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pharmacokinetic profile of reactive sulphide species
in bloodbph_704 941..957
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Background and purpose: Hydrogen sulphide (H2S) is a labile, endogenous metabolite of cysteine, with multiple biological
roles. The development of sulphide-based therapies for human diseases will benefit from a reliable method of quantifying H2S
in blood and tissues.
Experimental approach: Concentrations of reactive sulphide in saline and freshly drawn whole blood were quantified by
reaction with the thio-specific derivatization agent monobromobimane, followed by reversed-phase fluorescence HPLC and/or
mass spectrometry. In pharmacokinetic studies, male rats were exposed either to intravenous infusions of sodium sulphide or
to H2S gas inhalation, and levels of available blood sulphide were measured. Levels of dissolved H2S/HS- were concomitantly
measured using an amperometric sensor.
Key results: Monobromobimane was found to rapidly and quantitatively derivatize sulphide in saline or whole blood to yield
the stable small molecule sulphide dibimane. Extraction and quantification of this bis-bimane derivative were validated via
reversed-phase HPLC separation coupled to fluorescence detection, and also by mass spectrometry. Baseline levels of sulphide
in blood were in the range of 0.4–0.9 mM. Intravenous administration of sodium sulphide solution (2–20 mg·kg-1·h-1) or
inhalation of H2S gas (50–400 ppm) elevated reactive sulphide in blood in a dose-dependent manner. Each 1 mg·kg-1·h-1 of
sodium sulphide infusion into rats was found to be pharmacokinetically equivalent to approximately 30 ppm of H2S gas
inhalation.
Conclusions and implications: The monobromobimane derivatization method is a sensitive and reliable means to measure
reactive sulphide species in whole blood. Using this method, we have established a bioequivalence between infused sodium
sulphide and inhaled H2S gas.
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Introduction

Hydrogen sulphide (H2S) is a colorless, flammable, water-
soluble gas with the characteristic odour of rotten eggs. For
many decades, H2S received attention as a toxic gas and as an
environmental hazard (Reiffenstein et al., 1992). Recent work,
however, has identified H2S as a gaseous biological mediator

that is produced in mammalian organisms, including
humans. H2S is synthesized endogenously in a variety
of mammalian tissues via two pyridoxal-5′-phosphate-
dependent enzymes responsible for metabolism of L-cysteine:
cystathionine b-synthase and cystathionine g-lyase (Stipanuk
and Beck, 1982). The synthesis and action of H2S in biological
systems have been frequently reviewed (Wang, 2003; Fiorucci
et al., 2006; Szabo, 2007; Li and Moore, 2008).

A growing body of evidence demonstrates that sulphide
affects fundamental biological pathways, including those
involved with vascular function, cytoprotection against reac-
tive species, CNS functions and cellular metabolism (see
Wang, 2003; Fiorucci et al., 2006; Szabo, 2007; Li and Moore,

Correspondence: Professor Csaba Szabo, Department of Anesthesiology, Uni-
versity of Texas Medical Branch, Room 4.202.H, Building No. 21, 601 Harbor-
side Drive, Galveston, TX 77555-1102, USA. E-mail: szabocsaba@aol.com
Received 6 November 2009; revised 4 December 2009; accepted 5 January
2010

British Journal of Pharmacology (2010), 160, 941–957
© 2010 Ikaria Inc
Journal compilation © 2010 The British Pharmacological Society All rights reserved 0007-1188/10
www.brjpharmacol.org



2008). Recently, novel signal transduction pathways have also
been described that may be responsible for some of the cel-
lular actions of sulphide (Mustafa et al., 2009).

In many pathophysiological conditions, administration of
various formulations or precursors of sulphide is of therapeu-
tic benefit (see Szabo, 2007; Wallace, 2007). Animal models of
conditions where sulphide has been shown to be beneficial
include myocardial infarction (Sivarajah et al., 2006; Elrod
et al., 2007; Zhu et al., 2007; Rossoni et al., 2008; Sodha et al.,
2008), acute respiratory distress syndrome (Esechie et al.,
2008; 2009), colitis (Fiorucci et al., 2006), pancreatitis (Bhatia
et al., 2008) and gastric ulceration (Wallace et al., 2007).

A number of these animal studies, both in vitro and in vivo,
have utilized IK-1001 (sodium sulphide for injection) to
investigate the therapeutic potential of sulphide (Elrod et al.,
2007; Szabo, 2007; Jha et al., 2008; Kiss et al., 2008; Simon
et al., 2008; Sodha et al., 2008). Parenteral sulphide therapy
necessitates the determination of the exposure levels that are
associated with efficacy and potential toxicity. The potential
use of IK-1001 in humans requires a pharmacokinetic assay by
which the concentration and fate of intravenous sulphide
may be reliably tracked and by which dosing regimens for
sulphide may be designed.

Several different methods have been used previously to
measure sulphide concentrations in biological systems. These
include head space gas analysis (Ubuka, 2002); derivatization
methods, for example, with pentafluorobenzyl bromide
(Kage et al., 1988; Nagata et al., 1990) or N,N-dimethyl-p-
phenylenediamine to form methylene blue (Ogasawara et al.,
1993; Mok et al., 2004); spectrophotometry (Wei et al., 2008);
and direct measurement in solution with a silver sulphide or
polarographic sensor (Zhao et al., 2001; Doeller et al., 2005;
Whitfield et al., 2008; Yang et al., 2008). Due in large part to
the wide variety of experimental methods used, the various
assays have yielded highly variable results with respect to
determination of absolute concentrations of sulphide in
blood and tissues, and there is no consensus in the field as to
which measurement best represents ‘biologically available
sulphide’.

Given sulphide’s inherent sensitivity to oxidation and the
reversible nature of chemically bound sulphide that is present
in blood and tissues, we sought to develop a simple method
that captures reactive sulphide quickly, without releasing
chemically bound sulphur that may exist in a biological
matrix. In this paper, we describe a method whereby available
sulphide in whole blood or other biological fluids is rapidly
derivatized under gentle conditions with excess monobromo-
bimane. Chemical derivatization is followed by extraction of
the resulting sulphide dibimane into ethyl acetate, after
which the sulphide dibimane is concentrated into a known
volume and quantified by separation using reversed-phase
HPLC coupled to fluorescence detection. This derivatization
method was subsequently applied to measure the levels of
sulphide in the blood of animals, and was used to compare
the pharmacokinetics of intravenous sulphide with the
response elicited from inhaled H2S. To corroborate the mono-
bromobimane derivatization assay, we also utilized a previ-
ously published method that can operate both in vitro and in
vivo, and is based on H2S detection by a commercial ampero-
metric sensor (Elrod et al., 2007; Koenitzer et al., 2007).

Methods

Sulphide dibimane synthesis
Sulphide dibimane was prepared by reaction of sulphide with
2.0 equivalents of monobromobimane. For example, 25 mL
of 71 mM aqueous sodium sulphide solution (see below) was
added dropwise with stirring at room temperature to a solu-
tion consisting of 1.0 g monobromobimane dissolved in
25 mL acetonitrile and 47 mL deoxygenated HEPES buffer
(100 mM, pH 8.0). The solution was then extracted with
150 mL ethyl acetate, and the aqueous layer was re-extracted
twice with 100 mL methylene chloride. The organic layers
were combined and evaporated under nitrogen stream to give
the crude product. The material was then purified by reversed-
phase flash chromatography: RediSep Rf normal phase silica
column, 40–60 mM, 40 g cartridge, flow rate 40 mL·min-1, gra-
dient from CH2Cl2 (100%) to CH2Cl2:MeOH (75:25) over
25 min. The sulphide dibimane elutes at 12.3 min. Column-
purified material was recrystallized from 50 mL boiling EtOH.
Overall yield: 475 mg of a yellow powder (63%). NMR (CDCl3)
d 3.8 (s, 4H, CH2), 2.3 (s, 6H, CH3), 1.9 (s, 6H, CH3), 1.85 (s,
6H, CH3); m/z (M + H) 415.07.

Sodium sulphide solutions for in vitro and in vivo studies
Studies were conducted using a sodium sulphide solution
adjusted to pH 7.5–8.0 and osmolarity 260–340 mOsm·kg-1 in
order to make it physiologically acceptable for intravenous
dosing. Solutions were prepared by bubbling H2S gas through
an aqueous sodium hydroxide solution under anoxic condi-
tions. Sodium chloride was used to balance the solution to
iso-osmolarity. For example, in a nitrogen-filled glove box,
20% H2S gas was bubbled through 2.5 L of an argon-sparged
solution of 64 mM NaOH/85 mM NaCl to a final pH of 7.6.
This resulted in a solution of 70 mM sulphide with an osmo-
larity of 281 mOsm·kg-1. Solutions were stored at room tem-
perature in glass vials of 10–50 mL with air-tight seals
(stoppered and crimp-capped). The final sulphide concentra-
tion of each lot was determined by potentiometric titration
with a lead perchlorate standard as below. Please note that all
mention in the current report of investigations using ‘sodium
sulphide’ (e.g. animal dosing with a given level of sodium
sulphide) refers to an equimolar amount of the above physi-
ologically balanced sulphide solution, and does not imply
Na2S per se, which is highly alkaline (pH 14).

Potentiometric titration with lead perchlorate standard
Samples were diluted to the desired concentration in a final
volume of 50 mL sulphide antioxidant buffer (SAOB, Orion#
941609, Thermo Fisher Scientific, Waltham, MA, USA). To
ensure a precision of at least 1%, the dilution factor is selected
such that the sample will be titrated with no less than 5 mL of
100 mM Pb(ClO4)2 (Orion# 948206) when using a 10 mL
burette capable of dispensing 50 mL titrant drops. For
example, if the sulphide concentration is expected to be
100 mM, at least 5 mL sample was diluted into SAOB; if
50 mM is expected, at least 10 mL sample should be diluted
into SAOB. During dilution, components were added in the
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following order: 2¥ SAOB, distilled H2O, sample. While stir-
ring, Pb(ClO4)2 was added using a 10 mL burette, and the mV
reading (silver/sulphide electrode: Thermo Fisher Scientific
#9616BN) recorded. In the beginning of the titration, the
Pb(ClO4)2 solution was added rapidly (1 or 2 mL additions). As
the inflection point was reached, volume addition was
reduced to 50 mL per addition. The titration was continued
until the mV signal was no longer significantly changing, and
the results were plotted as (–)mV versus volume Pb(ClO4)2.
Sulphide concentration is calculated from the volume of
100 mM Pb stock titrant required to reach the inflection
point. Then, S2- = 100 mM [Pbv/Sv], where Pbv = volume
Pb(ClO4)2 at inflection point and Sv = volume of sample in
dilution.

34S-labelled sodium sulphide solutions for in vitro and
in vivo studies
The following procedure is for making an aqueous solution of
34S-sodium sulphide (Na2

34S) using 34S powder and zinc dust.
The reaction is carried out by first forming solid zinc sulphide
(Zn34S) and then reacting it with concentrated hydrochloric
acid (HCl) to evolve 34S-hydrogen sulphide (H2

34S). The H2
34S

gas is captured in an alkaline solution, which is finally
brought to pH 8.0 with HCl. Preparation of Zn34S was con-
ducted as follows: to a 35 mL pressure vessel (Chemglass Inc.,
cat. #: CG-1880-02, Vineland, NJ, USA) was added 0.800 g
zinc dust, carefully tapping the vessel and forming a small
layer on the bottom. Using a mortar and pestle, 6.10 g zinc
dust was pre-mixed with 2.0 g 34S powder and carefully added
to form a second layer. Another layer of 0.800 g zinc dust was
added on top of the Zn/34S layer, and the reaction vessel was
tapped gently to settle the layers. The reaction vessel was
purged with argon gas for 30 min, and sealed and transferred
to an oil bath, where the vessel was heated for 1.5 h at 170°C.
The reaction was cooled to room temperature, and the shiny
grey solid was transferred out of the vessel to be ground with
a mortar and pestle. H2

34S transfer set-up was then conducted
as follows. The ground powder was added into a 250 mL
two-necked round bottom flask with a stirring bar, and the
side neck was sealed with a rubber septum. A large bent
cannula was placed through the side septum and connected
to a nitrogen gas source. The top neck of the flask was fitted
with an addition funnel and capped with a glass adapter
connected to PVC tubing. The tubing was then connected to
a gas washing bottle with a stirring bar (trap #1). Trap #1 was
further connected to another gas washing bottle (trap #2)
using PVC tubing, and plastic clamps were placed between
the tube connections. Both traps were filled with a solution of
250 mL 0.3N NaOH. H2

34S generation from Zn34S was per-
formed as follows: 90 mL of degassed 6N HCl was added to
the addition funnel, and the entire transfer system was
purged for 45 min with positive nitrogen pressure such that
gas bubbled through both traps. The 6N HCl solution was
then added into the Zn34S reaction flask with stirring over a
period of 30–40 min, approximately 2.5 mL·min-1. Just after
the acid addition was begun, the nitrogen cannula was placed
directly into the resulting grey suspension, and nitrogen was
bubbled through the solution at a rate such that throughout
the process, gas bubbled through both traps. After complete

addition of acid, the greyish white suspension was stirred for
1 h at room temperature. Trap #1 was then clamped off, and
the gas washing bottle was transferred to an anoxic glove box.
Formulation of Na34S solution was made as follows. Using an
auto-titrator, the sulphide concentration and the osmolarity
of the solution in trap #1 were analysed (101.5 mM,
543 mOsm·kg-1). In an anoxic glove box, the solution was
slowly brought to pH 8.0 with HCl, and the osmolarity was
checked again (311 mOsm·kg-1). The resulting solution
(51 mM) was checked for oxidation products via ion chroma-
tography, and was then aliquotted into 30 mL crimp seal
vials.

Derivatization of sulphide with monobromobimane
For each blood sample to be derivatized, no more than 2 h
earlier, one 9 mL glass vial (Thermo Fisher Scientific, cat#
02-912-353, with Teflon-lined caps) was labelled and filled
with 200 mL of 50 mM HEPES buffer (pH 8) (freshly sparged
for at least 20 min with argon gas), followed by 200 mL of a
10 mM monobromobimane solution in acetonitrile. Charged
vials were capped tightly and kept protected from light. For
each sample, a graduated 1 mL syringe with needle was
labelled and coated with heparin by rinsing the syringe with
1 mL of heparin sodium solution. Approximately 300 mL
blood from jugular or sublingual venepuncture was drawn
directly into the syringe, the syringe was held upright and any
bubbles and rat blood in excess of 200 mL were pushed out of
the syringe into a sterile wipe. With the needle below the
solvent line, the content of the syringe (200 mL blood) was
then dispensed into the 400 mL of monobromobimane/
acetonitrile/HEPES buffer solution contained in the charged
reaction vial. It took consistently between 30 and 60 s to
collect the blood and dispense 200 mL into the derivatization
solution. Immediately thereafter, reaction vials were capped
tightly and placed on an orbital shaker plate for 10 min
(Rototron RT10, Vulcon Technologies, Grandview, MO, USA)
at 75% of max speed. Subsequently, 2.0 mL ethyl acetate was
added, causing the blood to begin to congeal into a red
spongy mass, and vials were immediately capped and
tumbled for 10 min at 0.5 Hz on an end-over-end rotator
(Rugged Rotator, cat. # 099ARD4512, BLD Science, Garner,
NC, USA). After tumbling, the reaction vials were centrifuged
gently at 350¥ g for 7 min to collect the spattered congealed
blood, and to separate aqueous and organic layers. One mil-
lilitre of the organic layer was collected from each extraction,
transferred to a 1.5 mL glass vial and the solvent was evapo-
rated completely under a nitrogen stream. Acetonitrile
(200 mL) was added to each vial, and the solvent was again
evaporated to remove any traces of ethyl acetate. Failure to
completely remove ethyl acetate causes severe peak broaden-
ing during HPLC analysis. The final dried residue (containing
any sulphide dibimane from the the initial derivatization
reaction) was stored at -20°C until analysed.

HPLC analysis
To quantify sulphide dibimane in a sample, the dried residue
was re-suspended in 50 mL acetonitrile by vortexing of the
capped vial for 10 s. The entire sample was transferred to an
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HPLC autosampler vial with a 200 mL glass sample insert, and
the vial was closed with a penetrable cap. The vial was gently
vortexed to remove any air bubbles in the glass insert. Then,
7 mL of the sample was injected onto a C18 reversed-phase
column (Alltech Prevail C18 3 mM 4.6 ¥ 150 mm column, Part
# 99204, Alltech Associates Inc., Deerfield, IL, USA) and guard
column (Alltech Prevail C18 5 mM 4.6 ¥ 7.5 mm Part # 99286)
on an Agilent 1200 HPLC system (Agilent, Santa Clara, CA,
USA). Sulphide dibimane was eluted with the following
elution profile: 80% H2O/20% CH3CN from 0 to 2 min, gra-
dient to 64% H2O/36% CH3CN at 10 min, gradient to 4%
H2O/96% CH3CN at 11 min, gradient to 4% H2O/91%
CH3CN/5% methanol at 12 min, isocratic elution from 12 to
15 min. The eluent was analysed by UV absorption (labs =
254 nm) and fluorescence (lex = 390 nm, lem = 475 nm).
Typical retention times for sulphide dibimane and monobro-
mobimane were ~12.1 and ~12.4 min respectively. The con-
centration of sulphide in a blood sample was calculated from
the sulphide dibimane peak area, taking into account: (i)
volume changes during sample processing; (ii) recovery of
sulphide dibimane from blood via ethyl acetate extraction;
and (iii) the specific fluorescence of sulphide dibimane.
Extracting a 200 mL blood sample into 2.2 mL of organic layer
(2 mL ethylacetate + 200 mL acetonitrile), evaporating 1 mL of
the organic layer to dryness and then re-dissolving the residue
in 50 mL acetonitrile result in an overall concentration factor
of 1.82. Given that the average recovery of sulphide dibimane
from blood under these conditions is 76% (see Results), that
the specific fluorescence of sulphide dibimane is
2.77 FAU·pmol-1 on our system, and that 7 mL of sample is
being injected, the resulting total conversion factor for mea-
suring sulphide concentration in blood via this assay is
0.0373 mM·FAU-1.

Determination of the kinetic properties of
the monobromobimane reaction
In a disposable 1 mL methacrylate cuvette, 0.333 mL HEPES
(pH 8), 0.333 mL 1 mM monobromobimane in acetonitrile
and 0.333 mL of a sodium sulphide solution (3–100 mM) in
saline were mixed. Sulphide dibimane formation was moni-
tored in a SpectraMax M2 spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA) as the increase in fluorescence
intensity over 5 min (lex = 390 nm, lem = 475 nm). The results
were used to derive the rate constant (k) for the formation of
sulphide dibimane.

Interference studies
Sulphate (0–1.2 mM), thiosulphate (0–90 mM) or sulphite
(0–10 mM) was added to 5 mL of fresh rat blood at the
indicated concentrations prior to addition of 20 mM sodium
sulphide. Then, 200 mL aliquots were removed for monobro-
mobimane derivatization prior to and immediately after
sodium sulphide addition.

In vivo pharmacokinetic studies in rats
The investigators adhered to, and all animal care and experi-
mental procedures complied with, the guidelines in the

‘Guide for the Care and Use of Laboratory Animals’, prepared
by the Institute of Laboratory Animal Resources Commission
on Life Sciences National Research Council (1996).

For the intravenous sulphide-dosing experiments, male
Sprague-Dawley rats (276–300 g, Taconic, Hudson, NY, USA)
were implanted with jugular and/or femoral vein catheters.
The rats were anaesthetized with 5% isoflurane gas until they
were in a deep plane of anaesthesia, and then maintained on
2–3% isoflurane gas for the remainder of the surgery. The
right external jugular vein was exposed by blunt dissection,
and a beveled polyurethane catheter was inserted 3.5 mm
towards the heart. For the femoral catheter placement, a blunt
dissection of the left adductor muscles exposed the left
femoral vein; a polyethylene catheter was inserted into the
vessel and secured with three ligatures. Following catheter
implantation, an i.v. dose of pentobarbital was given to main-
tain anaesthesia, and subsequent injections of pentobarbital
were given i.p. when required.

Bolus dosing of intravenous sulphide
A 70 mM sodium sulphide solution (pH 7.6, 281 mOsm·kg-1)
or equivalent volume of vehicle was injected as a bolus intra-
venous injection into the tail vein, using a syringe with a 27G
needle. Blood was sampled from the jugular vein catheter
before dosing and at various time-points after the injection.

Pharmacokinetic-based bioequivalence between parenterally
infused sodium sulphide and inhaled H2S gas in rats
Sulphide in all blood samples was measured via derivatization
with monobromobimane. For the studies involving continu-
ous intravenous sulphide infusion, rats implanted with both
jugular and femoral vein catheters were infused for 2 h from
a syringe pump (Alaris Medical Systems, Carefusion, San
Diego, CA, USA) delivering into the femoral vein a constant
flow rate of sodium sulphide solution (70 mM, pH 7.6,
281 mOsm·kg-1, or diluted with anoxic saline, if needed).
Blood was sampled from the jugular vein before dosing, as
well as four times during the infusion. A final blood sample
was collected 1 h after the infusion had ended. The rats were
infused at various infusion rates (2, 5, 10 and 20 mg·kg-1·h-1

sodium sulphide or vehicle).
The studies involving H2S gas exposure were conducted

inside a fume hood. Prior to H2S gas exposure, a blood sample
was collected from the jugular vein catheter of each rat, and
to establish baseline sulphide blood levels. Thereafter, each rat
was placed into a 3000 cm3 glass chamber with two ports, one
for gas delivery and the other to allow venting of the gas, and
covered with a glass plate with a hole through which a tubing
extension (0.99 mm o.d.) from the jugular vein catheter had
been threaded. At least three animals were exposed to each
H2S gas concentration (50, 100, 200, 300, 400 ppm, in room
air) for a period of 2 h, and blood was collected from the
jugular vein at 10, 30, 60 and 120 min. A final blood sample
was collected 1 h after the gas exposure had ended. H2S gas
concentrations were mixed using mass flow controllers (Sierra
Instruments, Monterey, CA, USA). The gas atmospheres
passed through the exposure chamber at a flow rate of one
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chamber volume per minute. After the 3 h experimentation
period, the rats were killed by carbon dioxide asphyxiation.

Measurement of sulphide concentration in vitro using both an
amperometric sensor and monobromobimane derivatization
The amperometric sensor used was adapted from Kraus and
Doeller, 2004 and Doeller et al., 2005 (see also Benavides et al.,
2007; Elrod et al., 2007; Koenitzer et al., 2007). Amperometric
detection of sulphide in vitro was performed in an
Oxygraph-2k respirometer (Oroboros Instruments, Innsbruck,
Austria), which contained two 2.5 mL temperature-regulated
chambers, each sealed with a PVDF stopper fashioned to
contain an amperometric H2S gas macro sensor (WPI, Sara-
sota, FL, USA). The polarizing voltage of 155 mV was applied
using a TBR4100 Free Radical Analyzer (WPI), and oxygen
concentration in each chamber was monitored via a polarized
oxygen sensor positioned diagonal to the bottom of the
chamber. Sulphide concentration was monitored as a change
in sensor current after the addition of sodium sulphide (10 or
20 mM) either to a 2.5 mL solution of 50 mM HEPES (pH 8),
155 mM NaCl, 1 mM DTPA and 3 mM glutathione, or to
2.5 mL of freshly drawn human blood or subsequent plasma
(via immediate centrifugation), or to a 2.5 mL solution of
50 mM HEPES (pH 8), 155 mM NaCl, 5% human serum
albumin (HSA). All solutions were kept stirred at 25°C. For
each experiment, sensor calibration was performed by step-
wise addition of sodium sulphide to a temperature- and
pH-matched solution of deoxygenated 50 mM HEPES,
155 mM NaCl (pH 8 for HEPES experiments and pH 7.4 for
blood, plasma and HSA experiments). For comparison of sul-
phide measurements by both electrochemical detection and
monobromobimane derivatization methods, 400 mL of the
2.5 mL reaction volume from one chamber was drawn out at
the indicated time-points with a 1 mL plastic syringe. Blood
samples were immediately derivatized using the monobromo-
bimane derivatization assay described above.

Measurement of blood sulphide levels in vivo using an
amperometric sensor
For all in vivo work, amperometric H2S sensors (WPI Instru-
ments) were first calibrated with a stepwise addition of
sodium sulphide in a deoxygenated solution of 50 mM HEPES
(pH 7.4), 155 mM NaCl and 1 mM DTPA at 37°C. Male
Sprague-Dawley rats (350–450 g) were anaesthetized with an
i.p. injection of pentabarbitol, and femoral vein catheters
were implanted. The H2S sensor was then inserted into the
right jugular vein, and advanced into the superior vena cava.
Once a steady-state baseline current was obtained for the
sensor, a 1 mg·kg-1 bolus of sodium sulphide was infused via
the femoral vein catheter using a Harvard Apparatus PhD
series infusion pump (Harvard Apparatus, Holliston, MA,
USA) at various rates (infusion performed over 1 min, or 30,
20 or 10 s, which can be calculated to be equvalent with
hourly infusion rates of 60, 120, 180 or 360 mg·kg-1·h-1

respectively).

Measurement of blood sulphide levels in vivo using both an
amperometric sensor and monobromobimane derivatization
For in vivo experiments measuring blood sulphide levels via
both electrochemical detection and monobromobimane

derivatization, the experimental set-up described above was
employed with the addition of a carotid artery catheter to
draw blood directly from the rat into a monobromobimane
reaction vial. A peristaltic pump was used to maintain the
flow rate from the carotid artery at 200 mL·min-1, so that a
monobromobimane derivatization reaction was generated
every minute for 30 min. Once a steady-state baseline current
was obtained for the sensor, the peristaltic pump was started,
and baseline blood samples were taken for 5 min. After five
baseline samples were generated, sodium sulphide was
infused at 10 mg·kg-1·h-1 for 5 min, then increased to
20 mg·kg·h-1 for 5 min, and then to 60 mg·kg-1·h-1 for 5 min.
At this point, sodium sulphide infusion was stopped, and
blood was drawn for another 10 min after the end of the
infusion. Blood samples were derivatized with monobromo-
bimane as described above.

Measurement of H2S concentration in vivo using 34S labelled
sulphide and the monobromobimane derivatization reaction
The rats with implanted jugular and femoral vein catheters
were dosed with 34S-sodium sulphide by continuous i.v. infu-
sion through the femoral vein catheter, using a syringe with
a 23G Luer stub adapter (Intramedic, Cardinal Health,
Dublin, OH, USA), an infusion line and an infusion pump
(Medfusion 2001, Medex Inc., Smiths Medical, Norwell, MA,
USA). The rats were dosed for 2 h at a constant infusion rate
(2.31–3.00 mL·h-1, based on weight of animal). Blood was
sampled from the jugular vein catheter twice before dosing
(-30, 0 min), as well as four times during the infusion (10,
30, 60 and 120 min) and three times after dosing (130, 150
and 180 min) using a heparinized 1 mL polypropylene
syringe with a 23G Luer Stub adapter. Then, 300 mL blood
was collected at each time-point. Derivatization and extrac-
tion of the sulphide with monobromobimane were per-
formed as described in the above section. Dried samples
from the derivatization protocol were brought up in 50 mL
80/20 water/acetonitrile + 0.1% formic acid. For analysis,
5 mL was injected onto Thermo Finnigan Discovery MAX
Triple Quad [liquid chromatography/mass spectrometry (LC/
MS)], ESI positive ion mode (Thermo Fisher Scientific) with
a Phenomenex guard column and column (Security Guard
C18 4 ¥ 2 mm, Gemini 5m C18 110A 50 ¥ 2.0 mm) (Tor-
rance, CA, USA). Sulphide dibimane was eluted with the fol-
lowing elution profile: starting conditions of 100% 1 mM
ammonium formate in water with 0.1% formic acid (Fisher
Scientific, PartA666-500 and J.T. Baker Part#0129-01,
Mallinckrodt Baker, Phillipsburg, NJ, USA), gradient to 100%
acetonitrile with 0.1% formic acid (J.T. Baker, Part#9853-2
and Part#0129-01) from 0.1 to 5 min, and held for 0.5 min,
then returned to starting conditions (flow rate
300 mL·min-1). The eluent was analysed with the LC/MS/MS
for the following components (with typical retention times):
sulphide dibimane ~4.2 min (SRM 415.1 → 192.9), sulphide
dibimane ~4.2 min (with 34-Sulphide, SRM 417 → 192.9) and
monobromobimane ~4.3 min (SRM 271 → 192). Data analy-
sis was performed with a component of the Xcaliber soft-
ware version 2.0 SR2 (Thermo Finnigan); Quan Browser
(version 2.0). A standard curve was used to quantify the
unknown values of the samples.
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In vivo microdialysis, derivatization and quantitation of
sulphide dibimane by LC/MS
Male Sprague-Dawley rats were anaesthetized with ketamine,
and a femoral vein catheter was implanted as described above.
A cylindrical CMA-20 Elite microdialysis probe (0.5 mm
o.d. ¥ 10 mm length) from CMA Microdialisis AB (Stockholm,
Sweden) with a polyarylethersulphone membrane (PAES,
20 kDa cut-off), was subsequently implanted in the jugular
vein. Saline was passed through the dialysis probe at a rate of
10 mL·min-1, and 3.3 mL fractions were collected every 20 s
from 1 min before the sodium sulphide injection to 5 min
after the bolus into a mixture of 3.3 mL of 10 mM monobro-
mobimane solution in acetonitrile plus 3.3 mL 50 mM HEPES
buffer (pH 8). After collection, each sample was mixed by
pipetting up and down three times. The samples were diluted
and desalted before analysis on the LC/MS. The ~10 mL of
derivatized sample was diluted in 180 mL of water and loaded
onto a preconditioned Waters Oasis HLB SPE column
(Part#186001828BA, Waters Corporation, Milford, MA, USA).
Preconditioning was done with first 200 mL methanol (EMD
Chemicals, Part#MX0486-01, Gibbstown, NJ, USA) and
200 mL Millipore water (In-house Millipore WIFI system, Mil-
lipore, Billerica, MA, USA). The column was washed with
200 mL of a 5% methanol solution, and then the sample was
eluted with 50 mL of 100% methanol. The eluent was dried
down under nitrogen, and then brought up in 100 mL of
20/80 acetonitrile/water + 0.1% formic acid (samples were
diluted 1/10). One microlitre of the diluted sample was sepa-
rated on a Finnigan Surveyor Plus HPLC (Thermo Electron
Corporation) with a Phenomenex Gemini C18 column
(50 ¥ 2.0 mm) and analysed on a Finnigan Quantum Discov-
ery Max MS (Thermo Electron Corporation) with ESI source in
positive mode. The sample was loaded in 1% formic acid/
aqueous 1 mM ammonium formate, and separated over
5 min with a linear gradient to 1% formic acid in acetonitrile
at a flow rate of 300 mL·min-1. Sulphide dibimane was quan-
titated using the SRM transition of 415.1 → 192.9, collision
energy = 21, scan time = 0.2 s, ion source polarity: ESI (+), ESI
needle voltage: 5000 V, sheath gas pressure: 60 arb units, aux-
illary gas pressure: 55 arb units, ion transfer capillary tempera-
ture 400°C, tube lens offset 96 V, Q2 pressure: 0.8 mtorr
argon, scan width: 0.010 u, Q1–Q3 resolution: unit (0.7 u
FWHM). Data analysis was conducted with a component of
the Xcaliber software version 2.0 SR2 (Thermo Finnigan);
Quan Browser (version 2.0). For quantitation, a standard
curve is used to quantify the unknown values of the samples.
The final concentration was adjusted by multiplying by the
dilution factor.

Statistical analysis
All values are reported as mean � SE mean with n represent-
ing the number of experimental observations per cohort. Sta-
tistical analysis was performed by ANOVA followed by an
unpaired t-test, using GraphPad Prism version 5.00 statistical
software. Probability values of P < 0.05 were considered sta-
tistically significant.

Materials
Monobromobimane was purchased from Toronto Research
Chemicals (cat. # M52500, North York, ON, Canada) or syn-

thesized via the route of Kosower and Pazhenchevsky (1980).
Sulphide dibimane was synthesized as described below. The
pH-neutralized sodium sulphide solution was prepared anoxi-
cally as described below. H2S gas was purchased from Byrne
Specialty Gases (Seattle, WA, USA) as 20% H2S, 80% nitrogen.
Acetonitrile was purchased from Fisher Scientific (cat. #A21-
4), as were ethyl acetate (cat. #E196-4) and HEPES (cat. #
BP310, 99%, ‘enzyme grade’). Heparin sodium solution USP
was purchased from Baxter Pharmaceuticals (cat. # NDC0641-
2450-41, Deerfield, IL, USA). All other chemicals and reagents
were obtained from Sigma-Aldrich (Milwaukee, WI, USA).

Results

Characterization of the monobromobimane
derivatization method
Monobromobimane has been used extensively to quantify
thiols by forming fluorescent derivatives containing one
bimane molecule per thiol group (Fahey et al., 1981; Newton
et al., 1981; Togawa et al., 1992). The nucleophilic substitu-
tion reaction occurs twice with sulphide, however, allowing
two equivalents of monobromobimane to form the highly
fluorescent sulphide dibimane (Figure 1). As bimane itself is
relatively hydrophobic, sulphide dibimane is more hydropho-
bic than most monobimane derivatives of physiological
thiols, and thus the dibimane derivative of sulphide can be
separated by reversed-phase chromatography from other thiol
bimane derivatives. The only more hydrophobic moiety we
have encountered in the current study is the starting mono-
bromobimane itself. Using a gradient from 80% H2O to 4%
H2O/5% methanol with the balance as acetonitrile, we have
developed an elution method that isolates sulphide dibimane
(retention time: ~12.1 min) from other biologically related
bimane thiols, but elutes ahead of unreacted monobromobi-
mane (retention time: ~12.4 min) (Figure 2A). Because of the
high fluorescence of sulphide dibimane compared to mono-
bromobimane, (Figure 2A and B), the peak area of the eluted
sulphide dibimane, when quantified by in-line fluorescence
detection (lex = 390 nm, lem = 475 nm), can be quantitated
despite a large molar excess of monobromobimane eluting
nearby in the chromatogram.

Using these parameters, a linear and reproducible standard
curve is obtained up to and beyond 5 mM of sulphide dibi-
mane, with the limit of detection lower than 0.2 mM of sul-

Figure 1 Reaction scheme for the derivatization of sulphide with
monobromobimane to form sulphide dibimane.
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phide dibimane (Figure 2C). In order to characterize the
kinetic properties of the reaction, sulphide concentrations
between 3 and 100 mM were reacted with 1 mM monobromo-
bimane in acetonitrile/HEPES buffer, and the formation of
sulphide dibimane was followed by fluorescence (ex =
390 nm, em = 475 nm). The reaction is first order relative to
the initial substrate sulphide, with a rate constant k = 0.01 �

0.0016 s-1 (Figure 3). On a mechanistic basis, both species H2S
and HS- could react with monobromobimane depending on
the exact pH and solvent conditions, but in this setting the
precise chemical mechanism is irrelevant: the bimane reagent
is in great excess, and thus the H2S ↔ HS- equilibrium will

instantly be driven to the side of whichever species is being
consumed more quickly.

The hydrophobicity of sulphide dibimane was exploited to
reduce the complexity of the chromatogram by partitioning
sulphide dibimane into ethyl acetate. The majority of fluores-
cent bimane derivatives formed on reaction with rat blood
are insoluble, including most free thiols on proteins, pep-
tides and small polar molecules, as well as other polar
monobromobimane-reactive nucleophiles. Extraction into
ethyl acetate, evaporation and re-constitution in HPLC
solvent allow for an overall twofold concentration of the
sulphide dibimane and concomitant increase in sensitivity.
The extraction, concentration and re-solubilization proce-
dure, as a whole, shows a reproducible recovery of sulphide
dibimane from blood (76% on average) that is independent of
the amount of sulphide dibimane over the relevant concen-
tration range (Figure 4).

The monobromobimane reaction described herein is not
influenced by any of the major metabolites of sulphide tested.
When challenged with excess sulphite (Figure 5A), sulphate
(Figure 5B) or thiosulphate (Figure 5C), neither false positives
(sulphide dibimane from a different sulphur source) nor false
negatives (chemical interference with the derivatization reac-
tion) were observed.

Characterization of the pharmacokinetics of sulphide in rats
subjected to an intravenous bolus of sodium sulphide
As measured via monobromobimane derivatization of freshly
drawn blood samples, rats injected with a bolus of Na2S solu-
tion exhibited a dose-dependent increase in their blood levels
of available sulphide (Figure 6). The basal concentration of
sulphide in rats was approximately 0.7 mM (0.4–0.9 mM), and
the half-life of available sulphide after intravenous bolus

Figure 2 Typical chromatograms of monobromobimane derivatized and ethyl acetate-extracted blood samples. (A) Fluorescence trace (lex

= 390 nm, lem = 475 nm) resulting from assay of naïve rat blood (solid line) and assay of rat blood supplemented with 5 mM sulphide (dotted
line) (SdB, sulphide dibimane; mBrBim, monobromobimane). (B) Absorbance trace (labs = 254 nm) of same samples. Sulphide concentration
in the sample is calculated from the fluorescence area under the sulphide dibimane (SdB) peak at 12.1 min. (C) Linear response relationship
between the fluorescence area of HPLC chromatograms as function of sulphide dibimane concentration, injecting 7 mL of standard sulphide
dibimane solutions in acetonitrile. The specific fluorescence of the sulphide dibimane solution in acetonitrile is 2.77 FAU·pmol-1 sulphide
dibimane.

Figure 3 Kinetic analysis of the monobromobimane reaction. Sul-
phide concentrations between 3 and 100 mM were reacted with
1 mM monobromobimane in acetonitrile/HEPES buffer, and the sub-
sequent formation of sulphide dibimane was followed by fluores-
cence (lex = 390 nm, lem = 475 nm). The reaction is first order relative
to the substrate hydrosulphide, with a rate constant k = 0.01 �
0.0016 s-1. Fluorescence was calibrated against standards of sulphide
dibimane, and sulphide reacted completely with an excess of mono-
bromobimane. Data show representative curves from three indepen-
dent experiments.
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administration at 4 mg·kg-1 was calculated to be approxi-
mately 6 min.

Correlation of the pharmacokinetics of sulphide in rats subjected
to either a continuous infusion of sodium sulphide or exposure
to inhaled H2S
As shown in Figure 7A, blood sulphide levels in rats increase
on continuous intravenous infusion of a sodium sulphide
solution (2–20 mg·kg-1·h-1) for 2 h. Elevation of blood sul-
phide concentration is dose dependent, reaches a steady state
within 2 h of sulphide infusion and, except for the highest
dose, returns to baseline less than 1 h after discontinuation of
dosing. Blood sulphide levels in rats also increase dose depen-
dently after a 2 h exposure to 50–400 ppm of H2S gas in room
air (Figure 7B). Blood sulphide levels appear to reach a steady
state within 2 h of the start of H2S gas inhalation, and levels
return to baseline within 1 h after sulphide dosing ceases and
the animals are returned to room air. Based on these measure-
ments, a monobromobimane-based bioequivalency curve for
2 h exposures can be constructed. As shown in Figure 8, con-
centration of available blood sulphide in rats increases lin-
early with 2 h exposures to increasing levels of either
intravenous sodium sulphide infusion or continuous H2S gas
inhalation. From inspection of the corresponding plots,
sulphide infusion and H2S inhalation can thus be directly
equated.

Comparison of sulphide levels in vitro as measured by
amperometric detection and by the monobromobimane
derivatization method
The reaction of 10 mM sodium sulphide in oxygen-depleted
aqueous buffer with monobromobimane showed good corre-
lation with the measurement of the same solution using an
amperometric H2S sensor (Figure 9A). However, in fresh blood
samples spiked with sodium sulphide, the monobromobi-
mane reaction showed significantly higher levels of reactive

sulphide than the levels of dissolved H2S/HS- that were mea-
sured by the H2S-sensitive probe, which registers only a fleet-
ing spike of H2S (Figure 9B). Sulphide measurements between
the two methods also showed a good correlation when
sodium sulphide was added to fresh plasma (Figure 9C) or
into a normoxic solution of 5% HSA in HEPES (Figure 9D).

Comparison of sulphide levels in rats as measured by in vivo
amperometric detection and by monobromobimane derivatization
During the initial experiments, anaesthetized rats with an
in-dwelling jugular vein catheter housing the amperometric

Figure 4 Recovery of sulphide dibimane from whole rat blood as
a function of sulphide dibimane concentration. Duplicate blood
samples were supplemented with sulphide dibimane, were processed
via ethyl acetate extraction as prescribed above and were then analy-
sed via HPLC. Average recovery of sulphide dibimane for the assay
was 76%, and this recovery was shown to be independent of sul-
phide dibimane concentration. White and black bars show data from
two independent experiments.

Figure 5 The major oxidation products of sulphide do not interfere
with sulphide quantitation. Control rat blood or rat blood with added
sodium sulphide was derivatized with monobromobimane in the
presence of physiological concentrations of (A) sulphite (SO3

2–), (B)
sulphate (SO4

2-) and (C) thiosulphate (S2O3
2-). No effect on mea-

sured sulphide levels was observed up to 10 mM sulphite, 1200 mM
sulphate and 90 mM thiosulphate. Data represent mean � SEM for
three replicates.
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sulphide sensor were given sodium sulphide (1 mg·kg-1) as an
intravenous bolus over 10, 20 or 30 s, or 1 min. The results
show that the rate of administration of the sodium sulphide
solution has a marked effect on the pharmacokinetics of dis-
solved H2S in vivo: the highest peak level of H2S/HS- (approxi-
mately 1 mM above baseline) was detected when the injection
of sodium sulphide occurred over 10 s (Figure 10). When the
same bolus was given over 1 min, almost no elevation of H2S
above basal levels was seen.

In a subsequent study, sodium sulphide was administered
in a ramping infusion regimen to rats with an additional
catheter to remove blood samples for bimane derivatization.
Sulphide levels measured by both the amperometric sensor
and by the monobromobimane derivatization of fresh blood
are compared in Figure 11. The results show that the available
sulphide values measured by the monobromobimane reac-
tion are substantially higher (10–30 mM) than the readings
obtained with the amperometric sulphide sensor (<1 mM).

Measurement via derivatization with monobromobimane of
levels of 34S-sulphide and 32S-sulphide in rat blood during 2 h
infusion with 34S-sodium sulphide
In order to determine the relative contribution of exog-
enously administered and endogenously present sulphide to
the levels of available blood sulphide measured via monobro-
mobimane during sodium sulphide infusion, the rats received
intravenous infusions of 34S-sulphide over 120 min at
10 mg·kg-1·h-1. Blood levels of reactive 34S-sulphide and reac-
tive 32S-sulphide were measured by immediate monobromo-
bimane derivatization of ex vivo blood samples, followed by
quantitation via LC/MS of the resulting 34S-sulphide dibimane
and 32S-sulphide dibimane concentrations. The results show a
time-dependent increase in blood levels of available 34S-
sulphide during dosing, while blood levels of available 32S-
sulphide remain unchanged (Figure 12). On discontinuation
of dosing, only available 34S-sulphide is eliminated, the latter

with a half-life of approximately 20 min. Blood levels of avail-
able 32S-sulphide remained unchanged.

Characterization of the pharmacokinetics of sulphide levels in
rats by an in vivo microdialysis method coupled to
monobromobimane derivatization
In this study, sodium sulphide solution was administered by
intravenous bolus injection at 3 mg·kg-1. The microdialysis
catheter has a cut-off of 20 kDa, allowing only small mol-
ecules and short peptides to pass into the monobromobimane
reaction mixture. The microdialysis catheter thus prevents
the reaction of monobromobimane with large protein or cell
surface thiols. Within this controlled experimental setting,
available sulphide concentrations in venous blood were esti-
mated to peak at approximately 8 mM, and this available
sulphide was estimated to have a biological half-life of 22 s
(Figure 13).

Discussion

Sulphide is highly oxygen sensitive, rapidly forming thiosul-
phate, sulphite and sulphate in the presence of any free
oxygen. In addition, under various conditions, H2S may be
freely dissolved in solution (as H2S/HS-), it may be loosely
bound to other thiols present (e.g. within a persulphide,
RSnH, or a polysulphide, RSnR), it may be strongly bound to
other thiols present (e.g. within a disulphide, RS2R), it may be
covalently bound to carbon (e.g. as RSH or RSR) or it may be
coordinated to metals (e.g. iron centres) (Ubuka, 2002;
Mueller, 2006; Benavides et al., 2007; Szabo, 2007). It is thus,
from the outset, a challenging proposition to attempt to char-
acterize sulphide in all but the simplest matrices, and to
measure sulphide in a biological setting one must attempt to
carefully define the likely scope of the assay.

There is currently no consensus in the literature with
respect to the type of assay that would most accurately
provide a measure of ‘biologically available sulphide’, and
thus a great variety of assays have been utilized for this
purpose. Difference in the methodology of various assays is
the most likely explanation for the fact that there is no
agreement even as to the order of magnitude of sulphide
concentration in blood and tissues (see Table 1: Kage et al.,
1988; Nagata et al., 1990; Togawa et al., 1992; Ogasawara
et al., 1993; Zhao et al., 2001; Mok et al., 2004; Wei et al.,
2008; Whitfield et al., 2008; Yang et al., 2008). These
methods often incorporate reducing agents or acid, which
can liberate more strongly bound sulphur in addition to
easily available sulphide (see Furne et al., 2008). Other dif-
ficulties in comparison stem from the length of time that
methods expose matrices to incubation in the presence of
air oxygen, and in some cases the use of a diffusion-limited
transfer of sulphide across liquid/gas or liquid/solid phase
boundaries.

None of the existing methods of sulphide determination
met our defined need for an assay that could be adapted to
the scale of samples required in pharmacokinetic studies, yet
would maintain a high specificity and sensitivity for avail-
able sulphide in complex biological solutions such as whole

Figure 6 Measurement of blood levels of sulphide after a single
intravenous bolus injection of sodium sulphide in rats. The dose of
1 mg·kg-1 sodium sulphide induced a transient elevation of blood
sulphide levels at 1 min, while the dose of 4 mg·kg-1 sulphide pro-
duced an elevation for 30 min after the injection, with a calculated
half-life of approximately 5.7 min. Data represent mean � SEM
values from n = 4 animals for each time-point.
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blood. To fill this need, we made the initial assumption that
‘biologically available sulphide’ would be essentially equiva-
lent to ‘reactive sulphide’, where the latter is defined as reac-
tive to a moderate nucleophilic acceptor. The basis for the
derivatization described in this work is therefore the reaction
of sulphide with two equivalents of monobromobimane
(Figure 1).

Through optimization of reaction conditions first with
pure samples and then with whole blood, we found that
reaction conditions of 1/3 acetonitrile, 1/3 50 mM HEPES
buffer (pH 8) and 1/3 sample gave rapid, clean conversion of
sulphide to sulphide dibimane in the presence of excess
monobromobimane. It was anticipated that in whole blood,
an excess of the derivatization reagent would be necessary to

ensure full conversion of all reactive sulphide present,
because it is well known that monobromobimane will react
with a wide range of sulphydryls, including the abundant
background concentrations of reactive cysteines on HSA and
glutathione. We thus titrated baseline rat blood with mono-
bromobimane for a 10 min reaction period, and found that
200 mL of 5 mM monobromobimane was taken up almost
completely by 200 mL of whole rat blood (data not shown).
However, beyond 5 mM, excess monobromobimane was
present at the end of the reaction period. To overcome this
baseline sink of reactive species in the assay, 200 mL of 10 mM
monobromobimane is used to derivatize each 200 mL of
blood. This assures that in our range of interest (0.2–5 mM
sulphide), we are starting with an approximately 1000-fold

Figure 7 (A) Blood sulphide levels after exposure of rats to continuous intravenous infusions of sodium sulphide solution (2, 5, 10 or
20 mg·kg-1·h-1). (B) Blood sulphide levels after exposure of rats to air atmospheres containing varying concentrations of H2S gas (50, 100, 200,
300, 400 ppm). Data represent mean � SD; n = 3 for each group. Exposures of 2 h for both infusion and inhalation experiments.

Monobromobimane assay for sulphide detection
950 EA Wintner et al

British Journal of Pharmacology (2010) 160 941–957



excess of derivatization reagent for conversion of sulphide to
sulphide dibimane in rat blood.

As already mentioned, due to the high reactivity of sul-
phide with oxygen, it is of utmost importance to capture any
available sulphide in blood as rapidly as possible. To establish
the validity of the bimane assay for that aspect, initial experi-
ments were conducted varying the time of reaction from
10 min to 1, 5 or 20 min, and quenching any excess mono-
bromobimane derivatization reagent with mercaptoethanol
at the appropriate time. None of these changes in timing had
an effect on sulphide dibimane production from standard test
samples of 1 or 5 mM sulphide (data not shown). Kinetic traces
of sulphide dibimane (Figure 3) confirmed that under the
conditions of our assay, 10 mM sulphide was fully reacted
within the first minute, and that even 100 mM sulphide was
fully reacted within 5 min. Furthermore, under the condi-
tions of our assay, the reaction is first order relative to the
substrate hydrosulphide, meaning that the chemically limit-
ing step is reaction of sulphide with the first equivalent of
monobromobimane. The subsequent reaction to form the
bis-bimane derivative (sulphide dibimane) is rapid in com-
parison and does not play a kinetic role. Taken together, the
above data allow us to state that our assay conditions of
10 mM monobromobimane reacting at room temperature for
10 min (in the designated solvent system of 33% acetonitrile
and 33% 50 mM HEPES buffer, pH 8) are sufficient for com-
plete and reproducible conversion of 0.2–5 mM reactive sul-
phide to sulphide dibimane.

During in vivo dosing with sulphide, it is inevitable that the
oxidation products thiosulphate, sulphite and sulphate will
be produced, and thus assay specificity in the presence of
these metabolites had to be established. During initial dosing
of rodents with sodium sulphide, blood plasma levels of thio-
sulphate, sulphite and sulphate were monitored via ion chro-
matography, and as expected, levels of each increased with
increased sulphide dosing (data not shown). In our hands,
typical baseline concentrations observed in rat plasma via ion
chromatography are 0.5–2.0 mM thiosulphate, 0–1.0 mM sul-
phite and 600–900 mM sulphate. During sulphide dosing at

10 mg·kg-1·h-1, corresponding concentrations were measured
as 50 mM thiosulphate, 5 mM sulphite and 1100 mM sulphate.
To confirm that these salt levels do not cause interference
(false positive or negative peaks) during monobromobimane
derivatization, we assayed standard sulphide samples in the
presence of each compound. At concentrations of oxidized
sulphide in line with or above those seen in the blood of
sulphide-dosed animals, the detected area of the resultant
sulphide dibimane peaks was not changed (Figure 5A–C).

Having designed a chemical derivatization protocol that
reliably and quantitatively reacts with available sulphide in
blood, the challenge remained to maintain sensitivity of the
assay such that large numbers of samples could nevertheless
be measured with precision. In order to maximize the sul-
phide dibimane signal in a setting where sulphide is deriva-
tized directly from the complex matrix of whole blood, an
ethyl acetate extraction and concentration procedure was
used. The procedure detailed above separated sulphide dibi-
mane from the majority of other fluorescent species formed –
protein/peptide cysteines that are also derivatized by bimane,
but are not soluble in an organic medium – and then removed
the ethyl acetate. When reconstituted for HPLC analysis,
there is an overall twofold concentration in volume, thereby
doubling the sulphide dibimane signal. The extraction, con-
centration and re-solubilization procedure, as a whole, shows
an average 76% recovery of sulphide dibimane from blood
(Figure 4) that is reproducible and concentration independent
over our range of interest of 0.2–5 mM sulphide dibimane.

The final measurement of sulphide dibimane (and thus the
original reactive sulphide) was made via the well-known fluo-
rescent properties of the sulpho-bimane moiety. To distin-
guish post-reaction the derivatized sulphide dibimane from
the excess of starting monobromobimane, a gradient HPLC
method was developed using water and methanol in acetoni-
trile to separate the analytes in question. In this setting, the
standard curve for sulphide dibimane shows excellent linear-
ity over the range of interest of 0.2–5 mM (Figure 2C). Thus,
having explored the various aspects of the monobromobi-
mane derivatization method detailed above, we have con-
cluded that we could use this assay to measure the reactive
sulphide of biological samples in a range of 0.2–5 mM.

Initial pharmacokinetic findings in rodents were straight-
forward: using the monobromobimane assay to measure ali-
quots of fresh blood sampled from jugular vein catheters in
rats, baseline levels of available blood sulphide were deter-
mined to be approximately 0.7 mM, and intravenous bolus
dosing of sodium sulphide resulted in a dose-dependent
increase in sulphide blood levels (Figure 6). Levels of available
blood sulphide reached at least 1.5 mM in the rats that
received 1 mg·kg-1 bolus dose of sodium sulphide, and
reached at least 4.5 mM sulphide in rats given the 4 mg·kg-1

bolus dose. The half-life of this available sulphide was calcu-
lated to be approximately 6 min following intravenous bolus
administration of sodium sulphide at 4 mg·kg-1. Levels of
available blood sulphide were also measured during continu-
ous intravenous infusions of sodium sulphide solution
(2–20 mg·kg-1·h-1, administered for 2 h). Again, using the
monobromobimane assay to measure aliquots of fresh blood
sampled from jugular vein catheters in rats (Figure 7A), eleva-
tion of blood sulphide concentration during infusion was

Figure 8 Correlation between levels of monobromobimane-
reactive blood sulphide in rats after 2 h of either inhalation of H2S gas
or constant infusion of sodium sulphide solution. Graph is a
re-plotting of the 2 h data presented in Figure 7A and B, shown as
mean � SD; n = 3 for each group.
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found to be dose dependent, and available blood sulphide
appeared to reach a steady state within 2 h of the start of
sulphide infusion. After infusion was stopped, sulphide levels
returned to baseline within 1 h post-discontinuation.

Thus, intravenous administration of sodium sulphide to
rats, both by bolus dosing and by constant infusion, exhib-
ited pharmacokinetics that were dose dependent and that
were consistent with a short half-life of the compound in
blood. Expanding the purview of the monobromobimane
assay, similar pharmacokinetics have subsequently been
measured following exogenous sulphide infusion in mice,
beagle dogs, domestic pigs and cynomolgus monkeys (data
not shown; all studies done under documented animal
welfare approval according to local and US and/or EU
regulations). Across all species studied, we observed a short
half-life of available sulphide in blood, and we observed a
dose-dependent relationship between sodium sulphide
administration and subsequent elevation of available blood
sulphide. Furthermore, when baseline levels of sulphide are
measured with monobromobimane, all animal species
studied yielded basal blood concentrations of sulphide
between 0.3 and 1.2 mM.

Given that the bulk of animal and human sulphide expo-
sure data to date describes the effects of H2S gas, we sought to
use the monobromobimane derivatization assay detailed
above to construct a relative bioequivalency curve between
exposure to atmospheric H2S gas and dosing with intrave-
nous sodium sulphide. By plotting available blood sulphide

Figure 9 (A) Comparison of amperometric sensor and monobromobimane-based sulphide measurements after addition of 10 mM sodium
sulphide to an oxygen-depleted buffered saline solution. Data represent mean � SD of n = 3 replicates. (B) Comparison of amperometric sensor
and monobromobimane-based sulphide measurements after addition of 20 mM sodium sulphide to human blood. (C) Comparison of
amperometric sensor and monobromobimane-based sulphide measurements after addition of 20 mM sodium sulphide to human plasma. (D)
Comparison of amperometric sensor and monobromobimane-based sulphide measurements after addition of 20 mM sodium sulphide to a
solution containing 5% human serum albumin in 50 mM HEPES and 155 mM NaCl. Data represent mean � SD of three replicates.

Figure 10 Measurement of sulphide in the vena cava of rats follow-
ing intravenous injection of 1 mg·kg-1 sodium sulphide over 10, 20,
30 or 60 s, and detecting dissolved H2S using an amperometric
sensor. Data represent mean � SEM; n = 3.
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concentrations reached by both sodium sulphide infusion
and H2S inhalation over 2 h (Figure 7A and B), it is apparent
that both methods of exposure give rise to linear dose depen-
dency over the dose range investigated. Furthermore, because
blood sulphide increases linearly with increasing levels of
either exposure method, intravenous sodium sulphide infu-
sion and continuous H2S gas inhalation can themselves be
linearly correlated. Comparison of the two opposing plots in
Figure 8 yields the following metric, a rough bioequivalency
formula for a 2 h exposure of rats to sulphide: each
1 mg·kg-1·h-1 of intravenous sodium sulphide dosing for 2 h
is approximately equivalent to 30 ppm of gaseous H2S inha-
lation for 2 h. It must be stressed, of course, that this calcu-
lation assumes that the reactive blood sulphide measured via
monobromobimane is a valid indicator of the ‘biologically
available sulphide’ that is responsible for the in vivo effects of
sulphide administration.

To tie the monobromobimane assay firmly to existing
methods of sulphide analysis, and to probe the exact nature of
the ‘available sulphide’ being measured in this chemical
derivatization reaction, we made use of a second assay that

operates through completely different means: measurement
of dissolved H2S via an amperometric sensor. The amperomet-
ric sensor (WPI Instruments) detects current change from an
electrochemical reaction at its head, and is the same model
that Kraus and colleagues used in their studies (e.g. Doeller
et al., 2005). It consists of a platinum anode and cathode
bathed in a solution of ferricyanide that is retained inside an
H2S-permeable membrane. The membrane and characteristic
electrochemistry give the sensor a high selectivity and sensi-
tivity for H2S relative to other physiological gases (CO2, O2,
CO, etc.). However, as the membrane is permeable to H2S gas
and not to HS- ions, the instrument must always be calibrated
at a specific pH such that the total concentration of free
sulphide (H2S + HS-) is properly accounted for. The sensor
has been used in previous studies to measure the production
and biological ‘consumption’ of H2S in biological matrices
(Doeller et al., 2005; Benavides et al., 2007) While the instru-
mentation required for this electrochemical method of detec-
tion is not easily amenable to handling large numbers of
samples for pharmacokinetics, and while absolute determina-
tion of sulphide levels via the amperometric sensor requires

Figure 11 In vivo comparison of amperometric sensor and monobromobimane (mBrBimane)-based blood sulphide measurements in rats
during stepwise elevations of sodium sulphide infusion at rates of 10, 20 and 60 mg·kg-1·h-1, each for 5 min. Data represent mean � SEM;
n = 3.

Figure 12 Measurement via derivatization with monobromobimane of 34S-sulphide and 32S-sulphide in rat blood during dosing with
34S-sodium sulphide. Rats received continuous intravenous infusions of 34S-sulphide over 120 min at 10 mg·kg-1·h-1. Blood concentrations of
34S-sulphide increased in a dose-dependent manner, while 32S-sulphide blood concentrations remained unchanged. Data represent mean �
SEM; n = 8–10.
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constant calibration, this method is nevertheless very sensi-
tive in its ability to detect relative changes in dissolved H2S
over a short period of time. In addition, the H2S sensor can be
placed directly into the bloodstream of the rat, allowing ‘in-
line’ measurements in an in vivo setting.

To begin, we used the amperometric sensor to confirm the
ability of the monobromobimane assay to accurately measure
concentrations of sulphide dissolved in aqueous buffer.
When sodium sulphide was added to an oxygen-depleted
buffer, the bimane assay measured an almost identical curve
to that of the immersed sulphide sensor (Figure 9A). When
we repeated the latter experiment in a matrix of fresh blood,
however, the monobromobimane reaction measured signifi-
cantly higher levels of reactive sulphide than the levels of
dissolved H2S that were registered by the H2S-sensitive probe
(Figure 9B). The amperometric sensor recorded a brief initial
spike (<10 s) on addition of 20 mM sodium sulphide to the
stirring solution, but thereafter essentially no signal for H2S/
HS- was measured. During this same period, a significant
concentration of reactive sulphide was available to monobro-
mobimane, and this observation, consistent with previous
findings (Doeller et al., 2005), suggests that when adminis-
tered to whole blood, H2S is rapidly taken into a ‘sink’. From
the absence of signal from the amperometric sensor, this sink
is marked as something other than dissolved, unassociated
H2S, but the sink is ‘reversible’ in that its sulphide can be
captured, still in the -2 oxidation state, by a relatively mild
substitution reaction with monobromobimane. To further
characterize this free sulphide-scavenging property of blood,
we added sodium sulphide to solutions of either human
plasma or a buffered 5% HSA solution. In both of these solu-
tions, sulphide measurement by either amperometric detec-
tion or chemical derivatization was similar (Figure 9C and D).
The fact that the centrifugation step of producing plasma
removes the substance that differentiates the H2S sensor from
the monobromobimane assay suggests the formation of a

Figure 13 Concentrations of available sulphide in the venous blood
of rats after an intravenous bolus injection of 3 mg·kg-1 sodium
sulphide, as measured in the microdialysate via the monobromobi-
mane assay. Values after the peak were analysed by non-linear regres-
sion and fitted to a curve (thick red line), yielding a half-life of 22 s.
Data shown are means � SEM; n = 4.
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sulphydrated protein product (e.g. a protein persulphide)
from which monobromobimane can still remove sulphide
prior to its oxidation.

The above experiment retains the caveat of measuring sul-
phide in stirred blood in an in vitro setting. Thus, we placed
the amperometric sensor directly into the vena cava in vivo
by means of an in-dwelling catheter. Bolus dosing experi-
ments with sodium sulphide confirmed that an H2S/HS-

signal disappears rapidly in vivo, as well with a 1 mg·kg-1

bolus dose visible to the probe only when administered in
less than 60 s (Figure 10). By extending this experiment to a
design where continuous infusion of sodium sulphide was
performed and the rate of infusion increased in a stepwise
fashion, we conclude that the in-line H2S sensor could be
used simultaneously with blood sampling for the bimane
assay. As shown in Figure 11, the amperometric probe regis-
ters essentially no signal until a rate of 60 mg·kg-1·h-1 is
reached. Derivatization of the freshly drawn blood with
monobromobimane, however, measures reactive sulphide
already at the lowest infusion rate, and at the highest infu-
sion rate measures over 30 mM of available sulphide. Thus,
the ‘reversible sulphide sink’ noted from the blood experi-
ments in vitro appears to be present in vivo as well.

Similar to our in vitro conclusions, the ‘sink’ observed via
the bimane assay during a bolus (Figure 6) or infusion (Fig-
ure 11) of sodium sulphide solution is shown not to be H2S/
HS- per se. The presence of dissolved, unassociated H2S in the
rat bloodstream after 60 s in the case of bolus dosing, and up
to 20 mg·kg-1·h-1 in the case of continuous infusion is ruled
out by the amperometric sensor data of Figures 10 and 11
respectively. While oxidation by whole blood to thiosulphate
certainly contributes to the rapid disappearance of sulphide
in vivo (Kage et al., 1991), the postulated in vivo sulphide
‘sink’ that we propose to be the substrate of the monobro-
mobimane assay is unlikely to be composed of oxidized
sulphide, because we have shown that neither sulphite, sul-
phate nor thiosulphate, the three main oxidation products
of sulphide, produce sulphide dibimane in the presence of
monobromobimane.

Given that we propose a reversible sulphide ‘sink’ to
explain levels of monobromobimane-reactive sulphide mea-
sured during intravenous sodium sulphide dosing, we sought
to refine the hypothesis based on the lability with which
sulphur atoms in the sink are exchanged with other pools of
sulphide in vivo. When rats are dosed with 34S-sodium sul-
phide, levels of 34S-sulphide in blood increase directly, and
levels of 32S-sulphide remain unchanged (Figure 12). These
data are consistent with the hypothesis that the sulphide of
the available sulphide sink is loosely bound, but that it is not
in rapid exchange with any endogenous pool of sulphide
during the time frame of the experiments. Interestingly, after
the end of dosing, only 34S-sulphide disappears and the blood
levels of 34S-sulphide fall below those of 32S-sulphide once
more. This observation suggests that the pool of derivatizable
sulphide which provides the endogenous baseline signal is
not of the exactly the same molecular structure as that of the
‘reversible sulphide sink’ which is utilized on dosing with
sodium sulphide. While the structures may be related (in
particular, both might be persulphides RSnH on different
peptide cysteines), if both types were identical, upon cessa-

tion of 34S-sodium sulphide infusion, levels of both 34S-
sulphide and 32S-sulphide would fall until their sum equaled
the original basal level of available sulphide. However, as
noted, only 34S-sulphide dissipates, so this sulphide must be
present in a slightly more reactive molecular environment
than the endogenous 32S-sulphide which is measured in base-
line blood.

In another in vivo study, sodium sulphide was administered
by intravenous bolus injection of 3 mg·kg-1 to a rat implanted
with an in-line microdialysis catheter (Figure 13A). Measuring
levels of blood sulphide via derivatization of aliquots from the
catheter showed a strong and rapid response to the bolus
(8 mM sulphide within the first minute), with a subsequent
half-life of 20–30 s (Figure 13B). By comparison of this graph
to the response of the in-line amperometric sensor in a similar
bolus dosing (Figure 10), the level of sulphide detected via
monobromobimane cannot be due to dissolved H2S gas alone.
Furthermore, we have noticed a substantial difference
between the half-life of sulphide in vivo, as determined from
the monobromobimane-based method (approximately
6 min), and the half-life of sulphide, as determined by the
microdialysis method (approximately 20–30 s). The existence
of the proposed blood-based ‘sulphide sink’ may explain this
difference: while the whole blood monobromobimane assay
detects all forms of sulphur available for the reaction, the
microdialysis catheter incorporates a filter with a cut-off of
20 kDa. If the nature of the ‘sulphide sink’ in the blood is, at
least in part, protein(s) of 20+ kDa on which sulphide is
reversibly bound (e.g. via a reactive cysteine), this bound
sulphide would not be available for the monobromobimane
reaction on the other side of the membrane. Hence, the reac-
tion would in this case capture only diffusible molecules, such
as small sulphydrated cysteine peptides and H2S gas, both of
which would be expected to have a short half-life compared
to large sulphydrated proteins that could stabilize their per-
sulphides through local electronic environments.

The results of this paper are consistent with several recent
publications on sulphide in vivo. In a separate study from this
laboratory examining parenteral sodium sulphide dosing
(Insko et al., 2009), the half-life of free H2S in blood as mea-
sured by the concentration of H2S in exhaled air appears to be
short (approximately 10 s), in agreement with the hypothesis
that the monobromobimane reaction detects additional reac-
tive sulphur species in blood beyond free H2S/HS-. A recent
study by Snyder and coleagues also corroborates the theory
of a ‘sulphide sink’ and begins to specifically identify the
putative sulphide-sequestering molecules which our bimane
investigations indicate: H2S was found to physiologically
modify cysteines in a large number of proteins by
S-sulphhydration (Mustafa et al., 2009), a finding that is con-
sistent with the conclusions of the present paper, and sug-
gests specific components that may be responsible for the in
vitro sulphide consumption effect differentiating Figure 9A
(sulphide + saline) from Figure 9B (sulphide + blood).

In conclusion, we describe here a novel method for mea-
suring sulphide in whole blood based on chemical derivati-
zation of samples with excess monobromobimane. While we
have shown that the bimane assay can derivatize H2S/HS-

dissolved in solution at sub-micromolar levels, the presence of
persistent unassociated H2S in the blood of sodium sulphide-
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treated animals is ruled out by the negative signal of an
amperometric sensor. Therefore, another source must be pro-
posed for the significant concentration of blood sulphide that
is available to react with monobromobimane following
administration of Na2S solution. Our findings are consistent
with the existence in blood of a ‘reversible sulphide sink’, and
we posit that the bimane assay of this paper measures not
only free H2S/HS- dissolved in blood, but also one or more
forms of available sulphide that are ‘loosely’ or ‘reversibly’
bound in vivo, and can thus be liberated, still in the -2 oxi-
dation state, by the relatively mild (HEPES buffer, pH 8) sub-
stitution reaction in which sulphide dibimane is generated
from monobromobimane. We further propose that, given the
observed effect of a 20 kDa filter on the sulphide sink, its
chemical structure may take the form of a persulphide RSnH
on the cysteine residues of one or more proteins. Finally,
because the mild chemical nature of the monobromobimane
derivatization reaction suggests that the bimane assay is mea-
suring sulphide that is likely to be reversibly held under physi-
ological conditions, we propose that the monobromobimane
assay presented here may be useful to estimate the concen-
tration of biologically available sulphide in vivo.
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