-cysteine, the latter being the key substrate in the generation of H,S
as shown in Figure 1.3. Among these three enzymes, homocysteine is converted into
cystathionine and cysteine in turn by sulfur transfer under the catalysis of CBS and CSE.
Cysteine and thiols are catalyzed by CBS via B-substitution. Different from CBS, CSE catalyzes
three kinds of reactions, including the a,-cleavage of cysteine, the a,y-cleavage of
homocysteine, and the y-substitution of homocysteine through a second mole of homocysteine.

In addition to this enzymatic pathway of H>S generation, a non-enzymatic mechanism for H.S



release from the sulfur-containing amino acids, specifically cysteine and homocysteine,
catalyzed by iron (Fe**) and Vitamin B6, has been recently characterized and may contribute

to sulfide homeostasis under certain physiological conditions [15].
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Figure 1.3 Endogenous production of H,S in mammalian tissues through enzymic and non-enzymic

pathways.

The enzymatic activities of CSE and CBS, while miscellaneous in terms of substrates and yields,

require the pyridoxal phosphate (PLP) cofactor form of Vitamin B6 (VitB6) in «,f-elimination

or S-replacement of SAASs thiol group to generate H.S, through the trans-sulfuration pathway

[16]. Notably, PLP is not required for 3-MST function, it is involved its upstream enzyme

cysteine aminotransferase (CAT) to transfer cysteine into 3-mercaptopyruvate, which serves as

substrate for 3-MST to finally produce eventual H>S [17]. Thus, enzymatic production of H>S



from SAAs in mammalian tissues is partly dependent on PLP, and a small portion of
endogenous HS is derived via nonenzymatic reduction. Additionally, in the presence of
reducing equivalents such as NADPH and NADH, reactive sulfur species in persulfides,
thiosulfate and polysulfides, also glucose, GSH, sulfur-containing proteins are reduced into HzS
and other metabolites. Of particular note, in contrast to enzymatic synthesis pathways,
endogenous production of H2S through non-enzymatic processes in mammalian cells is not well
understood to date. Specifically, D-Amino acid oxidase (DAQ) can also produce achiral a-keto
acids, including 3-mercaptopyruvate (3-MP), from D-amino acids, some of which are found in
mammalian tissues by Kimura’s group recently [18]. DAQ is localized to peroxisomes, whereas
3-MST is mainly found in mitochondria. Metabolite exchanges between peroxisome and
mitochondria can import 3-MP into mitochondria where it is further catalyzed into H.S by 3-
MST. Mitochondria and peroxisomes, which are essential cellular organelles in mammals,
exchange various metabolites as well as enzymes via a specific form of vesicular trafficking,
and are usually in close proximity to each other or have physical contact. So, 3-MST along with
DAO can produce H.S by the interaction of both organelles [18, 19]. Worthy to mention, as
H>S is an endogenous compound, a lot of preclinical animal studies are required for specific
exogenous sulfide delivery systems before progression into human studies. Furthermore,
synthetically developed H.S-releasing compounds are another alternative as exploitation of

‘sulfide—precursors’ or ‘prodrugs’ that induce production of H2S through metabolic pathway.
1.1.4 Metabolism of endogenous HS

Much has been discovered about the way in which H»S is generated, but less is known about
the metabolism of H>S (see Figure 1.4). After synthesis by trans-sulfuration from L-cysteine,
various metabolic pathways participate in the regulation of H2S concentration in the cell.
Significant pathways for H.S metabolism include sulfide is oxidized in the mitochondrion by
sulfide quinone oxidoreductase (SQR) to generate persulfide. Subsequently, persulfide is
further oxidized to sulfite by ethylmalonic encephalopathy 1 protein (ETHEL) [16]. In addition,
Olson and co-workers [20] proved that H>S (or polysulfides) interact/react with superoxide
dismutase (SOD) cysteines to affect catalytic activity. Thus, SOD oxidizes H2S directly to

produce polysulfides contribute to sulfide metabolism. Furthermore, H.S reacts with



methemoglobin molecules containing metals or disulfides to form sulfhemoglobin and with
proteins in the tissues in the form of bound sulfur pool, which might also eliminate H>S and act

as a metabolic sink for H2S [14].

Metabolism of H,S
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Figure 1.4 Metabolism of endogenous HS.
Besides, H2S can further metabolize into thiosulfate (S203%") catalyzed by thiosulfate reductase
(TSR) enzymes, then thiosulfate can rapidly oxidize to sulfite (SOs>") through thiosulfate
sulfurtransferase (TSST) and is subsequently converted to sulfate (SO427). Ultimately, H2S is
metabolized in mitochondria mainly in the form of thiosulfate or sulfate. In addition to the
above oxidation pathway metabolism, H>S can also undergo methylation by bisulfide
methyltransferase (BMT) and thiol-S-methyltransferase (TSMT) to yield methanethiol (CH3SH)
and dimethylsulfide (CH3SCHs3), and it is also as a substrate for rhodanese, accounting for the
formation of thiocyanate (SCN™). Multiple chemical and biochemical catabolic fates are

probably still to be discovered and should be understood well.

1.1.5 (Patho-)physiological effects of H,S in various biological systems

As mentioned above in paragraph 1.1.2, for many decades, H>S has historically been regarded
as a poisonous molecule and environmental hazard [6]. Besides, H.S is an ancient metabolite
with novel regulatory roles and many reviews focused on this topic over several years. Some
approaches, in a few cases such as the use of chemical agents that actively remove sulfide from

its sites of action to therapy were developed in preventing some of the adverse effect caused by



sulfide. However, it was not until the late 1900s that H>S was discovered to be the third
important gasotransmitter along with carbon monoxide (CO) and nitric oxide (NO) [21]. As a
byproduct of the trans-sulfuration pathway, H>S is gradually known for its pathophysiological
roles in various tissues and organs and chemical signaling mechanisms of H2S have received
significant attention. So far, a growing body of evidence has gradually confirmed that H.S can
be an endogenously produced gaseous signaling thiol metabolite and plays an important role in
various physiological and pathological processes recently [22-25]. Therein, three main
signaling pathways nowadays included, thus, formation of persulfide and polysulfide, cross-
reactivity with NO, and reactions with different metalloenzymes which has been mentioned in
paragraph 1.1.2 [26]. In this paragraph, physiological roles and pathological considerations of
H>S will be mainly emphasized and thoroughly discussed. In Figure 1.5, it shows some

representative roles played by H>S in major organ systems in human.
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Figure 1.5 A schematic diagram showing some physiological and pathological roles of H,S in major
organ systems in human.

In previous survey, an outline of major milestones in H»S research related to its neuroprotective
potential mechanism in brain has been given by Kumar’s group [27]. In addition, reviews
accomplished by Kimura et al. [28-30] mainly focused on the physiological roles of H.S and
H>S-derived polysulfides as signaling molecules and contribution to the discovery of these

molecules and their metabolic pathways and mechanisms of action. Yang et al. [31] analyzed
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the relationship between H.S and some chronic diseases, including hypoxic pulmonary
hypertension, myocardial infarction, ischemic perfusion kidney injury, diabetes, and chronic
intestinal diseases. Furthermore, Aroca et al. [32] discussed the topic of H»S: From a toxic
molecule to a key molecule of cell life. The authors aim to highlight the importance of its
crosstalk with other signaling molecules (like NO, CO, H20z) and its participation of HS in
many physiological and pathological processes in animals. Its fine regulation for the proper

function of the cell and its survival were both described.

Some fundamental biological functions of H>S also received substantial research interest in the
last decades [33]. For example, neuromodulation [27, 34-39], insulin release [40-42], and the
roles as a regulator in endocrine system [41, 42], renal physiology [43, 44], a modulator of
gastrointestinal mobility [45-48], a regulator of reduction of 10P in glaucoma [49], and as an
inhibitor of cancer cell growth [14, 50-53]. Moreover, HS is involved in the regulation of bone
cell differentiation and was shown to play an anabolic role in various bone wasting conditions

[54].

The functional role of H,S at physiologically relevant concentrations in brain was gradually
uncovered in early 1990s. The study by Awata et al. [55] in 1995 provided the enzymatic
mechanisms for this endogenous H>S in rat brain, in which activities of CBS and CSE in six
different brain regions were detected though the activity of CBS was >30-fold greater than that
of CSE. Abe et al. [37] reported that H>S is expressed largely by the activity of CBS and CES
in the hippocampus and cerebellum and it’s present in a relative high level in the brain. These
observations made it possible role of H2S as an endogenous neuromodulator. The seminal
studies by Kimura’s group in the late 1990s [37] ushered in a new era of biological signaling
mediated by H>S. Kimura et al. [34] briefly reviewed recent progress in the study of HzS as a
novel physiologically active neuromodulator/transmitter in the brain based on the uncovered

evidences that the brain contains relatively high concentrations of endogenous H>S (50-160
HM).
It also should be emphasized that as the third gasotransmitter other than NO and CO, H>S plays

important physiological roles as a vasorelaxant exerting beneficial cardiovascular (CV) effects

including cytoprotection [56-58], inflammation and anti-inflammation[59-63], angiogenesis
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[64], vasodilation [26, 65, 66] and anti-atherogenic effect [67]. Stein et al. [68] especially
presented the redox chemistry of H>S and the main physiological actions it may cause, and
several examples highlighting the cytoprotective functions of H.S within the context of
cardiovascular disease are also reported. Olson et al. examined the actions of H.S derived from
NaHS on isolated blood vessels and measured plasma H>S concentration in trout. In the
cardiovascular system as a gasotransmitter of H.S [69-71], including those involved with
smooth muscle relaxation [65, 72-74]. Liu et al. [75] reviewed in detail the effects of H2S,
especially in disease situations, and also the various underlying mechanisms on the
cardiovascular system. Besides, atherosclerosis is a chronic progressive disease manifesting in
clinical cardiovascular disease (CVD). It is a complex process involving endothelial
dysfunction and vascular inflammation, among others. Noteworthy, Olas et al. [76] described
how hydrogen sulfide may be used as therapeutic agent in the CVD. Cheung et al. [67] have
shown that H,S protects against atherosclerosis by CSE gene activation for the first time by
reducing plasma lipid accumulation, inhibiting oxidative stress and plaque formation, and
suppressing inflammation in vascular tissues via nuclear factor-kappa B (NF-kB) pathway. In
the study,it provided direct evidence that H>S is an important mediator in attenuating
atherosclerosis formation, and up-regulation of CSE/H»S pathway would be a potential target
for therapeutic intervention against its formation. Calvert et al. [77] evaluated potential
mechanisms of H>S-mediated cardioprotection using an in vivo model of pharmacological
preconditioning and reported H>S mediates cardioprotection through nuclear factor erythroid
2-related factor 2 (Nrf2) signaling. Elrod et al. [58, 78] reported that hydrogen sulfide attenuates
myocardial ischemia-reperfusion injury by preservation of mitochondrial function. The
findings demonstrate that H.S may be of value in cytoprotection during the evolution of
myocardial infarction and that either administration of H>S or the modulation of endogenous

production may be of clinical benefit in ischemic disorders.

Ali et al. [79] revealed H>S can be an early biomarker for metabolic response to acute
myocardial infarction (AMI) by establishing a comparative metabolomics approach. In their
work, a total of 68 metabolites were identified in serum samples from patients and healthy

controls using GC/MS. Such an untargeted metabolomics approach provided greater coverage
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of the metabolome and nineteen marker metabolites were identified in patients, all of them are
considered as potential biomarkers. These findings indicate that metabolite profiling techniques
can develop a detailed picture of the metabolic changes that occur in response to the disease.
Hence, this can provide an opportunity to develop predictive biomarkers that will potentially

allow for an earlier medical intervention.

Recently, there was suggestion that H>S might play a role in gastrointestinal physiology.
However, it has been demonstrated to play a role in maintaining the integrity of the
gastrointestinal mucosa, inhibiting motility, and suppressing inflammation. This is leading to
new avenues for therapeutics, in much the same way that knowledge of the surprising
physiological roles of NO has and that of CO will do. Additionally, H»S serves as a regulator
of organ development and tissues homeostasis. An abnormal level is also found to be associated
with ophthalmic diseases. Under physiological states, H»S plays a critical role in regulation of
intraocular pressure (IOP), protect retinal cells, inhibit oxidative stress and alleviate

inflammation by modulating the function of intra or extracellular proteins in ocular tissues [49].

OH OH
Acylase
0%\/\3'4 R O%\(\SH ----- = H,S
HN.__CHj, NH,
NAC O Cys

Figure 1.6 N-acetylcysteine (NAC) is converted to Cysteine (Cys) through a deacetylation reaction
catalysed by acylase.

Recently, Citi et al. [59] reported the usefulness of some H2S-donors for the function of acute
lung anti-inflammatory and antiviral roles of H>S. Worthy of mention, some preliminary
clinical results suggested an inverse relationship between endogenous H>S levels and severity
of COVID-19. In the paper, the pharmacological basis for a potential beneficial role of H2S
against COVID-19 and the potential repurposing of H2S donor drugs in the management of this
disease are discussed. For example, N-acetylcysteine (NAC) is a renowned pharmacological
antioxidant substance acting as a source of cysteine thereby promoting endogenous GSH
biosynthesis as well as generation of sulfane sulfur species when desulfurated to H>S shown in
Figure 1.6. Furthermore, NAC can be as an antioxidant and disulphide breaking agent [80, 81].

Bourgonje et al. [82] revealed the possibility of increasing endogenous H»S levels upon NAC
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administration of high doses to many COVID-19 cases, and it has been demonstrating

remarkable clinical improvement.

Based on various physiological functions played mentioned above, the mounting evidence of
an significant part of the H>S system in preclinical studies and in therapeutic applications has
stimulated investigation of the correlations between H»S normal/abnormal levels and the onset
and the prognosis of certain diseases, including cardiovascular diseases [69, 83, 84], SARS-
CoV-2 [85-87], diabetes [88, 89], osteoporosis [90]. Additionally, H2S has been reported to
participate in the pathogenesis of a variety of disorders, including chronic obstructive
pulmonary disease (COPD) [91, 92], hypertension [93-96], hyperglycemia [97], colonic
diseases [98] such as ulcerative colitis (UC) [99], aging and age-related pathologies [100, 101],
Alzheimer disease (AD) and Down syndrome [102-104], Parkinson’s Disease (PD) [105, 106],

depressive disorders [107] etc..

The study conducted by Chen et al. [108] demonstrated that in patients with stable COPD,
serum H>S levels have been found to be significantly increased as compared to age-matched
control subjects or those with acute exacerbation of COPD (AECOPD). What’s more, serum
H>S levels were negatively correlated with the severity of airway obstruction in patients with
stable COPD, whereas they were positively correlated with the lung function in all patients with
COPD and healthy controls. It’s suggested that endogenous H>S may participate in the

development of airway obstruction in COPD.

Data provided by Stefan et al. [99] supported a possible role of sulfide in the pathogenesis of
ulcerative colitis (UC) and confirm the role of butyrate in the regulation of colonic proliferation
and in the treatment of UC, due to sulfide-induced hyperproliferation was be in a reversed state
when samples were co-incubated in the combination with sulfide and butyrate. Moreover, H2S
has a toxicity on the same order as cyanide, Jimmy et al. [109] and other investigators have
carried out studies suggesting that excessive sulfide production may play a pathogenic role in
UC. Suarez et al. [110] studied the ability of bismuth subsalicylate (BSS), a compound that
binds H>S, to reduce the amount of H>S releasing in the colon. It’s demonstrating a treatment
that reduces colonic HaS levels could be clinically useful in the treatment of flatus odor and of

uC.
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Perridon et al. [100]. discussed the known, assumed and hypothetical effects and roles of H»S
on the aging process comprehensively. The actions of H2S on the hallmarks of aging and on
several age-related pathologies were also reviewed. Taken together, all previous studies
demonstrated that H>S may have anti-aging properties by altering intercellular communication.
Etoetal. [111] showed that the levels of HzS are severely decreased in the brains of Alzheimer’s
disease (AD) patients compared with the brains of the age-matched normal individuals. The
authors also confirmed findings that S-adenosyl-L-methionine (SAM), a CBS activator, is much
reduced in AD brain while one of the two CBS substrates, homocysteine, is increased in the
serum of AD patients. These observations suggest that CBS activity is reduced in AD brains

and the decrease in H2S maybe involved in some aspects of the cognitive decline in AD.

Though acknowledging the challenges ahead, research on H»S physiological implications and
pharmacotherapy of H>S is entering an exponential exploration era [112]. Therefore, evaluation
for the varied pathophysiological roles and effects ascribed to HzS in various biological systems
always based on examination of the extensive chemical attributes of H>S species which have
been mentioned in previous paragraph 1.1.1. Meanwhile, further studies are needed to
understand the full impact of H>S on body system as it may represent a unique target for
therapeutic intervention. Thereby, commonly used method for H2S measurement were firstly
discussed and shown in Table 1.5 in next paragraph 1.2, it indicates a whiff exploration that
blossomed for many novel technologies have been developed to detect endogenous H»S species
generation, and various H>S-releasing compounds have been developed to assist therapeutic

intervention of wide spectrum of diseases related to abnormal levels of H,S production.

1.1.6 Chemical nature of general reactive sulfur species (RSS)

Sulfur is a multivalent and nonmetallic chemical element which the atomic number is 16 and it
is a crucial biologically active element due to its unique properties and wide range of accessible
oxidation states. Generally, the term ‘reactive sulfur species’ (RSS) is used to refer collectively
to reactive sulfur chemotypes (including organic and inorganic) that, can react with, oxidize or
reduce other molecules under physiological conditions [4, 113]. Noteworthy, in addition to
reactive cysteine species in proteins, inorganic sulfur-containing species are also classified as

RSS. In the light of their significant roles in redox homeostasis, cell signaling, and metabolic
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regulation, RSS are viewed indispensable to life. Nevertheless, divergent from reactive oxygen
and nitrogen species (ROS, RNS), whose roles in cellular signal mediating and in number of
physiological and pathological processes have been extensively studied in previous works, the
role of RSS in cellular signaling, redox homeostasis, and mammalian metabolism has only
recently drawn attention among scientific community. In a special issue, Iciek et al. [114]
reviewed the RSS in and (Patho)-physiological conditions and in therapy which provided some
selected meaningful cases and new information about this unusual element, sulfur, and its

compounds investigation.

Of particular interest, HoS molecule is one of the prototypical inorganic RSS, which is part of
a relatively stable reactive intermediate sulfur species with a half-life on the order of minutes
time-scale [115]. Moreover, it shows low reactivity toward disulfides, such as cystine and
glutathione disulfide (GSSG) compounds [116]. Noticeable, H.S represents merely a portion
of sulfur-containing small molecules that contribute to bioavailable designated RSS, which
represent oxidized sulfide species including a group of reactive molecules with other molecules

contained in acid-labile sulfide (ALS) and bound sulfane sulfur (BSS) [117].

Complementary works from Mishanina and co-workers [118] also hypothesis that sulfide
oxidation pathways are a main source of RSS with signaling potential. It is proposed that the
canonical mitochondrial and the heme-dependent sulfide oxidation pathways are important
sources of RSS and that enzyme-catalyzed trans-persulfidation reactions are an important
mechanism for ensuring target specificity of reversible post-translational persulfide
modification. Meantime, RSS likely serve as important biological redox mediators through
participation in different nucleophilic-electrophilic reactions, such as with thiols (RSH) being
nucleophilic, disulfides (RSSR, also known as the form of oxidized thiol) being electrophilic,
and persulfides (RSSH) being either electrophilic or nucleophilic upon deprotonation (RSS"),
where R represents an anion or organic group here. Specifically, a sulfhydryl group (-SH)
consists of a sulfur atom (S) with two lone pairs, bonded to hydrogen (H) also called “thiol
group”.

As indicated above, due to the electron-rich or electron-deficient properties, most RSS are

known to be unstable and reactive in biology. The sticking point to the versatility of sulfur in
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metabolism lies in its ability to cycle through various valence states. This is well reflected by
the fact that the sulfur atom can accept or donate electrons and exist in a wide range of

biologically relevant oxidation states range from —2, as in H,S, to +6, as in sulfate (SO04>").

Chemically, H2S has reductive and nucleophilic properties that contributing to its physiological
effects. It is well known that nucleophiles are electron rich and owns the potential to react to
decrease the electron density, then become neutral or have a tendency to be negatively charged.
H>S bioavailability is regulated through its conversion into different chemical forms, or pools
due to the strong reducing potential of H2S and its affinity for thiol groups in proteins [119,
120]. By means of elucidation of the redox biology of H>S, it will increase understanding of its
role in human physiology and enable potential therapeutic role in pathologies where oxidative
stress is central to the disease process. Xie et al. [121] discussed the current understanding of
the mechanism of antioxidant effects of H>S based on recent reports. Obviously, there should
be multiple targets and signaling pathways involved to inhibit mitochondria ROS production
and achieve cellular redox homeostasis. Additionally, Benchoam et al. [122] and Cuevasanta et
al. [123] reviewed H>S and persulfides oxidation by biologically relevant oxidizing species. It
is indicated that H>S/HS™ species can react with metal centers and oxidized thiol products such
as disulfides (RSSR) and sulfenic acids (RSOH), thus leading to the formation of persulfides
(RSSH/RSS") with the latter one. Nevertheless, Kelsall et al. [124] demonstrated the
thermodynamics of sulfur/water system in the form of a potential-pH diagram, and calculated
from reported critically assessed standard Gibbs energies of formation of the species considered,
the results shows that only the —2 (sulphide), 0 (elemental sulfur) and +6 (sulphate) oxidation
states are truly stable in water under ambient conditions. Therefore, the sulfur atoms of most
sulfur compounds in biological tissues are existing as reduced divalent (—2) or fully oxidized

hexavalent states (+6) forms.

Some representative structures of compounds were shown in Table 1.2. It's well known that
oxidation of H.S can lead to various products, including sulfite (SOs?"), sulfate (SO4%),
thiosulfate (S203%"), persulfides (RSS™), organic and inorganic polysulfides (RSSnSR, HSS:S"),
and elemental sulfur (Sg). All these mentioned sulfur compounds play an important role in

various biochemical and chemical biological processes [118, 125].
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Table 1.2 Chemical structures of some common biologically relevant RSS: the range of sulfur

oxidation states between —2 and +6. (n = 2-7)

Oxidation states of sulfur (S) RSS Chemical structure
Hydrogen sulfide H\S/H
i R\ /H
> Thiol s
S S
cys S cys
Iron-sulfur cluster :Fe/\ :Fé\
cysS S Scys
Hydrogen disulfide
ydrog H’S\s/H
Polysulfane ~S.
Y H/S\(S)nS H
-1
Hydropolysulfide N
yeropoly R™S ), > H
Polysulfide S
y R’ S\(S)nS\RZ
Elemental sulfur S. S
oW
Polysulfane .S ~S.
0 H™ (S), H
Hydropolysulfide .S ~S.
ydropoly R™INS). " H
Polysulfi S, _~S.
olysulfide R \(S)nS R?
+1 Thiosulfinate 0-3"R?
]
SR
+2 Sulfinic acid 0 OH
R
‘.?
+3 Thiosulfonate O’S\\R?
SR
9
+4 Sulfonic acid o//S\\OH
R
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+5 Thiosulfate -S~0~

+6 Sulfate .S~~~

Generally, sulfide oxidation pathways are considered to be primarily mechanisms for disposing
of excess sulfide and generate a series of RSS that could modify target proteins. They are
existing as compounds containing sulfur-bonded sulfur, including mainly persulfides (RS-SH)
and polysulfide (RS-Sn-SR), these mentioned two types of RSS are the most studied and have
been identified in mammalian and other biological systems with possible involvement in
various cellular functions. Although the enhanced reactivity in comparison to H2S makes such
species more versatile signaling agents, it also makes understanding their reactivity more

challenging.

Of special interest, Bailey et al. [126] applied a combination of nuclear magnetic resonance
(NMR) and UV-Vis spectroscopy techniques to investigate the spectroscopic properties and
reactivity of three isolated organic persulfides, and reported a simple model for persulfide
reactivity, including their multifaceted roles, such as nucleophiles, electrophiles, and sulfide
donors. Additionally, the observed results indicated that persulfides can only release H>S
following reduction by another species, including another persulfide, which supports the
general hypothesis that persulfides may play considerable roles for sulfide storage and transport,
whereas free H.S/HS™ is prone to reaction with other reactive biological species. Therefore, the
reactions of isolated persulfides provided critical insights into the interplay between H,S and

persulfide reactivity.

As mentioned above, sulfide metabolites, such as persulfide and polysulfide, which belong to
RSS have recently been appreciated for various physiological significance and determined as
important signaling agents themselves associated with many biological activities and functions
[127, 128]. Furthermore, the diverse redox landscape of RSS provides simple ways in which
key chemical properties of RSS such as nucleophilicity, electrophilicity, pKa, and bond

strengths can be modulated by interactions with other redox-active systems, thus making RSS
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ideal for many roles in biological signaling. Emerging evidence suggests that these chemical
intermediates or derivatives molecules may have similar or divergent regulatory roles compared
with H,S species (H2S, HS™, S?7) in mediating various biological functions. Unfortunately, our
understanding of these diverse RSS metabolites and how they contribute to all kinds of
pathophysiology phenomena remains poorly understood, thereby further research is required to
figure out the definition and classification of kinds of terms refer to sulfur-related species used
in scientific community.

1.1.7 Storage and release of H»S species: Sulfide pools interconversion

1.1.7.1 Labile sulfur species (LSS)

Presently, various terms have been used to illustrate various labile sulfur species in the literature.
So, it’s necessary to do more clear clarification and identification of these terms. Sulfur
compounds can be present in two distinct forms in biological tissues, that is stable and labile
forms. Sulfur atoms which stay in 0, —2 and +6 states are stable, and compounds containing the
sulfur atoms in such states will be not liberated by simple chemical treatment, such as in
treatment of acid condition or reducing agents. Such a sulfur is generally defined as stable sulfur,
such as methionine, cysteine, and sulfuric acid etc. Additionally, methionine and cysteine are
sulfur-containing amino acids and are present in the unbound state and as constituents of
proteins and peptides. On the other hand, unstable forms of sulfur-containing compounds such
as acid-labile sulfur, sulfane sulfur and protein-associated sulfur belong to labile sulfur species,

as classified in Figure 1.7. These miscellaneous forms of sulfur compounds have the

Labile sulfur species

Sulfane sulfur H,8S == HS®
Inorganic Organic Acid-labile sulfur
Disulfane and polisulfanes Organic disulfides/polysulfides/ |
(H2Sp, n>1); hydropersulfides; Metal-sulfur culsters

Protein-bound sulfur;
Protein hydropersulfides;
Thiosulfonates

Elemental sulfur Sg;
Thiosulfate and polythionates

(e.g. Fe-S);
$% compleses with heme

Figure 1.7 Classification of labile sulfur species.
potential to be liberated as H»S by simple chemical treatment such as under acid conditions or

reducing agent treatment. Consequently, the determination of these inorganic sulfide is the basis

20



for the measurement of labile sulfur [129].

Sulfane sulfur atoms are previously also defined as divalent sulfur atoms bonded only to other
sulfur in 1991, except that they may bear ionizable hydrogen at some pH values [117]. As
reported, there are four enzymes involved in the generation or utilization of sulfane sulfur:
cystathionase, 3-mercaptopyruvate sulfurtransferase, rhodanese and glutathione-dependent
thiosulfate reductase. For better understanding the relationship among “sulfane sulfur”, “bound
sulfur” and “acid-labile sulfur” and “free sulfide”, a diagram was carried out by giving some

representative compounds (see Figure 1.8).

- Low molecular weight ;
H,S, (n21)
R-SS,S-R (n21)

! R-SS,H(n21) | ; .
777777777777777777777 ’ : ;-- Free sulfide ----,

- High molecular weight Y H,S species

l s e
! Protein-SS,H (n>1) (H2S, HS, 87)
. Protein-SS,S-protein (n21) |

! Protein-(S°

Acid-labile sulfur

Iron-sulfur clusters
2Fe-2S
4Fe-4S

J

Figure 1.8 A relationship between sulfane sulfur compounds and H,S species (where R represents an
anion or organic group).

1.1.7.2 Free sulfide (H2S species)

In aqueous solutions, H,S is a weak acid and quickly reach the equilibrium of H,S/HS /S
species. Nevertheless, changes of pH value can readily alter the equilibrium of H2S/HS /S?~
species. In this study, sodium sulfide was chosen as the H.S donor, main equilibrium forms of
H>S/HS™ released from NaxS in aqueous was presented in Figure 1.9. It is also worth
mentioning that during the uncatalyzed oxidation of H.S in aerobic solutions, a mixture of
unstable intermediates and reaction products will be formed, such as polysulfanes, sulfite,

thiosulfate and elemental sulfur etc. However, it’s considered to be the conversion of sulfide to
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hydrosulfide instead during the studies which will place particular emphasis on. And only after
the special treatment with an acid milieu, sulfide salts can convert to volatile H.S [130].

. Donor of H,S: Na,S

_
2-0-®

Gaseous form Aqueous forms

Figure 1.9 Free sulfide: equilibrium forms of H,S/HS™ provided by NazS in aqueous solutions.

1.1.7.3 Acid-labile sulfur (ALS)

As aforementioned in paragraph 1.1.4 (metabolism of endogenous H»S), the metabolic origin
of labile sulfur is cysteine-sulfur. A set of mitochondrial reactions of cysteine appears to
function for the formation of labile sulfur, including acid-labile sulfur in iron—sulfur clusters.
This might be related to the fact that, in eukaryotes, most iron—sulfur proteins are located in
mitochondria [131]. Also, it must be noted that as a component of non-heme iron—sulfur
proteins, acid-labile sulfur functions in electron transfer in the mitochondrial electron-transfer

system and in enzyme activity [132].

Generally, iron-sulfur clusters (Fe-S) are composed of iron atoms and an equal number of
inorganic sulfides with cysteinyl-S iron coordination [133]. Rhombic 2Fe-2S cluster and cubic
4Fe-A4S cluster [FesSs] are the commonly types of acid-labile biological Fe-S clusters [134].

The structures were described as in Figure 1.10.

RS
\Fe\ $\ SR
RS, S SR }
o N —
Fe Fe B SR
\ S:--r---¢ Fe\
rs” \s/ SR s s|
RS
[2Fe2S] cluster [4Fe4S] cluster

Figure 1.10 Structure of common acid-labile biological Fe-S clusters: rhombic 2Fe-2S cluster [Fe;S;]
and cubic 4Fe—4S cluster [FesSa].

1.1.7.4 Bound sulfur species (BSS)
In 1993, sulfur atoms releasable as a hydrogen sulfide ion (HS™) by reducing agents, such as
dithiothreitol (DTT) and tris(2-carboxyethyl) phosphine (TCEP) was defined as “bound sulfur”.

In other words, bound sulfur refers to a sulfur atom that exists in a zero to divalent form (0 to
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—2) [135]. Currently, bound sulfur species are representing both small-molecular-weight thiols
and protein-associated thiols bound with sulfur atoms normally having an oxidation state O or
—1. BSS can be further regarded as sulfur atoms covalently BSS pools, and predominantly
including persulfides and polysulfides, which can subsequently liberate H.S/HS™ under
reducing conditions by adding reducing reagents. It's also worth mentioning that some
literatures name “bound sulfur species” as “bound sulfane sulfur”, which both represent as a
compound containing sulfur-bonded sulfur [130]. Kimura et al. reviewed the release
mechanism of H.S and interpreted how bound sulfane sulfur is referred to a store pool of H.S.
It’s demonstrated that H>S can be stored as bound sulfane sulfur, which in turn may release H>S
when cells receive certain physiological signals in biological processes.

Based on those above-described mainstream classification and definition found in the literature,
accordingly, it can be designated that acid-labile sulfide and bound sulfane sulfur pools are the
two main stored biochemical sources of H>S species, which act as sulfide buffering regulators
by releasing H.S via different chemical reactions. Conversion of various biochemical forms of

reactive sulfur species was shown in Figure 1.11.

Free H,S
st - HS_<—> SZ-

Acid-labile sulfide S-alkylation

Fe-S clusters

Bound sulfane sulfur
Desulfurase R-S-SH; RSS,SH; Sg

Figure 1.11 Interconversion of various biochemical forms of labile sulfur species: free hydrogen
sulfide (H2S species: H.S, HS, $%), acid-labile sulfide (Fe-S clusters), and bound sulfane sulfur.

Therein, undissociated form of H2S can hydrolyze to the forms of dissociated. H»S end up to
being in various forms of gas HzS (= 20%), hydrosulfide anion (HS™, = 80%), and sulfide anion
(S*, < 0.1%) [136] with different proportions at a physiological pH 7.4 and 37 <C. But at pH
3.8, HS™ becomes negligible (0.06%) and solutions can be considered 100% H-S. In addition,
iron—sulfur proteins are ubiquitous in living things and there are more than 120 distinct classes

of proteins and enzymes. Whereas acid-labile sulfide consists of iron-sulfur clusters contained
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in iron-sulfur proteins which are non-heme iron proteins (such as ferredoxin, glutaredoxin and
enzymes like succinate dehydrogenase, ribonucleotide reductase) [137], which can release H2S
below a pH of 5.4. Other sulfane sulfur species including hydropolysulfides (RS»-SH),
thiosulfonates (RSO2SR "), where R represents an anion or organic group; thiosulfate (S203%"),
polythionates (Sn(SOs)2*)) and elemental sulfur (Ss) and peptide-protein bound (e.g.,
haemoglobin, myoglobin, neuroglobin), which can release H>S under reducing conditions. The
structures of these compounds can be found in Table 1.3. Therein, sulfide which can be
liberated from proteins by treatment with reducing agent DTT appears to include persulfide and
elemental sulfur. And it’s suggested that there existing three main forms of bound sulfur
containing in normal human serum. That is elemental sulfur bound to hydrophobic sites on
protein molecules (S), reduced sulfur bound to protein as a trisulfide (R-SSS—R), and protein
persulfide (R-SSH). And all these sulfur species play a significant role in the synthesis of S-
proteins and S-amino acids by microbial action and have been established to trigger sulfide-
triggered biological events [138-141].

In the previous content, reduction reagents were referred several times, Getz et al. did a
comparison in properties of DTT and TCEP in biochemistry. Structures of these two
compounds were illustrated in Figure 1.12. It was indicated that TCEP is highly advantageous
over DTT, and the spin labels in TCEP are two to four times more stable than in DTT although
the choice of reductant varies when it’s in different applications. What’s more, Burn et al.
proposed the mechanism of selective reduction of disulfides by TCEP in water (see Figure 1.13)
and indicated the cleavage of the disulfide bond appears to be the rate-determining step (RDS)

[142, 143].

Reducing reagents:

O~__OH
on i
HS/A\?/A\V/SH

HO P OH
H \[O]/\/ \/\g/
DTT TCEP

Figure 1.12. Sulfhydryl reducing agents DTT and TCEP.
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Figure 1.13 Reduction mechanism of disulfides by TCEP in H,0.
Recently, the clinical relevance of sulfide pools has been demonstrated by Rajpal et al. [144]

indicating that plasma H.S metabolite bioavailability can be a predictive indicator for
cardiovascular disease. These results emphasized the importance of cellular redox state for
regulating H.S bioavailability, and hints a role played by bound sulfane sulfur (BSS) in
cardiovascular health. Simultaneously, in conjunction with their clinical study and data
observations, a significant decrease in the levels of acid-labile and bound sulfane sulfide in
plasma samples of subjects of vascular disease including CVD and peripheral arterial disease
(PAD) were obtained [144].

Structures of general sulfane sulfur compounds have been demonstrated extensively in
literature. Several examples of the structure of biological sulfane sulfur compounds were listed
in the Table 1.3. Of particular attention, there exist three forms of sulfane sulfur atoms
associated with proteins. One form is a sulfur atom bound to protein as a persulfide, the second
is protein polysulfide and the third is protein-associated elemental sulfur. Hannestad et al. [145]
detected significant amounts of protein-associated sulfur in the brain, heart, kidney, liver,
skeletal muscle and spleen of rats, but it was negligibly low in blood plasma and erythrocytes.
To some extent, these results suggested that the transport function of serum albumin for sulfur
did not occur. Nevertheless, more evidence should be obtained by developing more advanced
detection methods with higher selective and sensitivity for better explaining the essence inside.
As shown below in Figure 1.14. A schematic diagram was clearly illustrated to show how
bound sulfane as a main sulfur store source of H>S and as a signaling molecule when cells
receive certain physiological signals. That is H>S produced by enzymatic (enzymes such as
CBS, CSE, 3MST) and non-enzymatic pathways then functions as a signal molecule which can

be monitored by various established techniques based on different theories. Afterwards, it can
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be stored as bound sulfane sulfur, which in turn may release H>S.
Table 1.3 Examples of biological sulfane sulfur compound structure.

General sulfane sulfur compounds Structure of biological sulfane sulfur
Thiosulfate Thiosulfate SS05%
Thioysteine
Cys-S-S°
(cysteine persulfide)
Thiocysteamine OS5
Persulfide (cysteamine persulfide) CHz-NH,
Glutathione persulfide GS-§
Protein persulfide Protein-S-S°
Thiosulfonate Thiotaurine GH2-SO-S"
CHy-NH,
Thiocystine Cys-S-S,,-S-Cys(n=1)
Polysulfide
. - /S\
Protein polysulfide Protein____S, (n=1)
=S
polythionate Tetrathionate "05S-S,-S05™ (n>1)
Elemental sulfur (S°) Protein associated sulfur Protein—(S°

The determinate sulfide levels with versatile methods as a monitor of physiological response
can be achieved, such as diagnosis and prognosis roles in human subjects in comparison with
normal sulfide concentration. Reversely, the corresponding physiological or pathological
effects could be predicted in this way.

At present, the determination of stored sulfur compounds is important for the study of their
structures, metabolism and function because of the high reactivity of sulfur. These labile sulfur
compounds are determined after conversion to sulfide or sulfide derivatives. So far, many kinds
of techniques have been used for the analysis of labile sulfur species, as discussed in the
paragraph 1.2. However, the values reported are not always in a good agreement. The
discrepancy among reports seems to be derived from the instability of sulfide, such as its
property of high volatility and great susceptibility to oxidation. Therefore, precautions are

necessary to suppress errors arising from the nature of sulfide itself and further studies are
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needed for developing novel, better and stable methods.

Input Signal

H>S generation
Diagnosis

E 1) enzymatic ways : i
. (CBS, CSE, 3MST) Prognosis
E 2) non-enzymatic ways

------------ Determination ------------
| 5 ;

Output Signal

. i Gas phase: Liquid phase: .
S) E GC/FPD Colorimetric (MB) !
"y , GC/MS MBB/HPLC-FLD/DAD |
¢ ! etc. Fluorescent probes i
---------------------- i Electrochemical probes
Stored as : ESI-MS/MS
—>E 1) Bound sulfane sulfur | etc.

2) Acid-labile sulfur |

......................

Figure 1.14 Schematic diagram to show how bound sulfane as a sulfur store source of H>S which is
regarded as a signalling molecule.

1.1.8 Versatile methods for sulfide determination in biological fields

Currently, there are numerous research endeavors as well as clinical trials investigating the
therapeutic manipulation potential of H.S, owing to its vast involvement in various
physiological processes [146]. The monitoring of H.S and the study on pathological and
pharmacology mechanisms of HS require detection methods with high selectivity, sensitivity
and precision. However, the deficiency of appropriate methods for H>S detection and
quantification makes the accurate measurement of H.S challenge. It is also rare to have a
consensus for the determination of the actual amount of bioavailable H>S associated with
normal or pathophysiological processes. Thus, H2S species quantification in biological matrices
remains a critical challenge also in medicine. Next, we will discuss the investigations currently
completed by scientists with kinds of analytical methods on the related topic of H>S
measurements in different biological specimens. These methodologies will help to elucidate the

practicality of using the H.S as a monitor of physiological response in human subjects.

As shown in Table 1.4, from the standpoints of pros and cons, a survey was carried out to
summarize most frequently used analytical methods. This may be of importance in practical
application when face the choice of techniques. Indeed, recently, the detection of sulfide,

particularly hydrogen sulfide, has long been the focus of the analytical community. A large
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number of analytical protocols for determination of sulfide has been established and performed

to scrutinize HaS levels in different biological samples (such as cells, blood and tissues).

Table 1.4 Advantages and disadvantages of commonly used analytical methods for H,S measurement
in biological tissues.

Electrochemical sensor

Real-time measure
in a wide range of
samples;

Easy to setup and
use;

Reproductivity;

Prone to fouling;
Limited throughput;

Need to calibrate and pre-
treatment before measuring;

Limited detection of various
forms;

Method Advantages Disadvantages Reference
. . Complex sample preparation; [147-149]
GC-FPD/IC Highly Sensitive itficul ine diff
and selective (ppb) difficult to determine different
forms;
High sensitivity Complex sample preparation; [149-152]
and selectivity; . . e L.
GC/MS ] Difficult to achieve quantification
Rapid response )
time Easy to decompose;
GC/Chemiluminescence | Sensitive detection | Detects total sulfur; [153]
detection method (M -pM) Limited throughput;
Direct spectrophotometric Micromolar (uM) detection limit; | [154, 155]
Low background . .
methods Protein absorption interference
High sensitivity; Slow response time; [156-167]
Fluorescence sensor Real-time Photoexcitation cause damage to
measurement samples
_ Limited sensitivity and selectivity; | [168-172]
Easy handlllng, Methylene blue dimer and trimer
Performed in most | formation:
studies; . .
Methylene blue method , Strong acid chemical pre-
Relative low cost t .
. reatment;
and high
performance; Interference of other colored
substances;
High sensitivity; [173-177]

MBB derivatization
method (HPLC/FLD or
LC-MS/MS)

From moderate to
high sensitivity
range (NM — pM);

Stable derivatives;
High throughput;

Capable of
determining
multiple biological
pools;

Ease of handling;

Need dark and hypoxic
conditions;

Require RP-HPLC
instrumentation (compare to
portable sensors);

Time-consuming;

[144, 178-187]
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These methods include gas chromatography (GC) with flame photometric or sulfur
chemiluminescence detection [149, 153, 188, 189], ion chromatography (IC), direct
spectrophotometric determination [169] or spectrophotometry after derivatization [154, 155],
and the use of sulfide-sensitive fluorescent sensors [157, 165]; colorimetric analysis monitoring
methylene blue formation [168-172] and other colorimetric sensors [163, 190], use of
potentiometry with a sulfide ion-specific electrode [174] or a polarographic electrode sensors
[177], high performance liquid chromatography with fluorescence detection (HPLC-FLD) or
mass spectrometry (MS) analysis of the monobromobimane (MBB) derivative of sulfide [178,
181, 182], an isomer of MBB was also shown to have high sensitivity for the quantification of

H>S in blood [184].

In addition, several works focused on detection techniques have determined the levels of
per/polysulfides in biological systems. Among the new methods for the detection of sulfur
biological pools the use of green-fluorescent-protein (GFP)-based probes [191] and a resonance
synchronous spectroscopy-based method (RS2) [192] have been reported. Notably, GFP-probes
can detect real-time polysulfides levels in live cells and subcellular organelles, with minimal
interference due to reactive oxygen species (ROS) scavenging, while the RS2 method can detect
intracellular polysulfides and persulfides by comparison of species-specific RS2 spectra and

intensities at physiological pH.

It is well established that many of sulfur-rich RSS are in a dynamic equilibrium and rapidly
interconvert and this interconversion is particularly prevalent for polysulfides, as polysulfide
interconversion is significantly faster than the electrophilic labeling, which means that such
systems are under Curtin—-Hammett control. Interestingly, works from Nagy and coworkers
using complementary analytical methods confirmed experimentally that the electrophilic
labeling of polysulfides is indeed under Curtin-Hammett control. For example, when cysteine
and glutathione hydropolysulfides were generated in situ and quenched with alkylating agents
such as monobromobimane (MBB), N-ethylmaleimide (NEM), and iodoacetamide (IAM), only
short polysulfide adducts were observed with NEM labeling whereas longer chain adducts were
formed with 1AM or MBB [125, 193]. Also, for hydropolysulfides, alkylation with NEM is

based on nucleophilic addition, but IAM is nucleophilic substitution, as shown in Figure 1.15.
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Figure 1.15 Alkylation with NEM (nucleophilic addition) and IAM (nucleophilic substitution).
As described in paragraph 1.1.2, because of the toxicity of H2S in ppm level and the extensive
formation in the atmosphere that may cause industrial and environmental problems, there also
exist a need for a rapid, simple and practical method for the poisonous HzS determination in the
environment. Therefore, some of these analytical techniques were originally developed for the
determination of sulfide in air and water samples and were then further optimized to be applied
for biological sources. Therefore, it can be said that the determination of inorganic sulfide in
the environmental air and water should be the basis of labile sulfur measurement in biological
samples. As stated above in paragraph 1.1.7, since most labile sulfur is liberated as inorganic
sulfide which can be present as H,S, HS™ or S~ (denoted as H,S species in this thesis) in the
aqueous phase and as H»S in the gas phase. Therefore, in essence, the assay methods used for

sulfur species detection is the determination of inorganic sulfide eventually.

Lawrence et al. and many investigators reviewed analytical strategies for the detection of sulfide
these years [1, 129, 178, 194, 195]. Most of reviewers detailed the need for sulfide
measurements and describe the basis of many of the current approaches to sulfide detection.
The collation of information from a broad range of sources, covering the major approaches, has
been achieved and the salient points of each technique presented and critically appraised.
Commonly, the quantification of H2S species existing in various biological matrices encounters
several difficulties and limitations due to the nature of gaseous of the small molecule,
particularly its volatility, redox lability, and most importantly, its low steady-state concentration
[141]. Depending on the chemistries of the methods used, marked differences in HoS levels in
physiological fluids, spanning from nanomolar to hundreds of micromolar level, have been
reported in some literature [1, 182, 196, 197]. Moreover, the methods most often employed for

H>S measurements are associated with substantial artifacts [198, 199] and various
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complications can arise, depending on the sample sources analyzed, e.g., quantitation of steady-

state H»S levels in tissues [130].
Table 1.5 Summarization of various methods for H.S species determination in biological samples.

Sulfur species

Detection methods Source type Detection Limit Reference
Fogo et al. 1949
Gas H»S H2S 1.0 uM [168]
Methylene blue . . w2 Lewis et al.
method Sodium sulfide | H.S, HS, S 2—-80 uM 1965[169]
. o Ishigami et al.
2
Rat brain H.S, HS ' S 9.0 uM 2009 [171]
Rumen and Free and acid- 1.0 uM Khan et al. 1980
Sulfide ion-selective Blood labile sulfide s [173]
electrodes Biological Brown et al.2019
media H.S <100 nM [175]
Free H,S, total Free H.S: 14 nM Wintner et al
Whole blood sulfide ide: ! '
Polarographic Total sug}de. 0.1 2010 [189]
method :
Rat vascular Doeller et al.
tissue Free HzS 10nM 2005 [200]
In cardiac o2 | 15nmolmintg? | Chenetal. 2012
tissues H25, HS', S (protein) [157]
H,S formation
Fluorescence probes from E.coil H.S, HS, S* 53 nM Pose et al. 2022
: [201]
Cysteine
. . Kaushik et al.
— 02—
Sodium sulfide | H.S, HS, S 92 nM 2015 [202]
Chemiluminescence Rat brain Cco Fang et al. 2019
detection method microdialysate Hz5, HS, S 0.3 M [188]
Multiple tissues | Free and acid- 2 M Levitt et al. 2011
from mouse labile sulfide [149]
Rat liver and Acid-labile Ubuka et al. 2001
Gas heart tissues H.S 112 =274 nmol/g [147]
chromatography Hvspler et al
method 2 _ yspier et al.
Blood S 35— 80 uM/L 2002 [151]
oo Kage et al. 1988
2
Blood H2S, HS, S 0.01 pg/g [203]

Gas Dialysis/lon Human and rat Ceo Goodwin et al.
Chromatograph brain tissue H2S, HS', S 100 uM 1989 [204]
Microdistillation/lon Galg dcevr;[ggs H.S 25 UM Richardson et al.
chromatography 2 oM 2000 [205]

blood
. - Human blood Ceo Karunya et al.
Microfluidic method plasma H,S, HS, S 70— 125uM 2019 [206]
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Above, most of these techniques do not have enough capacities for effectively distinguishing
thiols in cells and are often limited to measure H,S. In addition, these methods have some
limitations, such as long reaction time, complex preparation process, low specificity, low
sensitivity and inconsistent reported results. Likewise, due to the variety of experimental
methods used, highly variable results with respect to determination of the absolute
concentration of sulfide have been yielded. Therefore, these currently available protocols are
largely resulting in little consensus for detection and quantification of H>S in complex samples.
The need for highly specific, highly selective, reproducible and accurate H>S measurements
seems imperative to untangle the non-resolved disadvantages of the current methods.

Methods to detect the various forms of H,S are critically reviewed and compared in the
literature [207]. HoS presents complex biological effects in various body systems and the
conundrum is coming up. Thus, how does this small molecule exert such widely differing
effects? Does different level of H>S exert different effects on the cell? Answering to the
conundrum might be the absolute concentrations of H>S achieved locally at the site of interest.
Based on the previous conundrum put forward, it’s learned that accurate and reliable
measurement of biological hydrogen sulfide can provide critical information associated with
various pathophysiological functions. According to the literature survey, in Table 1.5, it is now
clearly showing that a wide range of different levels of sulfur species have been reported when
using various methods for H,S species determination in biological specimens. In the subdivided
paragraphs of this section, many representative examples with different analytical protocols
applied in determination of sulfur species especially for H>S species, will be discussed and

addressed thoroughly.
GC-FPD (Gas chromatography-flame photometric detector)

Determination of hydrogen sulfide and acid-labile sulfur in animal tissues by combining gas
chromatography with flame photometric detector (GC-FPD) and ion chromatography (IC)
method was employed by Ubuka et al. [147]. Trapping H2S in alkaline solution was determined
by GC-FPD as H»S or by IC as sulfate after oxidation with hydrogen peroxide. Acid-labile
sulfur of fresh rat liver and heart tissues ranged in 112 — 274 nmol/g. But free H>S was not

detected by using this method without acidification with HzPO4. Na>S was used as the standard
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material. Standardization of Na>S was performed by IC after oxidation to sulfate with H>O».
Determination of acid-labile sulfur in rat tissues was performed by direct and indirect methods,
respectively. In the direct method, tissue homogenate or sample solution placed in a gas
equilibration vial was acidified with HsPOs, and the headspace gas was subjected to GC. In the
indirect method, tissue homogenate was acidified with HsPO4 and the H.S liberated was
transferred to a 0.1 M sodium hydroxide (NaOH) solution using a gas transfer system with

nitrogen as the carrier gas.
GC-MS (Gas chromatography/mass spectrometry)

Gas chromatography is sensitive enough to measure physiological sulfide levels, but it
potentially liberates loosely bound sulfide because of irreversible sulfide binding or shifts in
phase transition equilibria. Measure free H>S, can also measure labile sulfur by adding extra
acid [149]. Furthermore, a simple and sensitive method by using gas chromatography with an
electron capture detector (GC/ECD) and gas chromatography with mass spectrometry (GC/MS)
for quantitative determination of thiosulfate in human blood and urine was devised by Kage
and co-workers, which the part of GC/MS was used to identify the disulfide. Advantages of this
method are that deproteinization and column treatment are not required, the analytical technique
is simple and expeditious, whole blood can be analyzed with the limit of detection reached as
low as 0.003 umol/mL [150]. Hyspler et al. introduced an optimized and validated analytical
method for sulphide anions quantitative determination in whole blood using GC-MS technique
in selected ion monitoring (SIM) mode. Whereas the limit of quantification was determined as
a lower limit of the linearity range and was found to be 3 umol/L [151]. This approach makes
it possible to analyze large numbers of samples in short periods of time. Kage et al. also applied
GC/MS to the analysis of sulfide in blood. In the method, the “‘extractive alkylation’’ technique
was employed by using an alkylating agent pentafluorobenzyl bromide (PFBBr). After dealing
with derivitization and centrifugation, the organic phase containing sulfide derivate was
analyzed by GC/MS with the detection limit determined as 0.01ug/g. Another case applied with
GC/MS method for sulfide determination, the calibration ranged is from 0.2 to 4 uM for sulfide
baseline determination in blood and plasma from swine and mice, and from 0.2 to 100 uM for

spiking experiments. The signal to noise ratio was at least 5 for the lowest calibration
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concentration 0.2 uM (LOD) [152].
GC-CL (Gas chromatography with chemiluminescence detection)

Vitvitsky et al. [153] described the application of GC coupled to sulfur chemiluminescence
detector (SCD) to measure the rates of H»S production and degradation by tissue homogenates
at physiologically relevant concentrations of substrates. Analysis of H2S levels detection relies
on the equilibration of H2S between the liquid sample and gas phases in a hermetically sealed
sample chamber. H>S present in the gas phase is measured following GC separation and
detected using a 355 sulfur chemiluminescence detector. In this method, H>S in biological
samples separated from other sulfur compounds provides sensitivity of detection to around 0.5
pmol. But parameters such as column type, injection volume, injection mode, and gas flow rate,
will affect the amount of sample that reaches the detector, subsquently affect the sensitivity of

the method.
Spectrophotometric methods

Kovatsis et al. [154] reported the results on the feasibility of determining HzS in atmosphere by
an indirect atomic absorption spectroscopy (AAS) method. In this developed method, definite
amounts Pb(CH3COO); solution is added to the test sample for trapping HzS and the excess
reagent is measured by AAS. It appeared to offer a simple system for handling large numbers
of samples followed saving operation time. Systematic investigation of the various parameters
involved was undertaken in the article. In comparison with the colorimetric and GC methods,

the proposed method is easier and timesaving whereas it requires a special vacuum-sampler.

Guenther et al. [155] described a direct ultraviolet spectrophotometric technique to determine
total dissolved sulfide (Hz2S + HS™ + S% + reactive polysulfides) in natural waters through direct
ultraviolet detection of the HS™ ion which was determined with low background absorption and
a limit of detection <1 piM. An optimal pH range of 8.0 —9.0 where HS™ is >95% of total sulfide
decide the dominance of HS™in UV absorption. The spectrum of a 50 M total sulfide solution
at pH 8 shows a well-defined peak at 230 nm. Also, simplicity and speed of data acquisition

can be seen as the advantages of this method.

Alberti et al. [208] described an optical sensor named as ELL-CC for sulphide and thiol
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detection by using the reaction between the Ellman's reagent (5,50-dithiobis(2nitrobenzoic
acid)) and a generic thiol (RSH). UV-vis spectra and images of the ELL-CC sensors in a
working range from 0 to 58 mM of sulphide solutions were studied. Specifically, the
relationship between the analyte content and the change in the UV-vis spectrum of the sensor
was obtained by employing a partial least squares regression (PLS). Notably, the main cations
present in real matrices, such as Na*, K*, Ca?* and Mg?*, do not have interferences in the

development of the yellow color of the ELL-CC sensor.
MB method (Methylene blue method)

Since in 1883, the original distribution of methylene blue (MB) method by Fischer, and the
optimization of this method by Fogo and coworkers [168]. MB method has been developed for
derivatization—spectrometric determination of sulfide and is seen as the gold standards for many
years in the field of environmental measurements of H.S. As shown in Figure 1.16 is the

chemical principle of MB method.

Oxidative coupling:

NH2 HCI N
~
2| /©/ + HyS + 6FeCly ——> /C[\+:©\ _ *+ NHCI + 6FeCly
N Zn(OAc), T S~ T
ci

I
N,N-dimethyl-p-phenylenediamine Methylene blue (MB)
Figure 1.16 Detection of sulfide with the methylene blue method.
The MB method is based on the incubation of sulfide with N, N-dimethyl-p-phenylenediamine,
in aferric chloride catalyzed reaction with a 1:2 stoichiometric ratio in a strongly acidic medium
to synthesize the methylene blue dye, which is detected spectrophotometrically. Also, the blue
color of methylene blue is measured at 670 or 650 nm. A separate center well contained H2S
trapping agents such as alkaline zinc acetate (Zn(OAc)2). It is a convenient method for
environmental samples like wastewater. However, the extreme acid conditions used in the
reaction system become a problem when applied in biochemical samples. It will result in H.S
releasing from acid-labile sulfides, such as iron-sulfur clusters, and could has the potential to

change equilibria, thus promote conversion of HS™ to H»S [129].

Though MB method are often not sensitive for biological samples which containing relatively
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a small amount of H.S, this method always gave accurate results on appropriate samples.
Simultaneously, owing to the strongly acidic conditions used in the method, sulfide may be
determined even in the presence of many metals. In the last 10 years, the MB method and the
sulfide-sensitive electrode are the most reported method for measuring the H2S concentration.
Biological source of H>S levels in the blood or plasma of several species, including rat, human,
or mouse were reported by using these two methods. However, this method can be highly
problematic, making it inappropriate for measuring biological levels of hydrogen sulfide. Key
problems include methylene blue dimer and trimer formation, interference of other colored
substances, and strong acid chemical pretreatment (pros and cons) [168]. Siegel et al. [169]
examined interfering substances and found that by adding 1.0 mM thiosulfate, according to the
investigation, 20% inhibition of MB formation will be observed. And these titrations or
colorimetric methods, however, lack sensitivity and do not lend themselves easily to the

analysis of biological samples.
Fluorescence sensors

Fluorescent probes for measurement of sulfide have greatly evolved in the last couple of years.
It holds great potential among the currently developed detection methods because of their high
sensitivity, selectivity, and biocompatibility. Feng et al. [158] and Kumar et al. [160] discussed
published fluorescent probes for H>S detection and quantification and divided those probes into
three main categories. As indicated in Figure 1.17. That is, probes which react with H,S
through a nucleophilic reaction, undergo selective reduction of H»S, and probes which trap H.S
with a coordinated metal. Furthermore, the authors critically appraised the performance against
some key criteria for biological applications. As followed, some cases were exemplified to

know more about the present fluorescent sensors for H.S detection.

Hartman et al. [159] developed a novel fluorescent turn-on chemo-dosimeter based on 8-
aminopyrene-1,3,6-trisulfonate (APTS) for direct determination of H.S species in biological
fluids. This reported method can detect H>S directly in serum without additives. And HS™ was

easily quantifiable by fluorescence when its concentration was between 2 and 100 pM.
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Figure 1.17 Three categories of fluorescent probes for H,S detection.
Jose et al. [156] discussed the recent developments in the detection of gasotransmitters, H»S,
CO and NO via fluorescent nanoprobes based on different mechanisms such as fluorescence
enhancement and quenching. Whereas it should be noted that fluorescent nanoprobes for
gaseous signaling molecule are very less as compared to the large number of sensors built from
small molecules that work under various detection mechanisms. Peng et al. [164] introduced
applications of a series of 2-pyridyl disulfide based fluorescent probes (WSP1, WSP2, WSP3,
WSP4 and WSP5) for H>S detection. The strategy is based on the dual-nucleophilicity of
hydrogen sulfide and a H>S-mediated tandem nucleophilic substitution-cyclization reaction is
used to induce the fluorescence change. High sensitivity and selectivity were showed for HS
and other RSS, such as cysteine and GSH. Zhou et al. [209] systematically evaluated four
commercially available probes (WSP-1, WSP-5, CAY), considering their detection range,
sensitivity, selectivity, and performance in different environments. Furthermore, their capacity
for endogenous H>S imaging in live cells was demonstrated. Compare with other analytical
methods have been reported but are limited for various reasons. Yet, a major challenge exists

with the regard to interference by other thiol species. Kaushik et al. [202] reported a new
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Alizarin Red S based fluorescent probe (ARS-Zn(l1)) for the detection of H.S in aqueous buffer
solution. The calculated detection limit of ARS-Zn(I1) with H2S was reached lower as 92 nM.
Chen et al. [157] reported and evaluated a coumarin-based fluorescence chemoprobe (C-6Az
and C-7Az) for the selective and sensitive detection of H>S in degassed PBS buffers and fetal
bovine serum. And in situ visualization of endogenous H2S was achieved in cardiac tissues of
normal rats and atherosclerosis (AS) rats using two-photon confocal fluorescence imaging
which is the first study for H>S detection in cardiac tissues. Luo et al. [163] summarized the
optical probes based on nanomaterials for the detection of H2S in biosystems in recent five
years, the nanoprobes published in previous literature, Au NRs-FSN and PPF-AgNPs were
discussed in practical use for H,S detection in serum samples with a LOD range of 0.5— 10 uM.
Montoya et al. [210] developed a selective colorimetric probes for H.S based on nucleophilic
aromatic substitution, and the efficacy of the probes was demonstrated in serum with sub-
micromolar detection limits as low as 380 nM. Peng et al. [211] reported the synthesis of a
novel reduction-sensitive fluorescence chemoprobe, dansyl azide (DNS-Az), and introduced its
application in the determination of H>S in a serum and whole blood with a LOD of 1 um in
buffer/Tween and 5 um in bovine serum. The unprecedented fast response by DNS-Az to
sulfide allows for the detection of transient changes in HzS levels without sample pretreatment.

This method is very important considering the fast metabolism and volatile nature of H2S in

biological systems. The result (31.9+9.4 um) determined in mice blood was very close to the

previously reported serum concentration of H>S (34.1 uM) [212]. Karunya et al. [206] proposed
microfluidic device with Dansyl-Azide (DNS-AZz) probe enables rapid and accurate estimation
of a key gasotransmitter H>S in human blood plasma. The device can be used for detecting
sulfide in plasma in the range 33 uM to 330 uM (i.e. the smallest and highest concentrations,
respectively). The endogenous sulfide levels in plasma of healthy individuals were found to
vary between individuals in the range of 70 uM to 125 uM, which agrees well with the values
reported in literature. Qian et al. [165] reported the development of two highly sulphide-
selective fluorescent probes (SFP-1 and SFP-2), and demonstrated the utility of the probes in
quantification of enzymatic H>S biogenesis and live-cell monitoring of free sulfide. From the

viewpoint of probe design, properties like nucleophilicity and reducing capacity, Li et al. [161]

38



established a near-infrared fluorescent probe HCB-BT, which containing a hemicyanidin
conjugated with benzothiazole unit though unsaturated olefinic bond as fluorophore and a 2,4-
dinitrobenzenesulfonate unit as recognition group to detecting the sulfide. It has been
successfully applied to detect endogenous H>S in living cells and mice. This might help uncover

more physiological and pathological mysteries related to hydrogen sulfide.
Electrochemical sensors

A variety of electrochemical methods using potentiometry, voltammetry, and amperometry
have been used to measure sulfide species recently. Xu and co-workers [177] discussed up-to-
date literature on the electrochemical sensors for detection of hydrogen sulfide. Herein, ion
selective electrodes and polarographic sulfide sensors applied in biological milieu for potential
therapeutic use will be addressed. Khan et al. [173] released a rapid and accurate method for
measurement of sulfide sulfur levels in rumen and blood with a sulfide-specific ion electrode.
Owing to the rapid oxidation of sulfide, antioxidation and reducing agents containing in buffers
with high pH were used for an accurate determination of this form of sulfur, meantime, A
Johnson-Nishita apparatus was used for blood sulfide liberation in an acid medium, then
measured by using the sulfide ion electrode. Lindell et al. [174] introduced a method for the
determination of sulphide in blood using an ion-selective electrode also with a wash-bottle
reactor. This method involves liberation of blood sulphide by addition of acid and subsequent
trapping of the volatilized H>S gas in NaOH solution with a detection limit of 10 pg/L. The
applicability of the method was studied in 12 clinical cases involved in H.S poisoning with the
range of 40 — 600 pg/L. Brown et al. [175] described the development of a direct amperometric
sensor based on the oxidation of H.S/HS™ at a glassy carbon electrode. It's the first time a series
of electropolymerized films were reported, which is good for H.S permselective behavior but
against common biological interferences. Simultaneously, the anti-biofouling ability of film-
modified electrodes with high selective was evaluated in simulated fluids. The optimized
electrode was able to achieve a LOD of <100 nM. By using a micro sulfide ion electrode for
studying and analyzing, Vel&quez-Moyado et al. [176] described the changes of HzS level in
the stomach for the first time. This electrode has a sensibility of 0.01-100 uM of H>S and this

study provides the basis for a real-time analysis of the H>S changes in-vivo in the healthy and
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wound stomach. Based on membrane on probe allow passage of free H>S, while keeping out
ionic species, Wintner et al. [185] employed an amperometric sensor for determination of
dissolved H2S/HS levels. In this study, a comparison of sulphide levels in vitro measured by
amperometric detection and by the MBB derivatization method was carried out. It indicated
that sulfide measurements between the two methods also showed a good correlation when
sodium sulfide was added to fresh plasma or into a normoxic solution of 5% HAS (human

serum albumin) in HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid).
Chemiluminescence detection

Chemiluminescence (CL) detection methods have the characteristics of simple equipment and
high sensitivity. A strong CL intensity was found in the luminol/H20> system catalyzed by
horseradish peroxidase (HRP). The presence of H>S can cause the deactivation of the HRP,
resulting in the reduction of the CL intensity of the luminol/H>O> system. Fang et al. [188]
reported a simple but sensitive CL sensor for H>S detection based on the HRP-catalyzed
luminol-H>O> CL system. The proposed method was applied to detect H>S in rat brain
microdialysate with a detection limit of 0.30 uM. But there still some disadvantages for CL
method. For example, although many CL methods have been reported for sulfide detection,

nearly all methods detect the total amount of compounds containing sulfide.
IC (lon Chromatograph)
Gas Dialysis/lon Chromatograph

Sulfide can be separated from other anions by ion chromatography (IC). A continuous flow gas
dialysis pretreatment and quantitation by IC with electrochemical detection analytical technique
has been successfully described by Goodwin et al. [204] and utilized to the determination of
H2S in brain tissue homogenates both in rats and humans with a detection range of 100 uM.
The sulfide levels were determined selectively and without any interference from other blood
components. Meantime, two case studies of human hydrogen sulfide inhalation fatalities are
presented in the study. And significantly elevated sulfide levels were observed in both cases by
employing the described method. A detection limit of 0.02 pg/g tissue of S~ was determined

in tissue homogenates of brain after employing the described protocol.
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Microdistillation/lon chromatography

Richardson et al. introduced a new method for the determination of H.S in gastrointestinal
contents and whole blood by microdistillation/ion chromatography. This method can overcome
some problems, such as the volatile nature of the compound, and the viscosity and turbidity of

the samples. The limit of detection of the method was determined as 2.5 uM [205].
Monobromobimane derivatization method

In principle, monobromobimane assay reaction with the thiol-specific species derivatization
fluorescent agent monobromobimane (MBB) to sulfide-dibimane (SDB) through a nucleophilic
reaction can also be classified as a fluorescent sensor case for H.S species detection. Sor far,
sulfide levels have been determined by the combined MBB derivatization method with HPLC—
FLD and/or LC-MS/MS techniques. For addressing this type of method, most reported works
with MBB method for RSS measurement were summarized and discussed in parapraph 1.3.
Taken together, based on the literature survey, a detection limit range of commonly employed

measuring assays were shown in Figure 1.18.

pM

Polargraphic sensors %

Gas chromatography %,

MBB-HPLC/FLD or LC/MS 1&0
Fluorescent probes K4

Ion-selective sulfur sensors

Methylene blue method

Figure 1.18 Range of limit of detection with commonly used sulfur measuring assays.
1.1.9 Monobromobimane (MBB) derivatization-based method coupled with HPLC-FLD

and mass spectrometry for sulfur species measurement in biological samples
1.1.9.1 Application history of the MBB-derivatized method in biological contexts

Fahey et al. [213] and Newton et al. [214] were the first to report the use of MBB as a
fluorescent probe for detection and quantitation of biological thiols in 1981. Subsequently, in
1984 Shea et al. [215] have modified the Fahey procedure and achieved the measurement of

thiosulfate in plasma and urine by precolumn derivatization with MBB. Afterwards, Cotgreave
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et al. [216] described quantitative determinations of cysteine and glutathione present in mixed
disulfides with protein and in soluble low molecular weight disulfides and the estimates of
intraprotein disulfides in a number of test biological systems. Untill 1995, Kosower et al. [217]
described the use of four bromobimanes for fluorescent labeling of biochemical and biological
systems and introduced these four commercially available compounds, MBB, dBBr, gBBr and
SBBr which are the short form names. In the report, it noted that the syn series is generally
fluorescent, while the anti-series is phosphorescent. And the latter have not yet been utilized
for studies of biological systems. Therefore, in this present study, emphasis will be placed on
syn series, especially on the fluorescent reaction involved in MBB reagent. The molecular

formulas of the representative four bromobimanes were shown in Figure 1.19.
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Figure 1.19 Four commercially available bromobimanes for fluorescent labeling of biochemical and
biological systems.

As discussed in paragraph 1.1.6. RSS in the reduced state (-2 valence of sulfur), such as H2S
and thiols, are good nucleophiles, especially when deprotonated (HS™, RS"). Likewise, in 1995,
as indicated in Figure 1.20, Newton et al. [218] was concerned with MBB and SBBr, then
described the reaction of these reagents with thiols (RSH) to form the corresponding S-labeled
products, MB-SR and SB-SR, which are stable and suitable for quantitative determination. In
the chapter, main study of the investigator was focused on refinements and extensions of the
MBB derivatization methodology. But different from MBB, SBBr is an anionic reagent that

does not enter cells.
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Figure 1.20 Reaction of MBB and SBBr with thiols (RSH) access to MB-SR and SB-SR.

Nowadays, it’s well known that MBB is a fluorescent cell-permeable alkylating agent that
reacts with extra- and intracellular sulfide pools and sulfhydryl-containing biomolecules. It can
be used as an alkylating agent and rapidly derivatized with free H>S chemical forms under
moderate conditions [214]. The alkylation of sulfide is explained by the following steps
illustrated at Figure 1.21. The reaction one is a bimolecular reaction between sulfide and MBB
to give the intermediate sulfide-monobimane species (SMB). Afterwards, SMB is the target of
the next nucleophilic attack by a second MBB molecule to yield the stable product sulfide-
dibimane (SDB). The first step is critical as there are many parameters that must be tightly
controlled to achieve reproducible results. The resultant product of this reaction, sulfide-
dibimane (SDB), is fluorescent and stable and can be separated and quantitated. This allows for
an accurate determination of absolute H>S species present levels in various biological media
[183, 185]. As a conclusion, the two key steps of the MBB derivatization method are selective
and highly controlled alkylation of the target sulfur-mediated molecule. In this thesis, after
conversion of H>S species in human serum to the MBB derivative, followed by HPLC

separation and fluorescent quantitation of the alkylated product can be achieved.
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Figure 1.21 Chemical reaction principle of MBB and H.S in aqueous solution.
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Importantly, it’s noteworthy that optical parameters are significant chromatographic conditions
during method development for characterization of compounds. The derivatized product SDB
has fluorescence which the excitation wavelengths at 390 nm, emission wavelengths at 475 nm,
respectively. The maximum absorption is in the near UV (Amax =390 nm), it has no significant
difference from the absorption of the MBB reagent (Amax = 396 nm) [217] [219].

Table 1.6 List of representative sulfur compounds and their predicted reaction with bromobimane

(““ +” indicates positive reaction, “ — ” indicates no reaction will occur)
Sulfur species Molecular formula Reaction with MBB
Hydrosulfide HS- +
Sulfite SO3% +
Thiosulfate S,05% +
Per/Polysulfides HSSn/ RSSy +
Cysteine C3H7NO,S +
Glutathione C10H17N306S +
Organic thiols R-SH +
Polythionates SnO¢* -
Elemental sulfur SY -
Sulfonate R-SO3~ -
Sulfate SO4* -

Due to the membrane permeability characteristic of MBB, It is frequently used as a suitable
fluorescent alkylating agent, which selectively reacts with free sulfhydryl-containing
biomolecules [214], and resulting in the liable H2S rapidly derivatizing under gentle conditions
[220]. Hence, the MBB method is highly sensitive and selective with the low limit of detection.
Furthermore, attribute to its high sensitivity for most biological applications, the MBB method
has found wide application ranging from clinical to studies investigating sulfide metabolism
pathways [18]. Whereas, in the current study, only a few works using chemical derivatization
with MBB in conjunction with high performance liquid chromatography-fluorescence
detection/mass spectrometry (HPLC-FLD/MS) have been reported to make it suitable to
quantify different sulfide pools in biological samples [179, 182], (see Figure 1.22). Therefore,
the development of a quantitative MBB-sulfur derivatization involved method for simultaneous
product separation and analysis in various biological samples with high accuracy and selectivity

is still a matter of challenge. At present, some representative sulfur compounds find in literature
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and their predicted reaction with bromobimane were summarized, as shown in Table 1.6.
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Figure 1.22 Major milestones in MBB-Sulfur mediated derivatization investigation and application.
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1.1.9.2 Measurement of reactive sulfur species (RSS) able to convert into H>S species by
using MBB derivatization and hyphenation with spectrofluorimetry and/or mass
spectrometry (MS)

As H>S species can be generated from RSS like persulfide/polysulfide degradation, much of
the reported biological activity associated with H.S may indeed be that of sulfides. That is, H2S
may act primarily as a biomarker for the biologically relevance of per/polysulfide species etc.
As it is expected that these divalent (—2) RSS are especially nucleophilic, most concentrations
of reactive persulfides and polysulfides in biological samples were measured by the reaction
with thio-specific derivatization agents. Additionally, mostly because of the low molecular
weight and simple chemical structures of HzS species and some other sulfur species it is not
suitable for their direct quantification by spectrofluorimetry and/or MS. So, the target molecules
always widely undertaken chemical derivatization step before determination. Following, the
derivatized fluorescent products can be effectively separated by HPLC with relevant gradient
elution programme and accurately quantified by fluorescent detector, diode array detector
(DAD) and/or MS. This kind of assay procedure was established to measure various biological
sulfide pools and it was refined and extended in few works to improve its reliability and
reproducibility. Herein, the MBB derivatization method will be emphasized and introduced as
one of the most frequently used method to measure reactive sulphide species, especially in H2S
species determination. This kind of MBB derivatization-based methods can be extensively
applied and obtain unique developments during the quantitative analysis of available blood
sulphide, particularly in sources from biological matrices. For example, the investigation
released by Togawa and colleagues in 1992 [221], by using HPLC separation after conversion
to MBB derivatives, a sensitive and specific method was established to detect bound sulfide,
bound sulfite and thiosulfate in human serum with the determination results of low limits 0.5,
0.2, and 0.05 uM, respectively. These separated products were detected fluorometrically with
excitation set at 396 nm emission at 476 nm and the maximum absorption in the near UV (Amax
=390 nm). In this method, by addition of DTT, sulfide liberated from serum samples under the
reducing condition was measured to be 1.30 + 0.60 uM. On the contrary, without DTT treatment,
no sulfide was observed, indicating that sulfide was bound to serum proteins, presumably as

the persulfide. Noteworthy, this developed method was applied to the detection of the available
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HS™ in normal human serum samples, which may include ionically bound HS™ in addition to
the free H,S, that is H2S species.

Shen group applied for a patent successfully on measurement of biologically labile hydrogen
sulfide pools [222]. Thereafter, starting from 2010 to 2015, they conducted a series of
investigations and explorations on this topic of quantification of H.S species, focusing on MBB
derivatization method which is suitable for HzS biological pools determination. Thus, H2S
species existing in biological medium would be rapidly derivatized with excess MBB resulting
in forming a stable SDB product that can be subsequently quantified and identified by HPLC-
FLD and/or ESI/MS. The resultant fluorescent SDB is analyzed by RP-HPLC using
fluorescence detection with the limit of detection for SDB (2 nM). Besides, Shen group’s well-
established method has been robustly evaluated against the MB method of quantitative
measurement of H2S under different conditions. Also in their studies, it’s illustrated that the
measurement of hydrogen sulfide using the MB method provides erroneous results making it
inappropriate for measuring levels of hydrogen sulfide in biological samples. So, they also put
forward that associated results obtained from the current gold standard assay methylene blue
are untrustworthy and do not actually quantify H>S species. Below, some details for Shen’s
works and results were discussed.

MBB method was applied by Shen et al. in 2011, [182] to measure basal HzS levels in the
plasma of C57BI/6 J (1.7 £0.05uM), CSE heterozygote knockout (0.5 +0.03uM), and CSE
homozygote knockout mice (0.3 £0.03uM). These results indicated the presence of H.S in
plasma down to nanomolar levels. Following, in 2012 [183] free, acid-labile sulfide and bound
sulfane sulfur levels were measured in the plasma of wild type C57BL/6J, CSE gene deficient
mice and healthy human volunteers by Shen group. It found that the free hydrogen sulfide pool
in plasma from healthy human volunteers to be in the low nanomolar level (0.25-0.7 uM/L),
but that the acid labile pool was in the low micromolar range (1.5 — 3.5 uM/L). The bound
sulfane sulfur pool was found to be significantly smaller like the murine models (0.35 — 0.45
puM/L). In 2013, Shen and coworkers [180] also examined concentration of H2S in plasma from
conventional and germ-free mice. Concentration of free H>S were 0.025 — 0.03 nmol/mg
protein and 0.007 — 0.012 nmol/mg protein in conventional and germ-free mice. Labile sulfide

level was 0.06 — 0.08 nmol/mg protein both in conventional and germ-free mice. Bound sulfane
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sulfur were 0.024 — 0.036 nmol/mg protein and 0.002 — 0.005 nmol/mg protein in conventional
and germ-free mice. But for organ tissue, free HoS was in the range of 0.15 — 0.9 nmol/mg
protein. Labile sulfide and bound sulfane sulfur were 0.5 — 3.2 nmol/mg protein and 0.4 — 3.3
nmol/mg protein, respectively. Note to worthy, by using the similar derivatization/speciation
method developed by Shen, Wintner et al. 2010 [185] have published the basal concentration
of sulfide in rat blood which was measured by the approach MBB-HPLC/FLD, which was down
to approximately 0.7 uM. In this method, a bioequivalence between infused NaS and inhaled
H>S gas was established for the first time. But it should be pointed out that both works from
Shen and Wintner’s contained the steps of extraction of the derivative then achieved the
quantification goal. Besides, an MS-based metabolomic assay for the analysis of low-molecular
weight persulfides/polysulfides and a proteomic analysis combined with a Tag-Switch assay to
detect S-polythiolated protein adducts have been developed by Ida et al. in 2014 [223]. In the
experiments, by using cystine as a substrate, the enzymes CSE and CBS can generate persulfide
and CysSSH. Herein, regeneration of GSSH and GSSSH from GSSSG catalyzed by glutathione
reductase (GSR), GSSSG reacted with GSR and NADPH in Tris HCI buffer (pH 7.4) at room
temperature and followed by incubation with 5 mM MBB at 37 <C for 15 min. Significant levels
in the range of 50 — 100 puM of per- and polysulfides are detected in mammalian cells, tissues,

and plasma (rodent and human).

...................................................................................

Figure 1.23 Reaction of dBB with H,S forms the BTE product which can be quantified by
fluorescence HPLC.

Additionally, the utilization of another alkylation reagent by Montoya et al. 2014 [224], di-
bromobiane (dBBr) was developed for biological sulfide quantification. Reaction of H.S with
dBB can be in formation of bimane thioether (BTE) which is readily detected and quantified
by HPLC—FLD. As indicated in Figure 1.23. And the mechanistic investigation has been
revealed that the dBB derivatization-based method is proven to be highly sensitive for H.S but

it is incompatible for application in studies in which other thio-containing compounds exist.
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Based on the prevalence of the MBB method for the quantification of biologically relevant
sulfide pools, some investigators like Tan et al. 2017 [184] sought to broaden this method to
report the use of other highly sensitive fluorescent alkylating agent. 3-bromomethyl)-2, 6, 7-
trimethyl-1H, 5H-pyrazolo [1,2-a] pyrazole-1, 5-dione (MMB) is an isomer of MBB, which
can react with hydrosulfide anion (HS") to produce sulfide-pardimane (SPB) under suitable
conditions. Thereafter, SPB can be purified by RP-HPLC and quantified by a diode array
detector (DAD) due to its hydrophobic property and strong ultraviolet-visible (UV-vis)
absorptions. The limit of detection for SPB was down to 0.03 nmol/mL. Similarly, product SPB
has strong UV-vis absorption (Amax = 390 nm) and fluorescence, and the interference from
other substances is minimal when SPB was quantified by UV detector at 390 nm. As shown in

Figure 1.24 shows the nucleophilic reaction between MMB and thiols groups.

Figure 1.24 The proposed reaction between MMB (isomer of MBB) and HS".
Some actual studies also preceded by Tan et al. [184]. In Tan’s work, in rat blood taken from

the aorta, plasma was centrifuged, and a vascular calcification (VC) model was established by
administration of vitamin D3 plus nicotine (VDN). In the VDN group, the mean HzS content in
plasma (22.48 £3.37 nmol/mL) was significantly lower than that of the control group (37.56
4.88 nmol/mL) (p < 0.05). The HzS content in the plasma of the VDN + NaHS group (33.48 +
2.08 nmol/mL) was greater than that of the VDN group (22.48 £3.37 nmol/mL) (p < 0.05).
This result was the same level as reported in 2015 by Shen et al. [181]. In 2018 and 2021,
Renieris et al. and Dominic et al. applied MBB method to biological H2S pools analysis which
blood taken from COVID-19 patients. These results could conclude that H>S is a potential
marker for severity and outcome of pneumonia by the SARS-CoV-2 coronavirus. In 2019, Nagy
and coworkers [178] systematically investigated a number of experimental parameters to
improve the sensitivity of the derivatization protocol also reported the results of sulfide levels

in human plasma, the range of free sulfide was 43 2 nM, the acid sulfide and bound sulfane
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sulfur were 2 — 4 uM and several nanomolar respectively. The detection limit is also in the low
nanomolar range. Apart from normal derivatization step carried out in aqueous conditions, a
novel three-layer H>S chip was designed by Baniya et al. 2019 [225] (Figure 1.25). It is
designed for separation of all pools of H>S from plasma samples along with liberation,

separation and trapping of H.S steps the same procedure and reagents used as Shen group [183].

Free Acid-releasing Total
p]-‘I S pH .9'5_ ijI 9'_5 Trapping chamber
Silicone membrane
pHT pH 2.6 pH 2.6+TCEP. Liberation chamber

Figure 1.25 Schematic diagram of three-layer H,S chip.
Ibrahim et al. 2021 [226] reviewed a wide variety of quantification methods employed for the

measurement of HS in biological samples. It is noted that, in recent years, much attention has
been concentrated on measuring sulfide levels by using the MBB method coupled with HPLC-
FLD. It was employed to detect various biological sulfide pools with considerable sensitivity
and the low nanomolar range of the LOD can be achieved. Interestingly, Malaeb et al. 2022
[227] described the first stable isotope dilution LC-MS/MS assay for hydrogen sulfide in
biological matrices.

Though many endeavors have been previously published to measuring the level of H»S, due to
the ease of reacting with other species and H2S species is easy to be oxidized. It is also rare to
have a consensus for determination of the actual amount of bioavailable H2S. In

Table 1.7, application of MBB method by using HPLC-FLD or LC-MS techniques for RSS
measurements in some significant cases was summarized. To address this problem, we
optimized the critical parameters of MBB method in the derivatization step and established a
protocol for fast and easy detection of sulfide concentration. Then we examined H2S
bioavailability in its various forms including free, acid labile, and bound sulfane sulfur. And
based on previous published results, we first time validated the method of quantification of H2S
in biological matrices which MBB method combined with HPLC-FLD were employed in this

work.
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Table 1.7 Application of MBB derivatization method hyphenated with HPLC-FLD or LC-MS for RSS
measurements in previous studies.

umol/g protein

Method Sulfide type Specimen type Detected Reference
measured levels
Human serum Not detected Togawa et al.
Free HS/H.S 1992 [221]
ree 2 Plasma from 15 1M Shen et al. 2010
mice [222]
. . Togawa et al.
Protein-bound sulfide | Human serum 1.3 0.6 yM 1992 [221]
Whole blood Wintner et al.
from rat 0.4-09uM 2010 [185]
ca 0.108 Shen et al. 2013
MBB+HPLC- Free and reversible Various organs 0 9(')4' m/n: [180]
FLD bound HS/H,S from mouse FUTPMMG |y o et al, 2015
protein [228]
Plasma from
human, rat, and 2nM Shen etal. 2015
. [181]
mice
Blood from Dominic et al
Free HS/H,S COVID-19 0.3uM 2021 [229]
patients
Shen et al. 2012
Sulfide pool Human plasma <7nM [183] Rajpal et
al. 2018 [144]
. ca. 2.5 pm/mg | Morikawa et al.
Mouse brain protein 2012 [230]
Whole blood
from mice,
beagle dogs, Wintner et al.
Free and reversible domestic pigs 0.3-12uM 2010 [185]
bound HS/H,S and cynomolgus
monkeys
In plasma and
tissues like Shen et al. 2014
aorta, heart, lung 0.25nM [186]
and brain
Mammalian
cells .
MBB+LC-MS Persulfide/polysulfide | , human plasma, micromolar loa et al. 2014
range [223]
mouse plasma,
and tissue
A broad range of
biological
Free and reversible | matrices, such as | sub-nanomolar | Tan et al. 2017
bound HS/H,S blood, plasma, scale [187]
tissues, cells,
and enzymes
0.03040.004
umol/g protein .
H-S and H.S, Mouse brain and K0|ke[it73I]. 2017
0.02640.002
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Mass spectrometry is a powerful technique with higher sensitivity and specificity than other
analytical detection methods. It can provide corresponding molecular weights and structural
information for analytes, which make it more specific than fluorescence-based method [231].
Using derivatization based-HPLC coupled with ESI/MS methods for detection of standard
derivate SDB was demonstrated to be a log-order more sensitive than HPLC-FLD, and with a
lower detection limit of 0.25 nM [186]. More importantly, the previously data have confirmed
that the application of sulfide dibimane is proven to be a valid indicator of H.S
bioavailability[187]. Recently, some works using different derivatization reagents to determine
the concentrations of H.S in vitro assisted liquid chromatography-mass spectrometry (LC-MS)
have been published. Lee et al. utilized a novel stable isotope-coded thiol-reacting reagent (2-
iodoacetanilide) to quantify hydrogen sulfide in HepG2 cells. The measurement of H.S
derivatives was exhibited good linear range 1 - 1000 nM [232]. Moreover, a pair of isotope
reagents, N-(acridin-9-yl)-2-bromoacetamide (AYBA) and N-(1,2,3,4-[?H4]-acridin-9-yl)-2-
bromoacetamide ([°Hs]JAYBA) were used to quantify low-molecular-weight thiols in human
cervical cancer (HeLa) cells [233]. Both are for cellular metabolites analysis. Taken together,
there only exist a very few endeavors with tandem mass spectrometry for the determination of
biological H>S concentrations which are simultaneously able to present advantageous
sensitivity and selectivity. Therefore, it remains challenging to measure the levels of hydrogen
sulfide accurately and reliably in a broad range of biological matrices, such as blood, plasma,
tissues and cells by a validated and robust method with mass spectrometry.

In the present study, we employed reverse phase-HPLC coupled with both a conventional
fluorescence detector (HPLC-FLD) and a state-of-art mass spectrometry (HPLC-MS) to
examine the presence of H.S in biological matrices by derivatization using MBB as the
fluorescent alkylating regent. Herein, we quantified biologic hydrogen sulfide pools, that is free
H>S, acid-labile sulfide, and bound sulfane sulfur. This validated detection and quantification
method allows for highly sensitive, accurate of endogenous hydrogen sulfide in complex
biological matrices. It is thought to potentially provide comprehensive and precise information
regarding critically evaluating hydrogen sulfide concentrations of biological relevance under

normal or pathophysiological conditions.
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1.2 Primary aim of this study

During my doctoral research activities, I mainly focused on optimization and validation of the
MBB RP-HPLC method for sulfide determination, including its speciation for the
determination of free sulfide, acid-labile sulfide and bound sulfane sulfur in human serum
samples. This study is part of a collaboration with the Laboratorio RAMSES, IRCCS lIstituto
Ortopedico Rizzoli and it aims to demonstrate the use of sulfide as biomarker in some
orthopedic diseases. This work has been published in 2022 [234]. Overall, the study is described

in detail according to the following points:

A detailed experimental condition analysis was carried out, focusing on the parameters applied
during the derivatization reaction procedure, which are based on a two-step nucleophilic
reaction of fluorescent reagent MBB with sulfide compounds. A comprehensive study was
conducted on advantages, disadvantages, and limitations of the key parameters, shedding light
on the significance of the employed experimental conditions (temperature, MBB concentration,
pH value, incubation time and serum sample handling) to obtain adequate readouts able to

reflect the real derivatization.

Meantime, the objective of validation of an analytical procedure is to demonstrate its ability for
the intended purposes. Therefore, we aimed to the validation of quantitative analytical method
MBB RP HPLC-FLD used in this study. Corresponding validation of the calibration procedure
for H2S species quantification was proposed and established for the first time. Parameters like
linearity (both statistical analysis of lower and higher range of Na,S standard solutions were
included). LOD, LOQ), accuracy, precision, and repeatability were determined according to ICH

harmonized tripartite guideline Q2(R1) [235].

The optimized detection method has been applied to human sera obtained from treating patients
in sulfur spring where cause the production of a naturally occurring H>S gas to monitor the true
state of the sulfur concentration levels, which may associate with the pathogenesis of various

diseases.
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1.3 Experimental approach

1.3.1 Chemicals and Supplies

Anhydrous sodium sulfide (CAS: 1313-82-2, NaS, Sigma-Aldrich, Cat. No. 407410-10G
HPLC grade, purity >98.0%, product of USA), Monobromobimane (CAS: 71418-44-5, MBB,
Sigma-Aldrich, Cat. No. 4380-10MG  purity >97%, product of USA),
Tris(hydroxymethyl)aminomethane (CAS: 77-86-1, Sigma-Aldrich CHEMIE GmbH,
Cat.:15,456-3 Lot.:01927DE-417 Tris-base, purity >99.9%, ultrapure grade, product of
Germany), Trifluoroacetic acid (CAS: 76-05-1, TFA, Sigma-Aldrich, Cat. No. T6508-
500MLHPLC grade, purity >99.5%, product of USA), 5-sulfosalicylic acid dihydrate (CAS:
5965-83-3, SSA, Sigma-Aldrich CHEMIE GmbH, Cat. No. S2130-100G purity >99.0%,
product of Germany), Sodium dihydrogen phosphate dihydrate (CAS: 13472-35-0,
NaH2POs 2H>0,  Sigma-Aldrich, Cat. No. 71500-250G, product of lItaly),
Diethylenetriaminepentaacetic acid (DTPA) (CAS: 67-43-6, purity >99.0%, Sigma-Aldrich,
Cat. No. D6518-5G, product of USA), Tris(2-carboxyethyl) phosphine (CAS: 51805-45-9,
TCEP, Sigma-Aldrich, Cat. No. C4706-2G), purity >98.0%, product of India), bovine serum
albumin lyophilized powder (CAS: 9048-46-8, BSA, Sigma-Aldrich, Cat. No. A2153),
Hydrochloric acid (CAS: 7647-01-0, HCI, 37%, Sigma-Aldrich CHEMIE GmbH, Cat. No.
30721-1L-M, product of Germany), and Phosphoric acid (CAS: 7664-38-2, H3PO.s 85%,
Sigma-Aldrich, Cat. No. 695017-500ML) were used to adjust the pH value of the buffer
solution and purchased from Merck (Darmstadt, Germany). Acetonitrile (CAS: 75-05-8, ACN,

Sigma-Aldrich, Cat. No. 34851-2.5L, purity >99.9%, ultrapure grade, product of France) and

LC-grade methanol (CAS: 67-56-1, MeOH, Sigma-Aldrich, Cat. No. 34860-1L-R) were
obtained from Merck. The purified deionized water used throughout the study was obtained
from a Milli-Q purification system (ELGA LC134, 0.2-micron filter, 18.5 mQ cm?, Merck
Milli-pore, Darmstadt, Germany). Sterile 2 mL BD Vacutainer tubes with clot/activator (BD
Vacutainer®, Plastic Serum Tube 2 mL with Red Hemogard Closure. Cat. no. 368493, additive:
Silica (Clot Activator)) were used to collect serum samples from patients. BD empty tubes
(Vacumed®, 13 %75 mm no additive x 3 mL of blood, Cat. no. 42912, white cap) were used

during the determination of different H.S levels in serum. BD Quincke point spinal needles
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20G 0.9 90 Mm were used during the speciation protocol.
1.3.2 Instrumentation and analytical methods

Derivatized samples were separated and SDB was quantified using an Agilent 1260 Infinity
HPLC system, equipped with a G1379B degasser, G1312B binary gradient pump, G1329B
autosampler, G4212B diode array detector, G1321A fluorescence detector, and a Chemstation
Chromatography Workstation. Separations were carried out at room temperature on an Agilent
Eclipse XDB-C18 chromatography column (4.6 <250 mm), with an average particle size of
5.0 pm.

Analyte separation was performed using a binary mixture comprising a mobile phase A (water)
and a mobile phase B (acetonitrile), which were adjusted with 0.1% (v/v) trifluoroacetic acid
(TFA), at a flow rate of 0.6 mL/min. The gradient elution started at 85:15 (v/v) and decreased
to 68% water in 3 min. Then, it dropped to 55% and remain this gradient for 13 min. Afterwards,
the system was kept in isocratic elution mode for 1 min and then brought back to initial
conditions 85:15 (v/v) in 3 min, and left in this condition for 3 min to stabilize the pressure of
the chromatographic system. The chromatographic separation was thus completed in 23 min.

Table 1.8 shows the HPLC conditions.

Table 1.8 HPLC condition and gradient eluent program.

Column Eclipse XDB-C18 column, 4.6 <250 mm, 5.0 pm
Temperature Ambient

Eluent A H20 (%) + 0.1%TFA

Eluent B ACN (%) + 0.1%TFA

Detection Fluorescence detector at Excitation 390 nm, Emission 475 nm

Injection volume 30 uL
Gradient timetable Time (min) A% B% Flow rate (ml/min)

0 85 15 0.6
3 68 32 0.6
16 55 45 0.6
17 85 15 0.6
20 85 15 0.6

Specifically, the excitation and emission wavelengths of the fluorescence detector were set to

Ex390nm and Em475 nm, respectively. Quantitative determinations were carried out using
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peak area measurements at the emission wavelength. The absorption wavelengths of the UV
detector were set at both 276 nm and 390 nm where SSA and MBB/SDB have maximum
absorption. The sample volume injected in the chromatographic system was optimized and set
at 30 uL. All solutions were filtered prior to analysis through a 0.2 um syringe filter and injected
in three replicates. The data were processed, and the area signals were integrated using an
automated software system. Chromatographic peaks were checked, and identification was
achieved by comparing retention times. Additionally, to confirm the peak identity, an UPLC
chromatographic system model (ACQUITY H-CLASS) coupled with a model Xevo G2-XS
Quadrupole/Time Of Flight Mass Spectrometer (UPLC-QTOF-MS, Waters Corp. Milford, MA,
USA) was used. The mobile phase, gradient program, and column were the same as used for
the HPLC-FLD system. The injection volume was 10 puL. Procedures applied on sulfide pools
determination of biological specimen by coupling with MBB method and analytical techniques
including HPLC-FLD and UPLC-ESI/MS were shown in Figure 1.26. The instrumentation set-

up was described in detail in the following sections.
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Figure 1.26 Overview of MBB method for measuring free sulfide and sulfide pools in human serum
samples.

1.3.2.1 Glove box

According to the literature survey, we learned that the chemical mechanism of sulfide
oxygenation process is quite complicated, and thiosulfate production is predicted to
predominate when the flux of H>S is low and oxygen tension is high. Oxidation of sulfide may
either produce or consume hydrogen ions, depending on the products and other conditions. As

shown in the equation is the course of the oxidation reaction in Figure 1.27.
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2HS + Oy + 2H —> 2H,0 + 2S (1)
2HS + 20, — H,0 + S,05% 2)
2HS + 40, —> 2S0,%+ 2H " (3)
Figure 1.27 Oxidation of aqueous hydrosulfide ions by oxygen.
To prevent and mitigate the effects possibly caused by the oxygen tension, both derivatization
and speciation steps were optimized and carried out in a hypoxia chamber (1% O>). In Figure

1.28 it is shown the type of glove box instrumentation applied in this work.

Figure 1.28 Scienceware Portable Glove Box System H50028-0000.
1.3.2.2 Ultra performance liquid chromatography electrospray ionization time-of-flight mass
spectrometry (UPLC-ESI/TOF MS)

Instrumentation system consist of two main parts:

1) UPLC Waters ACQUITY H-CLASS: It allows for the separation and purification on

analytical scale of chemical compounds from simple or complex mixtures.

2) Waters Xevo G2-XS QTOF MS with ESI source: This system allows for determination of

the accurate mass of the analyzed chemical compounds thus managing determination of the

molecular formula.

In this study, ESI-TOF MS analyses were performed in negative-ion mode. ESI-TOF conditions
were: capillary voltage, 3kV; sample cone voltage, 40 V; ion source temperature, 120 °C;
desolvation temperature, 600 °C; cone gas flow, 50L/h; desolvation gas flow, 1000L/h; mass

range: 50 — 1200 m/z; sample flow rate, 0.6 ml/min.
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1.3.3 MBB-sulfur derivatization step

It’s known several experimental analytical conditions of the MBB protocol derivatization,
particularly in the first step of alkylation of H2S/HS™, can change the endogenous balance of
H>S species, possibly resulting to readouts that do not represent the true speciation and the
correct “free sulfide levels” in biological samples. In particular, alkylation has been shown to
perturb sulfur speciation and influence sulfide detection in a concentration- and time-dependent
manner. For example, at high concentration MBB can cleave longer dialkyl polysulfide chains
and extract HzS from these bound sulfane-sulfur pools, thus leading to the shifting speciation
of sulfur species; MBB can liberate sulfide from sulfide pools when increasing reaction times
above 7 — 10 min [193]. Moreover, light exposure can influence the measurement as MBB is a
light sensitive reagent [183]; fluorescent light and sunlight cause a significant loss in measured
sulfide levels [178]. Another critical experimental setting is the reaction temperature: while
4 < was shown to minimize enzymatic production or degradation of H>S [183], raising the
temperature to 37 <C increased the values by 4 — 5 times compared to room temperature (RT)
[178]. Finally, other critical parameters include pH (increased pH results in increased releasing

[178]), and the influence of O, (1% represents the ideal condition for derivatization yield) [182].

.
v

Figure 1.29 Various types of tubes used during optimization step.

Moreover, as the anion HS™ and HS have a high propensity to oxidize, especially in the
presence of trace metal ions in water solutions [236], the presence of chelators (such as DTPA
and EDTA) are needed; this can increase derivatization yield. The tubes used for blood
sampling with or without additive can also affect the reaction yield [178]. Different tubes
containing (a) BD vacutainer tube with clot-activator/gel additive, (b) BD vacutainer tube
without additive, (c) Polypropylene tube and (d) Eppendorf tube was used during optimization

of the speciation step (see Figure 1.29).
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In addition, a validated calibration procedure has not yet been described in previous literature.
Most papers described protocols for free H»S quantification in human serum; however, only a
very few papers reported the application of the HPLC-FLD method for determination of the
H.S species (free, acid-labile, and bound sulfane sulfur) [181, 183]. Based on the MBB methods
proposed, here we optimized and validated a highly sensitive, robust, and high throughput
HPLC-FLD method for the selective determination and quantification of free, acid labile, and
bound sulfane sulfur in human serum samples. Among the derivatization parameters, applied
MBB concentration, temperature and sample handling conditions were more thoroughly studied
in this work to develop a robust protocol able to limit potential alterations of H2S pools.
Furthermore, corresponding validation of the calibration procedure was proposed for the first

time; linearity, LOD, LOQ, and repeatability were determined.

1.3.4 Preparation of Buffer Solutions and Reagents

The 100 mM phosphate buffer solution (PB-A) was prepared by mixing 80 mM
NaH2PO4 2H20 with DTPA at a final concentration of 0.1 mM. The pH value was adjusted to
2.6 by adding 0.1M phosphoric acid (HsPO4). The 100 mM phosphate buffer solution (PB-B)
was obtained by addition to PB-A solution with TCEP at a final concentration of 1.0 mM. Due
to the rapid oxidation of sulfide, high pH buffers containing reducing agents must be used for
an accurate determination of this form of sulfur. The 100 mM Tris-HCI buffer solution was
prepared by mixing Tris-base with DTPA at a final concentration of 0.1 mM. Then the pH value
was adjusted to 9.5 by adding 0.2 M hydrochloric acid (HCI).

(e} (0] o) o)
N hv N CH
Hsc%\jf/}cm HsC%\EN%B 3
r
HaC CH,

HyC  H,CBr

MBB Isomer of MBB
Figure 1.30 Photolytic isomerization of MBB derivative give exomethylene derivative.

Notably, the MBB reagent is moderately soluble in medium polarity organic solvents such as
acetonitrile and dichloromethane, and it is slightly soluble in water. Therefore, we choose to
prepare a 1.5 mM solution of MBB dissolved in acetonitrile. This solution was kept in an amber
container and protected from light to avoid photolysis. Otherwise, the MBB is susceptible to

convert into the isomer , as shown in Figure 1.30 is the structure of exomethylene derivative
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[237]. Unless otherwise specified, all stock solutions were prepared daily and used within an

hour of preparation to reduce oxidation caused by exposure to oxygen [200].
1.3.5 Standard and Solutions

Exogenous administration: In experimental settings, levels of H>S can be manipulated by the
administration of exogenous H>S or H»S releasing compounds. Exposure to gaseous H-S,
sulfide-sodium salts, slow-releasing H>S donors, hybrids of H>S-donors and other known
substances, such as thiosulfate, cysteine analogs and modulation of the expression or activity
of H>S producing enzymes are several options for adjusting H»S levels commonly used in
experimental settings. In this present study, we designed sulfide-sodium salts to simulate the
H>S levels, and exposure to gaseous H»S thermal spring as a novel treatment for patients by
altering their HxS levels. Therefore, sodium sulfide (NazS) was employed as a source of H2S
for standard solutions in the following biological investigations. The use of NaxS in such studies
is reasonable since both H>S and NaxS form HS™ rapidly in aqueous solutions resulting in
comparable physiologic and toxicologic responses. Firstly, a 5 mM stock solution of NazS in
water was freshly prepared and stored in an opaque centrifuge tube at RT. Seven calibration
standards (0.8, 1.6, 3, 6, 12.5, 25, and 50 M Na.S) were then prepared by diluting the original
stock solution with MilliQ water. Water and solvents were deoxygenated by sonication before
usage, and every day all working standard solutions were freshly prepared for derivatization.
The use of a micropipette allows for the same specification in the process of dilution (1000 puL

micropipette), then minimize the system error among every calibration series.
1.3.6 Patients and serum samples

The presented method shows high sensitivity and allows for the quantification of HzS species
with a limit of detection of 0.5 uM introduced in the section of paragraph 1.4 Results. It can be
then successfully applied for measurements of H2S levels in the serum of patients subjected to
inhalation with vapors rich in H.S. The validated procedure was applied to serum samples
obtained from 4 post-menopausal women (age: 55 *2.9) recruited at the Rizzoli Orthopedic
Institute. Under informed consent (AVEC 442/2018/OSS/IOR), patients were subjected to
inhalation treatment of sulfureous waters at the thermal spring of Castel San Pietro Terme

(Bologna, Italy), where the concentration of H.S is 14.6 mg/L.
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Each patient underwent a cycle of 30-min inhalation treatment for 12 consecutive days. Blood
samples were taken before the treatment (TO), immediately after the 12-day treatment (T1), and
three days after completion of the treatment (T2) (see Figure 1.31.) Blood samples were
collected in “serum collection tubes” that were carefully sealed to avoid leaking of the gaseous
phase. Serum was collected by centrifugation of blood at 3500 rpm for 15 min at 4 <C. Serum
samples were transferred in polypropylene tubes and immediately frozen at —20 °C, for up to 1

month until analysis, with no further cycles of freezing and thawing.

Step 1 . Blood samples collection: T0, T1, T2

4 post-menopausal women: 3 days after
T completion of

o o s o before the treatment 12-day treatment 12-day treatment
? * * ? @ @ =
1 2 3 4 ’

TO ' Ti: ' T2'

Thermal sulfur spring

H,S species Detection
(HPLC-FLD)

Figure 1.31 Schematic illustration for serum samples collection from patients.

1.3.7 Derivatization procedure

Before the derivatization procedure, all the materials were placed in a hypoxic chamber, which
was then purged with nitrogen gas to 1% O.. All working solutions were freshly prepared, and
the entire derivatization procedure was carried out as quickly as possible and under dim light

environment.

The protocol chosen for the derivatization of H.S species with MBB was as following. Firstly,
30 uL of standard solution or blank or serum sample was mixed with 70 pL Tris-HCI buffer
solution and 50 pL of 1.5 mM MBB. Eppendorf PCR tubes containing these reagents were
immediately capped tightly, vigorously vortexed for 5 s, and incubated in dark condition for 30
min at RT. Then, the reaction was stopped by adding 50 uL of 200 mM 5-sulfosalicylic acid
(SSA) to the tubes, which were further vortexed for 5 s. SSA quenches the reaction by two
ways: 1) it causes precipitation of the dissolved proteins inside the serum samples; 2) it causes

fluorescence quenching of bovine serum albumin (BSA) through a static quenching mechanism
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[238]. Finally, 200 pL of the resulting solution was transferred from PCR tubes to autosampler
vials equipped with a 200 pL plastic insert vial for HPLC quantification of the SDB
derivatization product. It must be mentioned that H.S readily binds to glass materials. Therefore,

polypropylene plastic insert vials were used for preparation of samples in this investigation.
1.3.8 Detection of H2S species in serum samples

‘H2S’ will be used as a generic term to encompass the mixture of H,S, HS™, and S*" that exist
in equilibrium in aqueous solutions at the actual pH value. To obtain free H,S values (free HzS,
HS~ S%), the derivatization procedure was applied to serum sample by centrifuging the final
reaction samples at 13,000 g for 10 min before transferring supernatants into the HPLC vials,
and then analyzing them by HPLC-FLD. In Figure 1.32 and Figure 1.33, the H,S speciation

and derivatization step are respectively shown.

Sample
|
50 pL of samples into 50 pL of samples into
4-mL BD vacutainer tubes 4-mL BD vacutainer tubes
450 pL of pH 2.6 buffer (PB-A) 450 pL of pH 2.6 buffer

(pH 2.6 ,1 mM TCEP) (PB-B)

30 min !! Liberation ) . .
Liberation \Il' 30 min

Remove liquid with syringe L . )
4 IS Remove liquid with syringe

! 1

Trap H,S gas with 500 pL of 100 Mm Trap H,S gas with 500 L of 100 Mm
Tris-HCI buffer Tris-HCI buffer
(pPH9.5,0.1 mM DTPA) (pH 9.5, 0.1 mM DTPA)
30min a Trapping Trapping !L 30 min
Sample A Sample B

Figure 1.32 Schematic illustration of the workflow for H,S species speciation step.

The acid-labile sulfide and bound sulfane sulfur were detected following the speciation protocol
based on the selective liberation of H»S, as already described by Shen et al. [183]. Briefly, a
volume of 50 pL of serum samples was added into two sterile empty BD vacutainer collection
tubes without additive. Subsequently, 450 uL of PB-A or PB-B was added to the two tubes,
respectively. Notably, PB-A solution was maintained at a pH 2.6and keep sample in an acidic

environment. Thus, Ha2S can be released from acid labile pools; PB-B contains TCEP, which
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cleaves the disulfide bonds of sulfane sulfur and releases sulfane sulfur atom. After 30 min
incubation on a rocker, all tubes were placed in a hypoxic chamber and the solution was
removed using a syringe with a spinal needle (1.0 mL) without inverting the tubes. Hereafter,
500 pL of Tris-HCI buffer solution was added, to trap the volatilized HzS for 30 min incubation

on the rocker. All procedures of volatilization and trapping of H>S were conducted in a hypoxic

chamber at RT.
Sample '
___________ [
Sample A Sample B
Transfer 30 puL of samples into PCR tube containing
70 pL of 100 mM Tris-HCI buffer (pH 9.5, 0.1 mM DTPA)
v
50 pL of 10 mM MBB solution
v
50 pL of 5-sulfosalicylic acid after 30 min of incubation
v
Inject 30 pL supernant RP-HPLC
N 1 i
Acid-release sulfide Free sulfide Total sulfide

Figure 1.33 Schematic illustration of the derivatization workflow for H,S species.
Finally, an aliquot of solution was derivatized from each tube following the procedure described
above, and analyzed using HPLC-FLD technique. The sample treated with the acid liberation
protocol (PB-A) gave the acid sulfide value (acid-released H>S), while the sample treated in
acid condition, with the addition of the reducing agent TCEP (PB-B) for disulfide bonds, gave
the total sulfide value (total H.S). Finally, the acid-labile sulfide level and the bound sulfane

sulfur levels were calculated as follows:
acid-labile sulfide level = acid-released HzS — free HoS’
bound sulfane sulfur level = total H.S—acid-released H>S

The acid-labile sulfide level is calculated by using the acid-released value minus the free sulfide
value. The bound sulfane sulfur level is calculated by using the total H.S value minus the value

of acid-released H,S.
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1.4 Results

1.4.1 Method validation and statistical analysis

The calibration procedure was defined and validation parameters, such as linearity, LOD, limit

of quantification (LOQ), intra- and inter-day precision, and matrix effect, were determined.

Calibration curves were performed using seven NaoS standards (0.8 — 50 umol/mL) as described
in paragraph 2.3. The absolute peak area was plotted against the different derivatization
products concentrations, and the curves were fitted both by polynomial and linear regression
analysis. LOD and LOQ were calculated for the linear model as, respectively, 3.3 and 6 times
the ratio between the root mean squared error (RMSE) and the slope of the model. RMSE is
defined as the mean of the squared differences between the experimental responses and the

response values recalculated by the model.

Five replicates of each point were analyzed to determine the intra- and inter day precision. This
process was repeated three times over three days to determine the inter-day precision using
freshly prepared calibration curves. Significant differences between inter- and intra-day

replicates were checked by Student’s t-test.

All values are reported as Mean = Standard Deviation. Statistics were performed by using R

statistical software (R Core Team, Vienna, Austria).

Data obtained from human samples were analyzed with an ANOVA test for repeated measures,

followed by a Dunnett multiple comparison test.

Method validation is a process of proving that an analytical method is acceptable for the
intended purpose [239-241]. It is a documented evidence, which provides a high degree of
assurance that it will consistently meet its pre-determined specifications and quality attributes
[242]. In pharmaceutical industry, chromatography is most commonly used technique for
quantitative and qualitative analysis of drug substances including those of biological origin
[243-245]. Specifically, in this work HPLC-FLD was applied for quantitative determination of
biomarker H>S species in human serum. To validate the analytical method, experiments must
be performed to fully characterize some critical parameters, such as sensitivity, linearity,

precision, repeatability, limit of detection (LOD), and limit of quantification (LOQ). All these
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parameters were routinely determined within the framework for method validations established
by regulatory bodies such as the International Conference for Harmonisation (ICH), the US
Food and Drug Administration (FDA), the United States Pharmacopeia (USP), and the

International Union of Pure and Applied Chemistry (IUPAC) .

Sensitivity and linear range

A key characteristic of any sensing platform is its sensitivity towards a target analyte. As such,
we investigated the response of MBB fluorescent probe (1.5 mM) when exposed to a range of
Na>S concentrations. Fluorescence response of the product SDB examined in inter-day and
intra-day were shown in the Figure 1.34. When exposed to different range of NazS
concentrations. The results demonstrated increasing fluorescence intensities in different
concentration ranges 0.8 — 6 uM and 0.8 — 50 uM, respectively, indicating a different sensitivity

range towards H>S species.
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Figure 1.34 Fluorescence response of SDB examined during inter-day and intra-day when exposed to
increasing concentrations of Na.S which in the range 0.8 — 6 uM and 0.8 — 50 uM, respectively. (Data
represent the average values of n = 3 measurements)

As shown in Figure 1.35, linear correlation and non-linear regression (3 datasets) were
employed in a concentration range 0.8 — 6 uM and 0.8 — 50 uM, respectively. A higher
correlation coefficient was demonstrated with intra-day datasets than inter-day datasets for the

range of 0.8 — 6 uM and 0.8 — 50 uM indicating a good fitness of intra-day experimental data.
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Figure 1.35 Linear (0.8 — 6 uM) and polynomial (0.8 — 50 uM) regression analysis showing
correlation between concentration of Na,S and fluorescent intensity of SDB.

Intra-day and inter-day precision (repeatability)

Calibration curves were performed using seven Na»S standards (0.8-50 pmol/mL), as described
in paragraph 1.5.5. The data points of calibration curves were repeated in triplicates on the same
day for intra-day precision and on three different days for inter-day precision (

Table 1.9). Relative standard deviation (RSD) was less than 15% which is acceptable according
to ICH guidelines. To evaluate robustness of the method, repeatability of experimental
responses of the calibration standards was investigated. Three measurements were prepared for
each concentration on three different days and the average of the relative experimental
responses was calculated. Similarly, average of the three repeated intra-day measures was
calculated. To verify whether the averages corresponding to the same concentrations obtained
in intra-day and inter-day are significantly different or not, a comparison t-test was performed

with confidence level set at 95%.
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Table 1.9 Precision study for the determination of H.S species derived from Na,S standard solution.

(% Relative Standard Deviation = % RSD = $2.(standard deviation) 4 ()

mean

Inter-day precision study (0.8 — 50 uM)

SDB peak area (LU*min)

NazS (uM) Set 1 Set 2 Set3 Mean SD RSD (%)
0.8 2.2 2.9 4.9 3 1 0.3
1.6 34 4.6 6.3 5 1 0.4

3 155 10.7 9.1 12 3 0.8
6 35.6 21 42.8 33 9 2.7
125 119.7 95.4 126.3 114 13 4.0
25 407.1 384.9 437.3 410 21 6.5
50 1074.2 1191.6 1071.5 1112 56 17.0
Intra-day precision study (0.8 — 50 uM)
SDB peak area (LU*min)

NazS (nM) Set 1 Set 2 Set3 Mean SD RSD (%)
0.8 2.9 2.3 2.5 3 0.2 0.1
1.6 4.6 4.3 4.8 5 0.2 0.1

3 10.7 9.6 9.8 10 0.5 0.1
6 21 20.6 19.9 21 0.5 0.1
125 95.4 88.6 91.4 92 3 0.8
25 384.9 383.3 368.7 379 7 2.2
50 1191.6 1179.2 1140.6 1170 22 6.6

Table 1.10 Media responses of the calibration concentrations prepared in intra and inter-day, and the
p-value obtained from the comparison t-test. (Results are represented as mean =SD, n = 3)

NazS (uM) (Tﬂi}ﬂ% (Tﬁi}ﬂ?ﬁ) p-value

08 26402 33+11 05
16 4.6+02 48+12 0.8

3 10.0 405 11,8427 0.4

6 20,5 +0.5 33.149.1 0.2
125 91.8 +2.8 113.8 +13.3 0.1
25 379.0 +7.3 409.8 +21.5 0.3
50 11705 +21.7 1112.4 +56.0 0.3




LOD and LOQ determination by the optimized method

LOD and LOQ were calculated for the linear model as, respectively, 3.3 and 6 times the ratio

between the root mean squared error (RMSE) and the slope of the model (b):

3.3 * RMSE

LoD = == —
b

6  RMSE

L0Q = ——

RMSE is the mean of the squared differences between the experimental responses and the

response values recalculated by the model.

Regression model

The calibration method was validated by studying its significance and descriptive and
predictive capabilities. The calculated results will be introduced in paragraph: 1.4.3.2
Calibration curve: optimization and validation.

The calibration standards are analyzed with HPLC-FLD. Signals area (LU*min) are plotted as
a function of relative concentrations of calibration standards series. A fitting is performed to
obtain the best regression model, whose fundamental parameters are shown in Table 1.11 with
the relevant formulas, where y; are the experimental responses, y is the mean value of responses
(i.e. the ordinate of the model centroid), y; the recalculated responses, n is the number of
measurements performed, and p’ is the number of regression coefficients.

Emphasis is mainly placed on an examination of the residuals to check the model adequacy in
regression analysis [246]. A good regression model is characterized by high values of TSS,
MSS, and by a low value of RSS, which represent respectively a wide exploration space and a
high correlation between experimental responses (or signals) and recalculated ones. (see
significances of TSS/MSS/RSS in Table 1.11). Consequently, a good model will be

characterized by a small standard deviation and a correlation coefficient close to 1.

The study of the parameters described in Table 1.11 only allows for an evaluation of the
descriptive capability. To evaluate also predictive capabilities of the model it is necessary to
introduce two other parameters, the PRESS (Predictive Residual Sum of Squares) [247] and the

prediction coefficient Q2
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~ 2
PRESS = Z.(yi —9i1)
L
In PRESS computation, predicted responses are considered instead of the calculated ones: ¥; ;

is the predicted value for the i-th object using a model that does not include such object in the

training set.

PRESS
TSS

Q=1
In PRESS computation, predicted instead of calculated responses are considered: y;; is the
predicted value for the i-th object using a model that does not include such an object in the

training set.

As in the case of R?, a good predictive model will be described by a Q2 close to 1.
Table 1.11 Parameters of the regression model.

Parameters Formula Significance
y - Mean value of responses
9 - Recalculated responses
n - Number of measurements performed
p' - Number of regression coefficients

TSS (total sum of squares) experimental responses and the centroid of the
model
., | RSSisanestimation of the distance between the
Zi(y ) experimental responses and the recalculated
ones
The MSS value indicates the difference between
TSS and RSS, it is an estimate of the distance
between the calculated responses and the
centroid of the model

. TSS is an estimation of the distance between
E Oi—»
L

RSS (residual sum of squares)

MSS (model sum of squares) Zi(f’i - »)?

RMSE (Standard deviation of

RSS ; ; ; ;
regression: root mean squared : RMSE provides reliable mformatl_on about the
n—p accuracy of the results of numerical models
error)
RSS R? quantifies the correlation between
R? (correlation coefficient) 1- TSS experimental signals and corresponding

standards concentrations

ANOVA test
To verify the significance of the model, an Analysis Of the Variant (ANOVA) test is performed

[248].The test involves the calculation of the Foss parameter, which represents the comparison
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between the variability attributed to the regression errors (quantified by RSS) and to the model

(quantified by MSS).

_ MSS/p
0ss — RSS/(TI _ pl)

The model is significant if RSS is not bigger than MSS, i.e., if Foss is much greater than the
Fras parameter (depending on the chosen significance o, generally set at 0.05 or 5%, and on
the degrees of freedom). In this case, the corresponding p-value becomes lower than the chosen

significance.
t-Test on regression coefficients
Once verified that the model has a good correlation between the experimental responses and

the relative concentrations, and once its significance has been ascertained with the ANOVA
test, it is necessary to evaluate the significance of the regression coefficients by a comparison
with the value 0.

To do this, a t-test is performed [249], which involves calculation of the toss parameter, i.e. the

ratio between the absolute value of the coefficient and its standard deviation.

_ b0 b

toss =
Sy, S,

The regression coefficient is significantly different from 0 if toss is greater than the
corresponding tras parameter (depending on the degrees of freedom and the significance). If
the corresponding p-value is smaller than the significance; the smaller the p-Value, the greater
the influence of the coefficient on the model.

For the validation of a calibration curve or a higher order polynomial function, it is necessary
to consider that a good model is obtained if the known term is not significantly different from
0, i.e. if toss is lower than trag and if the relative p-value is higher than significance. This
indicates that at zero concentration corresponds a signal that is not significantly different from
zero.

Response Plots

Last step of the validation consists in the evaluation of descriptive and predictive capabilities
of the model by analyzing the response plots. These are obtained by graphing the calculated
and predicted responses as a function of the experimental responses.

If the model is good, the fitting functions will be linear functions characterized by described by
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small standard deviation, correlation coefficient R? close to 1, and intercept and slope values
not significantly different from 0 and 1, respectively. This would indicate that the recalculated

responses are very close to the experimental ones.

All values are reported as mean = standard deviation. Statistics were calculated using R
statistical software (R Core Team, Vienna, Austria). Calculations, fitting, plotting, and
statistical analyses were performed using Microsoft Excel 16.0 (Microsoft Corporation) and
GraphPad Prism 8.0 (Graphpad Software Inc.). Data obtained from human samples were
analyzed with an ANOVA test for repeated measures, followed by a Dunnett multiple

comparison test [250].
1.4.2 RP-HPLC-FLD separation of derivatization product

Separation performance for the SDB product was verified, implementing an already reported
HPLC-FLD method [181] and increasing the injected volume to 30 ulL. Representative
chromatograms of the derivatization protocol applied to a blank sample (water), a standard
solution (6 uM NayS), and a serum sample are reported in Figure 1.36 (a). A stoichiometric
excess of MBB, 1.5 mM was used to ensure a rapid and complete reaction. The chromatogram
of a MBB solution diluted by acetonitrile is also shown, to indicate retention time of the MBB
excess. A standard sample and blank sample were used to attribute the SDB peak in serum
samples. SDB (highlighted in red), was eluted at tR = 11.8 min, while the excess of MBB was
eluted later (tR = 12.8 min).
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Figure 1.36 (a) Representative HPLC-FLD chromatograms of blank (H20), standard solution (6 uM
NazS), serum, and MBB. (b) MS spectrum of H.S derivatives. The molecular ion of SDB [M + H]* is
shown at 415.14 m/z.

UPLC-QTOF-MS analysis allowed the SDB peak identity to be confirmed. Figure 1.36 (b)
shows the MS-spectrum of the SDB peak. The m/z of 415.14 corresponds to the molecular ion

of SDB [186].
1.4.3 Sulfide levels quantification, method development
1.4.3.1 Derivatization method optimization

The first step of the derivatization procedure is a bimolecular reaction between H,S and MBB,
to give the intermediate sulfide monobimane species; then, a nucleophilic attack with a second
MBB molecule yields the SDB product. However, the conditions used to optimize the reaction
yield may strongly influence biological equilibria of the H.S levels, affecting the ratio between
the different forms of sulfide. A compromise between high yield and preservation of
equilibrium, together with analytical performance of the method, must be established.
Particularly, based on a few studies in serum samples with the HPLC-FLD-MBB method for
H>S species quantification [182, 183]. We have highlighted all the issues comprehensively
discussed in previous publications such as oxygen concentration and exposure to light, pH
condition for derivatization reaction, and trapping time on the speciation protocol. Moreover,
we considered some crucial parameters such as pH value, reaction time, MBB concentration,
temperature, and sample handling conditions for further optimization. Taken together, we used
pH 9.5 Tris HCI as buffer, 1% O, a 30 min reaction time, and a dark environment as reaction

conditions.
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pH and reaction time

According to previous investigations in literature, firstly an optimization of parameters such as
pH value and incubation time during MBB derivatization reaction was carried on. We
performed the derivatization step using Tris HCI buffer in different pH value (pH 9.5 and 10),
and we also tested the reaction at different incubation times (30 min and 120 min, respectively).
The measured SDB peak signals decreased at pH > 9.5. As indicated in Figure 1.37 . An
increasing SDB yield obtained when the incubation time from 30 up to 120 minutes, but
together with a rise in the worktime that doesn’t allow high throughputs during the working
day. For this reason, the reaction time has been reset to 30 minutes. Thus, pH 9.5 and 30-min
incubation in dark were employed as the reaction conditions for the activities following

discussed.
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Figure 1.37 Screening of pH value (30 min) and reaction time (pH9.5): HPLC-FLD chromatograms of
50 uM Na,S solution derivatized with 10 mM MBB.

MBB Concentration
For the derivatization of a 12.5 uM Na,S solution, we tested the effect of lowering the
concentration of MBB from 10 mM (as mostly used in the literature [181-183]) to 1.5 or 0.15

mM. The resulting chromatograms are shown in Figure 1.38. The use of 10 mM MBB provided

the highest peak area for SDB, but also two high peaks corresponding to by-products. The use
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of the lowest MBB concentration (0.15 mM) reduced the formation of by-products but also the
SDB peak intensity, due to the incomplete derivatization of free H.S. Notably, it has been
observed that the use of 1.5 mM MBB allowed for preservation of the SDB peak intensity, and
it reduced by-product formation together with a reduced MBB solution consumption which still

retains a good derivatization yield.

SDB |

A

» | by-products

12 125 13 13.5 14 mn

Figure 1.38 HPLC-FLD chromatograms of 12.5 uM Na,S solution derivatized with 10 mM (green),
1.5 mM (red) and 0.15 mM (blue) MBB.

Temperature

For the derivatization of a 12.5 uM NaxS solution, we then tested the effect of increasing
temperature from RT to 50 <C. To clarify the effect of these conditions on the biological
samples, a serum sample, and a simulated body fluid solution (SBF) were also analyzed. To
mimic the composition of human serum, in terms of ion and protein concentrations, the SBF
solution was prepared by dissolving 4 mg/mL serum albumin in phosphate buffer saline at

pH = 7.4. The peak area values obtained for SDB are reported in Table 1.12.
Table 1.12 SDB peak area of different samples at RT and 50 <C.

SDB peak area (LU*min) RT 50 °C
NazS 12.5 uM 270 800

Serum 63 207

SBF 2 230

Increasing the temperature caused an increasing trend in SDB formation for all the analyzed
solutions, as shown in Table 1.12. Both in standard solutions and serum sample, a nearly 3-
fold increase in the reaction yield was observed with increasing temperature (from RT to 50 <C).
Notably, SDB was detected in SBF only at 50 <C, thus suggesting the extraction of H,S from

protein (BSA) contained in SBF. As a consequence, it is not recommended to set reaction
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temperature at 50 °C during the serum sample derivatization step because of its desulfuration
effect on S-proteins and S-amino acids present in blood. Release of HS™ within the sample
would cause an increase in the signal associated with SDB, thus altering levels of the various
types of endogenous sulfide detected by this method. Accordingly, RT was chosen as the

optimal temperature for the derivatization procedure.
Serum Handling (Storage Conditions, Aging, Dilution)

The effect of serum handling (storage conditions, aging, and dilution) during the pre-analytical
phases was considered. In the protocol we maintained some of the experimental conditions
previously published once confirmed the absence of any significant difference for SDB vyield
(pH 9.5 Tris HCI as buffer, 30 min, 1% O, dark environment) [182, 183]. Finally, for the
derivatization reaction we used our optimized parameter values for MBB concentration and

temperature, at different sample handling conditions.
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Figure 1.39 SDB peak areas for a serum sample (a) stored at —20 °C for 1, 2 or 3 months; and (b) after
repeated freeze—thawing cycles at 1, 2, or 3 months. (c) Effect on SDB peak area of 1:1 dilution in
physiological solution of serum samples.

As for the sample storage procedure, no significant differences were found between area values
of the SDB peaks obtained from the three aliquots of serum sample stored at —20 °C for up to
3 months (Figure 1.39 (a)). Conversely, repeated freeze—thawing cycles lead to a significant
reduction of the SDB signal obtained from the same serum sample (Figure 1.39 (b)). Because

of complexity of the serum matrix, and to reduce potential chemical and instrumental

76



interferences, a 1:1 sample dilution with physiological solution was considered. The
derivatization yield for free H>S was compared for diluted and undiluted samples (Figure 1.39
(¢)). The diluted sample showed a higher yield for the SDB formation, indicating that potential
equilibrium shifts had occurred after the dilution. Therefore, in the optimized protocol aliquots
of serum samples (at —20 °C, different storage times, and thawed once) were directly analyzed

following the described derivatization procedure; no dilution was performed.
Speciation Protocol Tubes

For the acid-labile sulfide and bound sulfane sulfur quantification, the protocol described in
part 2.6 was applied. A 2-mL BD vacutainer tube with clot-activator/gel was initially used
during sample treatment for H.S pool release. However, when the derivatized Tris-Cl (blank)
and serum samples were analyzed, even the blank sample showed a peak at the SDB retention
time (tR = 11.8 min) with an area equivalent to that of a 15 uM Na,S standard solution (data
not shown). The identity of this peak was confirmed through UPLC-MS analysis, and the MS
intensity of SDB peaks from the analyzed samples (acid H2S from serum, total HS from serum,

acid HaS from Tris-Cl and total H>S from Tris-Cl) are reported in Figure 1.40.

To further investigate the origin of this peak in the blank samples, and potential interferences
due to the reagents and sample treatment, several blank samples were derivatized for the free
sulfide determination using the 2-mL BD vacutainer tube with clot-activator/gel instead of the
PCR tube. The resulting products were analyzed by UPLC-QTOF-MS. All the analyzed
samples showed the peak at tR = 11.8 min, and the identity of SDB was confirmed by MS.
Despite the serum sample showing higher intensities of SDB for H,S species, significant signals
were also obtained when Tris/PB/H20 was used as blank samples for the free determination.
These results would indicate potential interferences due to the silicone adsorbed on the 2-mL
BD vacutainer tubes used for all the derivatizations. Nevertheless, when empty BD vacutainer
tubes without additive were used for the speciation protocol, no FLD signal was detected at the
derivatization time with blank samples (tR = 11.8 min) (data not shown). Accordingly, BD

tubes without additive were used in the optimized protocol.
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Figure 1.40 MS intensity of SDB peak for: serum acid (acid H,S from serum), serum total (total H,S
from serum), tris acid (acid H2S from Tris-HCI), and tris total (acid H,S from Tris-HCI). Tris free (free
H.S from Tris-HCI), PBA free (free H2S from PB-A), PBB free (free H,S from PB-B), and H,O free
(free H,S from H0).

1.4.3.2 Calibration curve: optimization and validation

In this work, NazS solutions in the concentration range 0.8 — 50 |UM were prepared, derivatized,
and used for the calibration curve. We decided to explore a wide range of H2S concentrations,
because we could not predict where the real samples would have fallen and based on the levels
of HaS in serum samples reported in literature [178, 183]. In Figure 1.41, some representative,

overlapped chromatograms are shown.
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Figure 1.41 Representative chromatograms of overlaid calibration series: blank, 0.8, 1.6, 3, 6, 12.5,
25, and 50 M. (Peaks of SDB and MBB approximately at 11.74 min and 12.63 min, respectively.)

Moreover, as some authors used spiked serum samples with the addition of NaxS as calibration
solutions [184], to limit the matrix effect we explored a standard addition procedure (A standard
addition procedure: Two sets of parallel experiments were carried out: One is the Na,S standard
solutions prepared with MilliQ water. Another one was followed the same procedure to prepare
Na>S standard solutions, but the final spiked sample was obtained by the dilution of Na,S

standard solutions with a spiked serum sample. For example, “serum+ NazS 5 pM” was
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prepared by diluting standard sample Na,S 10 uM with the same volume of serum sample,
therefore, half concentration of Na,S standard solutions with a spiked serum sample can be
obtained.). We then compared the SDB peak area values obtained from NaS standard solutions
with the peak from a spiked serum sample at the same standard concentrations. The results
showed that the addition of a standard solution of NazS to the serum sample gave a lower value
of SDB peak area, with a concentration dependent trend (Table 1.13). These data indicate that
after the addition of Na.S to serum sample, a portion of sulfide can be trapped by the matrix,
making unreliable the correlation between SDB product yield and sulfide concentration.
Therefore, this supports the choice of determining the calibration curve for the HPLC-FLD

MBB method using NaS standard solutions.

Table 1.13 SDB peak area of standard Na,S sample and spiked serum samples.

NazS 5 pM/ NazS 12.5 pM/ NazS 25 pM/
serum+ NazS 5 pM serum+ NazS 12.5 pM serum+ NazS 25 pM
DB k ar
SDB peak area 25/22 180/100 400/200

(LU*min)

The wide calibration range here selected required the use of polynomial regression, as reported
in Figure 1.42 (a). The calibration curves were calculated using a second-degree polynomial
regression (parabolic), where the independent variable (x) is the standard concentration, and
the dependent variable (y) is the area value of the FLD peaks. The resulting model equation is
y=a+bx+cx”2. The curve parameters are summarized in Table 1.14. The R? value of 0.998 and

the model p-value close to 0 demonstrate that the parabolic model is a good fit for the data.

To assess measurements repeatability, three replicates of each standard were prepared in
different days. Inter-day repeatability was successfully verified by performing, for each
concentration, a Student’s t-test between the inter-day replicates and the standards used for the
calibration. The relative p-values were never below the chosen significance level (a = 0.05):

this showed no significant differences between the standards and the inter-day replicates.

To further validate the parabolic model, a leave-one-out cross-validation (CV) was performed
[251]. This method consists in removing an experimental point from the dataset, computing the
model with all the remaining points, and then projecting the removed point onto the model.
This procedure was repeated for all the points, and the recalculated responses (in this case the

FLD peak areas) were compared to the experimental values. The comparison could be

79



performed by computing a linear regression between recalculated and experimental responses

(Yrecalculates=a+bYexperimentar): the intercept (a) and the slope (b) of such a model should be not

significantly different from 0 and 1, respectively. This would indicate a good match between

(a)

Area

1000 1200

200 400 600 8OO

0

20

30

40 50

Concentration (uM)

(b)

Recalculated y (FLD Area)
400 600 800 1000 1200
1 I i 1

200

II/

g

0

T
200

T
400

Experimental y (FLD Area)

T
600

T
800

1000

T
1200

Figure 1.42 (a) Parabolic regression in the concentration range 0.8-50 M. (b) Regression lines of the
validation methods using cross-validation (CV) (in red) and calibration (in blue).

Parameter Value
a (AU) -13.2

s (AU) 6.61

b (AU pM?) 5.87
sp (AU pM™) 0.930
¢ (AU pvi?) 0.358
sc (AU pM2)  0.0181
R? 0.998
RMSE (AU) 18.16

model p-value <2.20 10¢

Table 1.14 Parabolic regression parameters. All values are reported with the corresponding measure

unit, AU stands for (FLD) area unit. RMSE stands for root mean squared error.

recalculated and experimental values. Moreover, the responses can be recalculated by

projecting them directly onto the original model without removing any point, and calculating

the same linear regression (Calibration method). The results of such a procedure are reported

in Figure 1.42 and Table 1.15. Figure 1.42 (b) shows that the two lines (blue and red) coincide

with the first quadrant bisector. The line parameters reported in Table 1.15 show, besides the
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goodness of the models due R? close to 1 and low p-values, that the two intercepts and slopes,
also considering the corresponding standard deviations, are not significantly different from the

ideal values of 0 and 1.

CVv Calibration

Intercept —0.108 0.429
Sintercept 0.685 0.520
Slope 0.999 0.998
Sslope 0.0122 0.00969
R? 0.997 0.998
RMSE 22.3 17.8

model p-value <2.20E-16 <2.20E-16

Table 1.15 CV and calibration regression line parameters.
Indeed, high standard deviations were obtained for the calculated concentrations (data not
shown) when the twelve unknown samples (four samples collected at three different times of
H.S inhalation) were interpolated. This made all the calculated concentrations not significantly
different from zero. These results revealed the poor prediction ability of the parabolic model.
The inaccuracy of the method indicated poor prediction of the concentration value. However,
we noticed that the interpolated areas of the unknown samples were always in the range 5-15
AU. This means that the unknown samples were interpolated in the lowest concentration range
of the curve and far from the centroid, which is around 600 AU. In general, for all the regression
models, the standard deviation calculated for a projected sample is lowest if the sample is close
to the model centroid, while it increases, also dramatically, in the external portions. Therefore,
the high standard deviation values could be due to the non-optimal performance of the model

in that response region.

Consequently, we decided to reduce the standard concentration range to 0.8 — 6 M. This
corresponds to a range whose centroid is close to the unknown signals. In this way, it was also
possible to simplify the regression model to a linear, rather than parabolic, model. The
calibration line is reported in Figure 1.43, and the corresponding parameters are reported in

Table 1.16. Both Figure 1.43 and Table 1.16 indicate, in this restricted concentration range, a
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good fit of the standards to the linear model. R? is close to the ideal value of 1 (0.995) and the
p-value of the model is highly significant (4.77 10—13). Moreover, the intercept is not

significantly different from O.
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Figure 1.43 Linear regression in the concentration range 0.8—6 |UM.

Parameter Value
Intercept (AU) —0.581
Sintercept (AU) 0.260

Slope (AU pM™?) 351
Ssiope (AU ML) 0.0749
R? 0.995

RMSE (AU) 0.514

model p-value 477101

Table 1.16 Linear regression parameters. All the values are reported with the corresponding measure
unit, AU stands for (FLD) area unit.

LOD and LOQ for the method were calculated from the linear model as 3.3xRMSE/Slope and
6xXRMSESlope, respectively. LOD resulted to be 0.5 M, and LOQ was 0.9 M.

1.4.4 Efficacy of the method on human serum samples

To evaluate performance of this method in a clinical setting, we quantified the different sulfide
species in the serum of four patients enrolled into an interventional clinical trial at Rizzoli

Orthopedic Hospital, based on a cycle of 12 inhalation treatments with sulfurous water with
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high H>S content. The linear model was used to calculate the concentration values. Figure 1.44
shows that the sulfurous thermal treatment (STW) had a strong effect on the total concentration
of H2S, which increased significantly from TO (before the treatment) to T2 (three days after the
completion of the 12-day inhalation treatment) by over 40% (p < 0.0001). Nonetheless,
concentration of free H»S remained steady treatment throughout the experiment. Consequently,
the acid-labile and the bound sulfane sulfur fractions also increased three days after the end of
treatments. These results highlighted the specificity of the method, which could detect
differences in specific HzS levels. While the biological implications of these findings remain to
be elucidated, these data show that an exogenous source of gaseous H.S affected the serum
levels of the different H2S pools.

40 ~ —— total H,S
35 | )i —+— acid labile H,S
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25 | ' —— free H,S
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Figure 1.44 H,S levels in serum samples collected before the treatment (T0), immediately after the
12-day treatment (T1), and three days after completion of the treatment (T2). **** = p < 0.0001 vs.
values at baseline (T0); *** = p < 0.005 vs. values at baseline (T0).

1.5 Discussion

A panel of preclinical studies has established that free H.S and relative H2S species act as
important signaling molecules in cells and tissues. Moreover, they have emerged as important
determinants of susceptibility or prognosis in certain pathologies and may work as key

biomarkers [144, 252-254].

In the context of musculoskeletal diseases, animal studies have ascertained that H,S triggers an
antioxidant response sufficient to inhibit osteoclast differentiation [255], and supports
osteoblast differentiation and bone formation [54, 256, 257], thereby mitigating the
osteoporosis induced by hormone depletion or chronic glucocorticoid treatment [258].
Importantly, circulating levels of H,S were associated with a lower bone mass in a murine

model of post-menopausal osteoporosis [259], and H.S biosynthesis was shown to be impaired
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in the osteoarthritic joint [260]. No information is yet available for regulation of bone tissue by

sulfide pools in both physiology and pathology.

The reproducible quantification of H>S species (free, acid labile, and bound sulfane sulfur)
would help to identify their divergent regulatory roles in several biological processes and help
to define the range of concentration of H»S released from pharmacological donors and to obtain
a targeted delivery of H,S at the desired dose. Thus, finding a reliable and sensitive method for
H>S detection and analysis is still a challenge. Physiological and pharmacological features of

H>S has been demonstrated by Mancardi and co-workers [261].

The use of colorimetric detection based on methylene blue has been declining in the literature,
due to several limitations: it lacks sensitivity at low (<1 uM) H.S concentrations, which makes
it inappropriate for measuring lower biological levels of H,S; formation of dimers and trimers
of methylene blue; interference with other colored substances; and strong acid chemical
pretreatment [168]. Electrochemical techniques, such as sulfide ion-selective and polarography,
have been developed to detect H.S in whole blood and tissues [173]. However, sulfide ion-
selective electrodes are prone to fouling and, similarly to the methylene blue method, cannot
provide information in real-time or on living tissue and are not sensitive enough for most
biological samples [198]. In addition, values obtained from this indirect method tend to be
somewhat lower than those using direct methods. Polarography sensors, tend to drift, must be
frequently calibrated, and consume sulfide slowly, thus hampering measurements with very
small volumes [177]. The most sensitive technique for measuring physiological sulfide levels
in pure biological samples, gas chromatography, potentially liberates bound sulfane sulfur
because of irreversible sulfide binding or shifts in phase transition equilibria and is not capable
of determining the level of HS in real time [149]. Despite the impressive effort being put into
the development and validation of accurate and reliable methods for the determination of sulfide

levels in the past few years, most of these methods still show several limitations [226].

HPLC-FLD based on MBB derivatization represents the most interesting approach for H,S
species analysis in plasma or tissue samples, with advantages related to its high sensitivity and
specificity. During sample preparation, biological equilibria can be modified, releasing free HzS,

which may alter the actual levels; consequently, a robust and reproducible analytical protocol
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must be designed. Complicating the matter is the fact that sulfide exists in multiple forms: free
sulfides such as S*-, HS™, H.S, acid-labile and bound sulfane sulfur. These different forms of
sulfide make quantitative measurement of bioavailable H>S difficult and have led to variable

reported levels in the literature.

Here, we applied some reaction conditions (pH 9.5, Tris HCI as buffer, 1% Oz, 30 min, dark
environment) already discussed in previous papers [178]. The results were in line with these
studies and showed no significant differences. Next, we analyzed crucial parameters (MBB
concentration, sample handling, tubes for the speciation protocol) that would significantly

affect the HPLC-FLD method results.

First, we aimed to reduce the MBB used in the protocol, since high concentration MBB can
cleave longer dialkyl polysulfide and this would increase the throughput of the method by
consuming less key reagent. The best results were obtained with 1.5 mM MBB, a concentration
able to quantify sulfide in a wide interval range, giving greater sensitivity to the technique and
reducing the production of by-products. However, previous evidence has shown that a 1.1-10
MBB concentration can extract H>S from bound sulfane sulfur pools [193]; therefore, we cannot
exclude the possibility that “free sulfide levels” at least partially measured a release from long

polysulfides, instead of direct alkylation of free sulfide.

Then, we aimed at optimizing the protocol temperature. The increase in temperature from RT
leads to greater yield of the derivatization reaction on Na,S standard solutions and serum, with
a consequent increase of the sensitivity of the method. However, the SBF used to mimic a
biological sample showed a value for SDB formation only at higher temperature; thus,
suggesting the extraction of H>S from proteins contained in SBF and the alteration of the levels
of the various types of endogenous sulfide detected using this method. Albumin contains
cysteine residues that are sensitive to thermal degradation, with the consequent release of
sulfide in the monoprotonated form (HS™). While the NaS standard solution has a reserve of
sulfide proportional and limited to the quantity of Na>S present, the biological matrix (serum
sample) contains various species of sulfide that can be enclosed in metal clusters or linked to
proteins, and whose release in solution can be stimulated by external agents; in a selective way,

using specific reagent and chemical conditions, as for the speciation protocol; or in a non-

85



specific manner, as by increasing the reaction temperature. Consequently, RT was chosen, to

avoid contamination of the endogenous sulfide levels.

Additionally, we tested a dilution of serum samples, but we showed that no dilution should be
applied to the serum sample prior to derivatization. In the optimized protocol, 30 piL of serum
was directly derivatized without dilution. Since one of the aims of the presented work was to
develop a robust protocol able to give reproducible values for H.S levels (free, acid-labile, and
bound sulfane) in blood, we highlighted that an empty BD-vacutainer must be used during the
speciation protocol, to avoid interference in the SDB quantification, due to the presence of clot

activator in the tube.

Finally, we studied the standard calibration procedure: we first prepared a stock solution of
Na.S, then we diluted it to obtain 0.8, 1.6, 3, 6, 12.5, 25, and 50 UM concentrations, which were
then derivatized; these standards were used for the calibration curve and a validation was
performed with a leave-one-out cross-validation (CV). To our knowledge, this is the first report
to employ this validation. Current HPLC-FLD MBB-based protocols for H.S levels
quantification mostly derivatize the standard solution of Na,S and then dilute the relative SDB
purified to obtain different calibration standards, to calculate the calibration curve;
consequently, issues related to the derivatization procedure, which can strongly affect the
reaction yield and quantitative results [182, 183, 193], are not well considered. Some authors
instead reported the use of serum samples spiked with NaS as calibration solutions [184]. In
this study, we compared the SDB peak area obtained for Na>S standard solutions, and a spiked
serum sample added at the same standard concentrations. The results indicate that after the
addition of NaxS to the serum sample, a portion of sulfide can become trapped by the matrix.
Therefore, standard addition to the serum matrix does not represent a robust quantitative
analytical approach. Thus, the calibration curve was determined by using calibration standards
diluted using a stock solution of NaxS before derivatization. A LOD of 0.5 uM was determined,

indicating a high sensitivity with respect to similar reported methods [181, 184].

Then, we tested the present analytical approach in a group of patients undergoing a cycle of
inhalation treatment with HS: rich water; this route of administration was chosen because the

concentration of free H>S in the waters (14.6 mg/L) is biologically relevant, as it falls within
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the low micromolar concentrations shown to be bioactive in a broad series of preclinical studies.
Moreover, whether the exposure to an exogenous source of H2S can influence the circulating
levels of RSS in humans is an unanswered question, with potential clinical relevance, as the
replacement of sulfur was shown to be an effective strategy in certain pathological conditions
characterized by lower-than-average RSS in blood. Particularly, we demonstrated that, in a
preclinical mouse model of post-menopausal osteoporosis, replacement of decreased H»S levels
in serum with intraperitoneal administration of sodium hydrosulfide prevented the bone loss
occurring due to estrogen deficiency [144]. Notably, the findings of the present study show that
this method could detect a change in the different pools of H>S in the serum of patients. After
the end of treatment (timepoint T2), the total H>S increased by over 40% relative to baseline
levels, resulting from a similar increase in the acid-labile and bound sulfane sulfur pools; on
the other hand, the treatment had no effect on the free H»S pool, suggesting that the exogenous
free H2S quickly reacted with the proteins of the biological matrices in blood. In the context of
studies on osteopenia-osteoporosis, this finding could be of relevance, since we could analyze
and eventually correlate the H»S species modulation in serum, due to sulfurous water inhalation,

to biomarkers of bone remodeling.

1.6 Conclusions

We optimized and validated a MBB derivatization method coupled with a HPLC-FLD protocol
for H,S species quantification in human serum samples and validated for the first time the
procedure of calibration. Crucial factors influencing the actual H2S species level were excluded
from the protocol. Furthermore, we provided evidence of the importance of the procedure of
preparation of standard solution and the relative calibration. Overall, the optimized method
results in a more efficient derivatization of H>S with MBB, with a low perturbation of sample
equilibria, giving a robust value for endogenous H»>S species. Although this method cannot
achieve absolute quantification of H.S species, it is a good method for relative quantification.
Significant progress had been put forward in indirectly determining the action of vapor sulfide
on the primary target organs. By revealing a modulation in H>S species in patients that
underwent sulfurous water inhalation, we demonstrated that the method proposed is a reliable

tool to measure H»S species in biological matrices. This validated detection and quantification
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method can improve H,S species relative quantification in physiology, pathology, and for
helping to track HzS levels in the context of pharmacological exogenous HS treatments. As

shown in Figure 1.45, it’s shown a graphical overview for sulfur species measurements.

Sulfur species measurement: o Human serum
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Figure 1.45 Graphical overview of the present study for sulfur species measurements.
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Chapter 2. Application of MBB/HPLC-FLD method to a biomimetic Silk
Fibroin-PLGA multilayer electrospun scaffold

2.1 Introduction

The sulfur species research field is growing rapidly in the last decades. Considerable evidence
is accumulating on the role of endogenous gasotransmitter H.S as a mediator of several
biological functions and its deficiency has been associated with different disorders. Many H,S-
releasing agents have been developed as potential therapeutic tools for diseases related with
impaired H.S production and/or activity. Some of these compounds are in advanced clinical
trials. Thus, translational medicine involving the sustained and controlled release of H2S is of
great value for both scientific and clinical uses. However, the use of existing H.S donors is
usually limited because of the instant release and short half-time of HS.
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Figure 2.1 Structures of various H»S salts and donors used for basic research.
With a view to those unsolved problems on H2S donation, some investigators have overviewed
the recent progress and contributions to chemistry and biological applications of H.S releasing
agents used as pharmaceuticals [262-265]. The data generated can be generally divided into
two groups: (1) obtained using exogenous sources of H,S and (2) obtained by modifying
endogenous HS synthesis. For the first group, the administration of gaseous H»S is heavily
limited due to a difficult control and risk of overdose. In contrast, the use of H,S-releasing
agents can ensure a convenient and safer strategy for slow H>S release controlling. Nowadays,

there are agents that either directly release H>S when in solution (NaHS, NaxS, Lawesson’s
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reagent, GY'Y4137) or function as a precursor for endogenous H»S synthesis (N-acetylcysteine,

L-cysteine) [266]. The structures of these compounds were shown in Figure 2.1.

In this work, we placed more emphasis on study the exogenous sources of H.S, especially for
GYY4137 [266], a novel slow-releasing H2S donor, which behaves as source of exogenous H»S.
It is a promising drug for the prevention and treatment of several diseases through controlling
of the H,S release. In the context of scaffolds for tissue engineering, the use of silk fibroin (SF)
has been widely proposed for several applications. SF shows superior biocompatibility,
controllable biodegradation, and attractive mechanical properties thanks to a balance of
modulus, breaking strength, and elongation, which contributes to its toughness and ductility.
Furthermore, SF scaffolds have been demonstrated to stimulate human osteoblast-like cell
attachment, growth, and proliferation; to be suitable for tissue regeneration. Furthermore, due
to the instability of GY'Y4137 in the solvent needed to prepare silk fibroin solutions (formic
acid), the electrospinning of the donor together with the silk fibroin turned out to be impossible.
Therefore, a multilayer structure was realized, consisting of a PLGA mat containing GYY4137
sandwiched between two silk fibroin nanofibrous layers. With further optimized derivatization
steps of the MBB-RP HPLC method developed in hand, a novel silk fibroin scaffold loaded
with different concentrations of GYY4137, i.e., 0, 2 and 5% w/w with respect to the weight of
PLGA was analyzed to study their H,S release. This novel designed scaffold was proposed by
the Polymer Science and Biomaterials research group headed by Prof Maria Letizia Focarete at
the Department of chemistry “Giacomo Ciamician” and INSTM UdR of Bologna, University

of Bologna.

As described in chapter 1, specifically, the ‘H2S’ mentioned and detected in this chapter also
represents the ‘HzS species’. Because at physiological pH and temperature, gaseous H>S is a
weak acid in aqueous solution, about 20% of the total sulfide is undissociated, 80% undergoes
the first dissociation, while the second dissociation is negligible. Thus, significant amounts of
H>S and hydrosulfide coexist and both species contribute directly to the measured levels of

sulfide.
2.2 Experimental approach

Equipment required:
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HPLC-FLD instrumentation, Ultrasonic instrument, Hypoxic chamber and Vortex mixer,
described in paragraph 1.3.2 were applied to all samples analysis proposed in H.S-releasing

tests. Heating oven and thermostatic tilting bath were also used in this project.

Sample preparation:

Degradation of GYY: About 0.38 mg of GYY4137 without embedding in any mat were placed
in a2 mL Eppendorf PCR tube with a tight cap, 1mL of Phosphate Buffer (PB: 0.1 M, pH=7.4)
were added to the tube in a glove box after its sonication for 30 min. PB: only 1 mL of PB;
GYY4137: GYY4137 + 1 mL of PB. Each sample was incubated in the tilting bath at 37 <C for
168 h and each withdrawal carried out in hypoxic chamber glove box. After each withdrawal,
the solution was refilled with the same amount of PB in the glove box.

H.S release of Multilayer: About 5 mg of each multilayer mat (a square of 1.3 x1.3 cm) were
assembled on the cell-crown (24 well) and placed in a 20 mL plastic tube with a tight cap. MB:
Multilayer blank: sandwich consisting in an inner layer of PLGA and the two outside layers of
silk fibroin sample without GYY4137; M2%: Multilayer Silk-PLGA+2%GYY4137-Silk:
sandwich consisting in an inner layer of PLGA loaded with 2% w/w of GYY4137 and two
outside layers of silk; M5%: Multilayer Silk- PLGA+5%GYY4137-Silk: sandwich consisting
in an inner layer of PLGA loaded with 5% w/w of GYY4137 and two outside layers of silk.

PLGA+

Figure 2.2 Biomimetic Silk Fibroin-PLGA multilayer electrospinning scaffold and tight tubes used in
the controlled release of H.S tests.

Figure 2.2 shows how the samples prepared and tube used for releasing tests. 5 mL of PB
incubated in the tilting bath at 37 <C for 168h. But sample MB, M2%, M5% were incubated in
the tilting bath by addition of 4 mL of PB at 37<C for 168h. Each withdrawal carried out in

hypoxic chamber glove box. After each withdrawal, the solution was refilled with the same
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amount of PB in the glove box.

Solutions to be prepared:

Phosphate buffer saline (0.1 M, 0.5 L, pH= 7.4) HK>PO4 8.7g, adjust pH value to 7.4 with 37%
HCI at room temperature;

Tris-HCI buffer (pH 9.5, 0.1 mM DTPA): 1.21 g Tris-HCI and 4.0 mg DTPA, then put them
into the 100 mL volumetric flask with 2/3 Milli-Q water inside. Dissolve the compounds
completely then adjust the pH value to 9.5 by adding 0.2 M hydrochloric acid drop by drop;
MBB solution: 1.5 mM, 2 mg monobromobimane in 5 mL Acetonitrile, the solution should be
kept in an amber container and protected from light to avoid photolysis;

SSA: 200 mM (218 mg 5-sulfosalicylic acid in 5 mL water).

It should be noted that all working solutions mentioned above are employed fresh in the
following protocol.

Preparation of stock solution and calibration series:

A modified MBB/HPLC-FLD method was applied in a slow H.S-releasing donor agent
(GYY4137). Temperature was set at 50 °C to improve the sensitivity of reaction during sample
incubation in the derivatization step. Sodium sulfide (Na.S) was used as a source of hydrogen
sulfide for standard solutions. A 12.8 mM stock solution of NazS in phosphate buffer (0.1 M,
pH= 7.4) was freshly prepared and stored in a 10 mL opaque centrifuge tube at RT. First, 30
uL of calibration standard was mixed with 70 uL Tris-HCI buffer solution (100 mM, pH = 9.5)
followed by 50 uL. MBB solution (1.5 mM). Eppendorf PCR tubes containing these reagents
were immediately capped, vortexed vigorously for 5 seconds and incubated for 30 min in the
dark at 50 °C. Then, the reaction was stopped with the addition of 50 uL of 200 mM 5-
sulfosalicylic acid, and further vortexed for 5 s. Finally, 200 i of the mixed solution was
transferred from PCR tubes to HPLC autosampler vials equipped with a 200 uL plastic insert
vial for quantification of SDB derivatization product. During the derivatization procedure, all
materials were purged in a hypoxic chamber with nitrogen gas to 1% O.. The entire
derivatization procedure was carried out under dim light. The flowchart of the calibration series

preparation followed by derivatization step is shown in Figure 2.3:

92



Figure 2.3 Schematic illustration of the standard solution derivatization procedure and reaction

Respective six final concentrations of calibration standards (1, 5, 10, 15, 25, and 40 M Na>S)
were then prepared by diluting the stock solution with phosphate buffer. Deoxygenate the water
and solvents by bubbling with argon for 30 min before usage, and all working standard solutions
were freshly prepared for derivatization every day. Calibration curve for sulfide-dibimane
(SDB) quantitation was obtained in Figure 2.4, Dashed line represents the fitted polynomial
regression to the measured data points with the intercept going through, but not set to zero.

Polynomial regression analysis showing correlation between concentration of hydrogen sulfide

(10 mL PB + 10 mg Na,S) 12.8 mM

(9.92mL PB + 80 pL 12.8 mM Na,S) 100 pM

dilution with PB

Calibration series: 1, 5, 10, 15, 25, 40 uM

30 uL standardized samples
70 pL Tris buffer
50 uL MBB

1. derivatization at 50 °C
2. incubate 30 min in dark

50 uL SSA

stop the reaction

Inject 30 pL supernatant RP-HPLC

conditions for sulfide measurement.

and fluorescence areas of SDB. Equation:

y = 0.0133x? + 10.87x —5.2437, R? = 0.999.
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450 |

400 |

FLD (Area)
ot ot (=3 (=] =] 7]
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Figure 2.4 Calibration curve for sulfide-dibimane (SDB) quantitation.
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Representative standardized procedure for H->S release with MBB RP HPLC-FLD method

for sulfide measurement:

The electrospun silk fibroin and GYY4137/PLGA mats were assembled and sterilized before
being subjected to H»S release studies. In this work, the MBB method with HPLC-FLD, which

Is suitable for sensitive quantitative measurement of sulfide was employed.

1000

Take 30 uL for analysis | HPLC-FLD 600

400 SDB
200
: g d) MBB method . : ;i3 2 z A
a])oz:).o mL PBS " Mix f) Quantification of H,S
i( mM, pH=74) :
- PBS
PBS —/

b) Wrapped with tin film ) Refill 30 uL PBS i
¢) Incubatc in tilting bath !

' N # ~ These steps were carried out
| o= J  inahypoxia chamber (1% O,)

Figure 2.5 Schematic representation of the quantification procedure of H,S donor GY'Y4137.

The schematic procedure for HaS release study from the assembled scaffolds is indicated in
Figure 2.5, (a) PB was sonicated for 30 min before use to remove dissolved gasses and/or
entrained gas bubbles. (b) The combination sample consisted of scaffold and GYY4137 was
first put into a 20 mL plastic tube, then added with 4.0 mL PB in a hypoxic chamber. The tube
was then wrapped with aluminum film and incubated in a thermostatic shaking bath at 37 <C.
(c) Released H»S dissolved in aqueous solution was derivatized with the fluorescent alkylating
agent MBB. (d) Each sampling was carried out in hypoxic chamber (1% O). After each
withdrawal, the PB solution was refilled with the same amount of PB (30 uL). (e) Quantification
of hydrogen sulfide: derivatization of H>S with MBB, forming SDB product via S-alkylation.
The resultant fluorescent SDB is analyzed by HPLC-FLD. (f) All these operation steps 1,2,3

was carried out in a hypoxic chamber (1% O-) at room temperature.

S\\ /S S\\ /O O\\ /O
Piy H,0 J@/P\N 2H,0 “OH
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() ) (6]
H,S H,S
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Figure 2.6 GYY4137 releases H,S upon hydrolysis.
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As shown in Figure 2.6, two molecules of H»S are released per molecule of GYY4137 upon

the process of hydrolysis [267].

2.3 Results

2.3.1 Degradation of GYY4137

Firstly, the above-described standardized procedure was applied to GYY4137 in PB solutions
in order to check and verify the releasing efficacy of GYY4137 molecule as H>S donor when
incubated in phosphate buffer solution. During incubation, we took samples for derivatization
with MBB at seven different timepoints (0, 2, 5, 20, 44, 52, and 168 h) and obtained the
normalized levels of sulfide level (ug mol™*/mg GYY4137) calculated by using the calibration
equation. No signal was detected after derivatization step and HPLC-FLD analysis for all

sampling timepoints (data not shown).

Degradation of GYY4137
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Figure 2.7 H,S-releasing of GYY4137 from 0 h to 168 h. (Data points represent the average value of
n=4 with error bars showing their standard deviation.)

In contrast, as indicated in Figure 2.7, from 2 to 5 hours incubation in the tilting bath a
remarkably increasing trend in sulfide concentration was observed. Then, a slight rise in
concentration occurred from 5 h to 20 h incubation. Afterwards, the concentration shows an
insignificantly downward trend from 20 h to 52 h, and the concentration of sulfide remains in

a relatively stable range even after 168 h of incubation.
2.3.2 H5S release of sterilized multilayer samples

The investigation of the HS release kinetics from the multilayer scaffolds, performed in

phosphate buffer according to a properly designed procedure, documented a controlled delivery
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over 168 h and the possibility of modulating it by acting on GY'Y concentration inside the
PLGA layer. The highest release registered for M5% with respect to M2% lies in the more
evident “swelling” effect observed for the scaffolds with the increase of GY'Y concentration. In
addition, to eliminate the artifacts induced by single/multi-layer scaffolds, incubation of
GYY4137 without combining any layers was conducted to do a comparison with multilayer
samples in which the material of GY'Y4137 was contained in the scaffolds. H.S-releasing tests
were carried out from 0 h to 168 h. During incubation, we took samples for derivatization with
MBB at ten different timepoints (0, 2, 5, 19, 23, 28, 48, 72, 96, and 168 h) and obtained the
normalized levels of sulfide level (ug mol/mg mat) calculated by using the calibration

equation.
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Figure 2.8 H,S-releasing of multilayer samples from 0 h to 168 h. (Data points represent the average
value of n=6 with error bars showing their standard deviation.)

Conversely, in Figure 2.8, area signals of SDB were observed for multilayer samples assembled
with different mass concentrations of GYY4137 (2% and 5% w/w) highlighting a controlled
kinetic for H.S release. The results indicated that the concentration of sulfide presents an
increasing trend and reaches the highest value in 72 hours, while a significant and a slight
decrease of sulfide levels is observed for M5% and M2% from 72 h to 96 h’ incubation,

respectively. Then the concentration of sulfide remains relatively stable up to 168 h.

2.4 Conclusions
In this section, the designed scaffold has a multilayer architecture consisting of two external

layers of electrospun silk to endow the scaffold with superior biomimetic properties and an
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internal layer of PLGA nanofibers incorporating a H2S donor, GYY4137, to achieve slow-
release kinetics of H.S. The release of H»S in the incubation medium was determined by
applying an optimized analytical method based on the derivatization of MBB and high-
performance liquid chromatography with fluorescence detection (HPLC-FLD) with high
sensitivity and a limit of detection of 0.5 M for the quantification of H.S species in our
previous work [234]. The proposed analytical approach demonstrated its tunability by acting
on the donor’s different concentration inside the PLGA nanofibers. Our application of MBB
RP HPLC-HLD method for the kinetic study of H2S release also demonstrated that embedding
an H»S donor in multilayer silk fibroin scaffolds is a suitable strategy to achieve H>S release in
a controlled manner. Importantly, it is found that this H.S-releasing devices were able to
mitigate the cytotoxic effect induced by prolonged serum starvation as compared to control
mats [268]. The study was conducted by group headed by Prof. Maria and Letizia Focarete in
university of Bologna. The obtained results demonstrated this scaffold in vitro has the potential
role in maintaining cell integrity and promoting tissue regeneration. It paves the way for the use

of HoS-releasing mats in bone regeneration and in different biological tissues in the near future.
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Chapter 3. H>S species measurement based on monobromobimane
derivatization coupled with size exclusion chromatography
fluorescence/ultraviolet detection and inductively coupled plasma-mass

spectrometry (SEC-FLD/UV-ICP/MS)

3.1 Introduction

ICP-MS is proved to be one of the most powerful detection techniques for trace elements due
to its high sensitivity, low mass interference, wide linear dynamic range, and isotopic analysis
ability etc. [269]. Notably, coupling of efficient separation techniques (such as HPLC, GC) with
ICP-MS has opened possibilities for elemental speciation with high sensitivity and selectivity.
Sulfur-containing compounds are ubiquitous both in the environment and in biological matrices.
Through literature investigation, the number of applications of sulfur (S) analysis using ICP-
MS as detector has increased significantly. The expansion in this topic over the last 20 years is

reported in Figure 3.1.
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Figure 3.1 Number of peer-reviewed papers listed in the Web of Science® database over the last 20
years on sulfur analysis by ICP-MS (search terms in topic: sulfur and ICP-MS).

As we know, the elemental species in biological samples are complex and cover a wide range
of chemical bonds. Previously, ion chromatography (IC) has been employed to separate
multiple anions of sulfur. However, IC eluent chemistry have the potential to alter sulfur
speciation and some sulfur species, e.g., polysulfides, are too reactive for accurate
quantification [270, 271]. Besides, determination of low abundance species may be

significantly affected by matrix interference. In order to meet the need of detection, changes in
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elemental speciation include matrix removal as well as enrichment of target species should be
achieved. For this proposed aim a research project, developed in collaboration with Prof José
Manuel Costa Fern&ndez and Prof. Jorge Ruiz Encinar at University of Oviedo through the

Marco Polo program, was carried out.

The main point was to use the derivatization step based on MBB derivatization for H»S species
to meet the requirements and solve the problem caused by sulfur speciation alteration and
matrix complexity prior to detection in ICP-MS. During this project, | put the basis for the
development of a sensitive and reliable analytical method for sulfur elemental speciation
sourced from H2S biological pool in biological samples by means of ICP-MS detection.

3.2 Experimental approach

Prior to conducting experiments for H>S species detection in biological samples, several
challenges should be taken into consideration when ICP-MS hyphenated techniques are applied
to study the level of HaS species; (1) Residual proteins existing in the samples (matrix effects),
such as Bovine serum albumin (BSA). (2) High concentration of sulfur-containing element
from 5-sulfosalicylic acid dihydrate (SSA) in the reaction system will interfere the H,S species
detection of SDB mix. (3) Extremely low concentrations of target species also need to be
detected. To solve these problems, proposed solutions were provided by hyphenating SEC-

UV/FLD with ICP-MS, as shown in Figure 3.2.

SEC-UV/FLD Fractionation
200-3000 Da
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Protein Br/S SSA

]
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Identification ESI-MS ICP-MS Quantification

Figure 3.2 Proposed solution by hyphenated SEC-UV/FLD with ESI-MS and ICP-MS for HS species
identification and quantification.
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Thus, by using SEC-UV and Fluorescence, it’s possible to discard the proteins which would
cause blockage of the ICP-MS micro-nebulizer. Also, it’s possible to discard the high
concentration of SSA by using SEC column separation according to molecular size. Besides,
collection of the fractions which containing bromine (Br) and sulfur (S) elements can achieve
subsequent identification with ESI-MS and quantification with ICP-MS instruments.

Instrumentation set-up
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Figure 3.3 Mainframe of SEC-UV/FLD-ICP/MS instrumentation.

Collision reaction
cell (CRC)

As shown in Figure 3.3, size exclusion chromatograph-Ultraviolet/visible/Fluorescence
detector (SEC-UV/FLD) coupled with inductively coupled plasma-mass spectrometry (ICP-
MS) were assembled for H,S species characterization and quantification purposes.

Materials and methods

Chemicals and methods were described in paragraph 1.3.1. Sodium sulfide (Na2S) was served
as a source of HaS species.

3.3 Preliminary studies

This work was intended as a preliminary study in order to define the feasibility of a separation-
detection-quantification platform to analyze biological samples and quantify sulfur species by
means of SEC-UV/FLD-ICP-MS. The results regard the use of standard samples obtained with
calibration solutions, the evaluation of interferences and the ability to achieve protein-free
fractions for selective detection in ICP-MS. For this last aim, the separative outcome of standard
solutions of BSA was evaluated and compared to derivatized samples.

In this preliminary study, through optimization of separation conditions, 0.35 mL/min was
selected as the SEC flow rate.

The calibration range was optimized as follows: a series of Na,S calibration standards (0, 5, 10,
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25, 50, 100, 200, 500 M) were prepared by appropriate mixture and dilution of the original
stock solution (5 mM NaS) with Milli-Q water in an opaque centrifuge tube at room
temperature. Subsequently, Na,S standards were derivatized to perform a calibration curve with
the concentration of Na,S standards as abscissa, and area of sulfur elemental from SDB peak
as ordinate.

Firstly, experiments were carried out to develop a suitable chromatographic method for
separation of SDB mix (NaxS+MBB+SSA) after derivatization. The conditions employed in
the following studies are in standard samples of 20 mM SSA and 175 uM MBB were prepared
and injected for characterization with FLD (Ex 390/Em 475nm) and UV (267/365/390nm),
respectively. Therein, SSA has the max UV absorption at 267nm. In addition, there are two
main peaks generated by MBB solution at tR= 61 min (minor) and 87 min (major).

Standard samples of 20 mM SSA and 175 uM MBB were prepared and injected for
characterization at FLD (Ex 390/Em 475nm) and UV (267/365/390nm), respectively.

SSA has the max absorption at UV 267nm. In addition, there are two main peaks generated by
MBB solution at tR= 61 min (minor) and 87 min (major) at UV 390 nm, but three peaks
obtained at tR= 54 min, 61 min (major) and 87 min at FLD 390/475 nm. The overlapped
chromatograms were shown in Figure 3.4. It is worth noting that these generated peaks of MBB
observed may be caused by the photolysis of MBB reagent mentioned in paragraph 1.5.5.

Table 3. 1 Chromatographic conditions.

Superdex Peptide 10/300 GL column (10 mm LD * 300 mm)
SEC Column
(100 and 7000 Da)
Pump The Shimadzu LC-10ADvp Solvent Delivery Pump
Temperature Ambient
Buffer saline 50 mM phosphate buffer, 150 mM NaCl (pH 7.4)
Flow rate 0.35 (mL/min)
Detection FLD at Ex 390 nm/Em 475 nm, UV at 276 nm and 390 nm
Injection volume 50 uL (loop 20 uL)
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FLD1 A, Ex=390, Em=475 (C:\CHROMATOGRAMS-HPLC-SEC\20221004'20221004000002.D)
MWD C, Sig=390,4 Ref=off (C:\CHROMATOGRAMS-HPLC-SEC\20221004'20221004000002.0D)
Moerm.

' UV (390nm)
¢ FLD (390/475nm) i/

MBB . | ‘
(R= 54.6min, 61.4min, 87.2min ‘

Figure 3.4 Overlaid chromatograms of MBB at FLD 390/475 nm (blue), UV 390 nm (red).
The overlaid chromatograms of SSA, MBB, 0 uM SDB mix blank at FLD 390/475 nm were
indicated in Figure 3.5.

FLD1 A, Ex=390, Em=475 (C:\CHROMATOGRAMS-HPLC-SEC\20221004\20221004000002.0)
FLD1 A, Ex=390, Em=475 (C:\CHROMATOGRAMS-HPLC-SEC\20221004'20221004000004.0)
FLD1 A, Ex=390, Em=475 (C:\CHROMATOGRAMS-HPLC-SEC\20221004\20221005000008.0)
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[
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25
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Figure 3.5 Overlaid chromatograms of SSA (red), MBB (blue), 0 uM SDB mix (green) at FLD
390/475 nm.

Following, as shown in Figure 3.6, a fractionation plan was devised and fractions 1-7 were
collected and stored at 4-degree C for further identification by employing ESI-MS techniques.

This is needed to understand what species are formed and understand which can be the best

peak (or combination of peaks) to study through ICP-MS.
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Figure 3.6 Fractionations 1-8 were collected of 100 uM SDB mixture at FLD 390/475 nm.
Unfortunately, ESI-MS was unavailable at the time of my stay in University of Oviedo, and the
analyses are currently ongoing. When this point will be clarified, the method will be carried out

to the final steps including peak identification and species quantification in the biological fluid.

In the meantime, preliminary work through ICP-MS was performed to ensure that the
interfering species (protein and SSA) would not be an obstacle for ICP-MS detection and the

SEC mobile phase would be compatible with the downstream analyses.

Bovine serum albumin (BSA) and SSA standard samples were injected into SEC-ICP-MS. The
results in Figure 3.7 indicated that sulfur element was detected at tR= 22min and 57.5min,

respectively.

This outcome proved that no proteins exist in SDB mix samples since the retention times are
very distant, and injecting NazS derivatives fractions would not result in blocking of the micro-
nebulizer of ICP-MS instrument. The following experiments on SDB mix will be carried out

with ICP-MS analysis after identification of SDB and MBB are achieved.
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Figure 3.7 Chromatogram of samples (a)100 uM BSA (tR = 22min) and (b) 0.5 uM SSA (iR =
57.5min) observed through SEC-ICP/MS.
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3.4 Future research activities

The purpose of this protocol was to establish a multi-platform for the analysis and quantification
of derivatized H>S species in biological samples by using hyphenated SEC-UV/FLD with ICP-
MS techniques. Future research activities will be focused on the determination of a SDB
derivative sourced from reaction system between H.S species in presence of MBB. Specifically,
SDB and MBB can be employed to detect species belonging to the bromine and sulfur-
containing compounds, respectively. The abundance of sulfur or bromine elements derived
from SDB product and the excessive MBB is expected to be determined by employing the
measured counts of selected isotope (325/48S0O2 and 79Br/81Br). Thus, an external calibration
curve can be generated from the two proposed elements. However, the initial results failed to
provide significant information associated with SDB product by now. The further research
activities will put more effort into the method optimization to improve the sensitivity of SEC-
ICP-MS techniques. Then, it’s expected for the first time to establish a multi-platform for the
quantification of H,S species in biological samples. Afterwards, method validation also will be

considered routinely in future research activities, such as parameters linearity, LOD, LOQ etc.
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General conclusions and outlook

Sulfur is known as a biologically active element, and the determination and biological relevance
of the sulfur compounds, particularly that of H.S species, has received critical attention in
scientific community. Detection of these sulfur levels might give valuable information in some
systemic diseases and metabolic disorders. In spite of toxic properties, volatile H2>S has been
lately regarded as a new gasotransmitter, based on high concentration found in healthy
biological tissues. However, there is much doubt about the reliability of the common assay
methods used. Sulfur quantification is often hindered by numerous artifacts, such as the
instability of sulfide, high volatility, the susceptibility to oxidation, the erroneous release of
sulfide from some tube additives, and adsorbed on glass material. All these reasons may result
in artificially raised or reduced levels and explain the large discrepancy among the reported
extensive works. Moreover, most reports do not differentiate the most important three forms of
H.S levels, i.e., free, acid-labile and bound sulfane sulfur. These different forms may have
distinctive functions and it is necessary to establish reliable and validated methods to
discriminate among these significant forms. Thus, we can gain more insight in the physiological
role of the various forms through the elucidation of the chemical properties of these labile
sulfides.

In this thesis work, | optimized and validated a MBB derivatization method coupled with a
HPLC-FLD protocol for H.S species quantification in human serum sample and validated for
the first time the procedure of calibration. Crucial factors influencing the actual H.S species
level were considered and excluded from the protocol. Furthermore, we provided evidence of
the importance of the procedure of preparation of standard solution and the relative calibration.
Overall, the optimized method results in a more efficient derivatization of H.S with MBB, with
a low perturbation of sample equilibria, giving a robust value for endogenous H»S species.
Although this method cannot achieve absolute quantification of H.S species, it is a good method
for relative quantification. Importantly, initial progress had been put forward in indirectly
determining the action of vapor sulfide on the primary target organs. This work was part of a
research collaboration between our group and the RAMSES IRCCS of Istituto Ortopedico

Rizzoli. By revealing a modulation in H»S species in patients that underwent sulfurous water
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inhalation, we demonstrated that the method proposed is a reliable tool to measure HS species
in biological matrices. This validated detection and quantification method can improve H,S
species relative quantification in physiology, pathology, and for helping to track H»S levels in
the context of pharmacological exogenous H»S treatments.

Additionally, H.S-releasing tests were performed with the further optimized MBB RP HPLC-
HLD method on a biomimetic silk fibroin scaffold with a H>S donor, GYY4137. This study
was conducted in collaboration with Prof Maria Letizia Focarete and the research group in
University of Bologna. A slow release of H>S was achieved and monitored. It’s suggested that
silk fibroin scaffolds loaded with GY'Y4137 could be released in a suitable controlled way. The
findings may demonstrate that high steady state of H»S preserved in the silk fibroin scaffold
and has potential for local delivery at sites of tissue injury. This may be also helpful for further
proposed application in the future in clinical settings.

A preliminary study regarding the characterization and quantification of sulfur species in
biological samples by means of SEC-ICP-MS was also carried on thanks to an international
collaboration with the group of Prof. Prof JoséManuel Costa Fern&dez and Prof Jorge Ruiz
Encinar, in University of Oviedo, and a Marco Polo grant. The preliminary study confirmed the
feasibility of this approach and most of all confirmed that it is possible to isolate derivatized
sulfur species from protein interferences, allowing a safe detection through ICP-MS, otherwise
impossible.

In the future, research activities will still emphasize on the method development to establish a
multi-platform for the quantification of H2S species in biological specimen. In particular, we
will focus on the method optimization to improve the sensitivity of SEC-ICP-MS techniques.
Thus, it’s possible to gain more insight into the sulfur pool levels of biological relevance. This
may be helpful to obtain insight on the mechanism and the efficacy of therapies based on sulfur-

treatment.
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Appendices a-d

a. List of abbreviations and acronyms

Abbreviations Name
AMI Myocardial infarction
AD Alzheimer disease
AECOPD Acute exacerbation of COPD
ALS Acid-labile sulfide
AAS Atomic absorption spectroscopy
ANOVA Analysis of variance
BMT Bisulfide methyltransferase
BSS Bound sulfane sulfur/Bound sulfur species
BSA Bovine serum albumin
cVv Cross-validation
CBS Cystathionine B-synthase
CSE Cystathionine y-lyase
CAT Cysteine aminotransferase
CNS Central nervous system
CvD Cardiovascular disease
COPD Chronic obstructive pulmonary disease
CL Chemiluminescence
DAO D-Amino acid oxidase
DTT Dithiothreitol
dBBr 4,6-dibromomethyl-3,7-dimethyl-1,5 -diazabicyclo
[3.3.0]octa-3,6-diene-2,8-dione
DTPA Diethylenetriaminepentaacetic acid
ETHE1 Ethylmalonic encephalopathy 1 protein
EDTA Ethylenediaminetetraacetic acid
GYY4137 Morpholin-4-ium-4 methoxyphenyl(morpholino)
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phosphinodithioate

GSH Glutathione
GSSG Glutathione disulfide
GC-FPD Gas chromatography with flame photometric detector
GC/ECD Gas chromatography with an electron capture detector
GC/MS Gas chromatography with mass spectrometry
HAS human serum albumin
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
IOP Intraocular pressure
IAM lodoacetamide
IC lon chromatography
LOD Limit of Detection
LOQ Limit of Quantification
LSS Labile sulfur species
VBB Monobromobimane (4-bromomethyl-3,6,7-trimethyl-I,5-
diazabicyclo[3.3.0]octa-3,6-diene-2,8-dione)
MB Methylene blue
NF-kB Nuclear factor-kappa B
Nrf2 Nuclear factor erythroid 2-related factor 2
NMR Nuclear magnetic resonance
NEM N-ethylmaleimide
PLGA Poly(lactic-co-glycolic acid)
PLP Pyridoxal phosphate
PD Parkinson’s Disease
PAD Peripheral arterial disease
4-bromomethyl-3,7-dimethyl-6-trimethylammoniomethyl-
gBBr I,5-diazabicyclo [3.3.0]octa-3,6-diene-2,8-dione (as
bromide salt)
RSS Reactive sulfur species
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RP-HPLC Reversed phase high-performance liquid chromatography
ROS Reactive oxygen species
RNS Reactive nitrogen species
RDS Rate-determining step
RMSE Root mean squared error
SSA 5-sulfosalicylic acid dihydrate
SAAs Sulfur-containing amino acids
SQR Sulfide quinone oxidoreductase
SOD Superoxide dismutase
STEMI ST-elevation myocardial infarction
SAM S-adenosyl-L-methionine
SIM Selected ion monitoring
SCD Sulfur chemiluminescence detector
4-p-sulfobenzoyloxymethyl-6-bromomethyl-3,7-dimethyl-
SBBr I,5-diazabicyclo[3.3.0]octa-3,6-diene-2,8-dione (as
tetramethylammonium salt)
SMB Sulfide-monobimane
SDB Sulfide dibimane
SBF Simulated body fluid solution
3-MST 3-mercaptopyruvate sulfurtransferase
3-MP 3-mercaptopyruvate
TSR Thiosulfate reductase
TSST Thiosulfate sulfurtransferase
TSMT Thiol-S-methyltransferase
TCEP Tris(2-carboxyethyl) phosphine
uc Ulcerative colitis
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