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INTRODUCTION

One of the long-term goals of the Strategic Plan and Research Agenda for
Medical Countermeasures Against Chemical Threats (August, 2007)" is the
development of “rapid diagnostic tests and assays to identify biological markers
consistent with cyanide exposure and the level of exposure”. Dr. Logue has
been working to identify and study biological marker behavior and to develop
rapid, portable cyanide diagnostics over the last several years.?® Multiple sensor
technologies have been developed by the Pl to move towards the ultimate
sensor technology that combines rapid and accurate determination of cyanide
exposure with simplistic use. The combination of these technologies should
prove to be the most rapid path towards the long-term research goal of cyanide
diagnostic development. Therefore, one objective of the proposed work is to
develop a diagnostic sensor that combines rapid and accurate determination of
cyanide exposure with simplistic use. A diagnostic sensor will be developed from
a combination of the most promising current sensor technologies for rapid
cyanide diagnosis. The sensor technology will utilize the change in fluorescence
from the reaction of naphthalene dialdehyde (NDA), taurine, and cyanide as the
core chemical process. This chemical process has shown excellent sensitivity
and selectivity for cyanide analysis in past work.

The choice of biomarker and biological matrix for diagnosing cyanide
poisoning is dependent on multiple factors. While definitive determination of
cyanide exposure is essential, the ability to quickly and non-invasively gather the

biological matrix of interest is also desirable, especially in a mass casualty



situation. Currently, cyanide exposure is typically determined by analysis of
blood for elevated cyanide concentrations, although it may not be the best
matrix/biomarker combination. Therefore, multiple biomarkers will be evaluated
as potential alternatives to direct analysis of cyanide by developing analytical
methods for their analysis.

Pharmacokinetic, stability, and other studies, which are necessary for FDA
approval, require an analytical method. 3-Mercaptopyruvate (3-MP),
dimethyltrisulfide (DMTS), and cobinamide (Cbi) are promising cyanide
therapeutic lead candidates, including combinations of the three, that are
currently being studied for potential FDA approval. Some of these therapeutics
currently have associated analytical methods, but some do not. Furthermore, no
methods are available for the simultaneous detection of two or more of these
therapeutics during combination therapies. Therefore, we will develop multiple

methods for the analysis of cyanide therapeutics from blood or its components.

Technical Objectives
1. Develop a diagnostic sensor that combines rapid and accurate determination

of cyanide exposure with simplistic use and portability.

2. ldentify alternative biomarkers of cyanide exposure by developing analytical
methods for their analysis and determining the toxicokinetics of these

biomarkers.



3. Develop assays to detect next generation cyanide antidotes from biological

fluids that are accurate and robust.

Specific Tasks
1a) Develop an easy-to-use two-chamber type diagnostic sensor technology

that has the ability to determine cyanide exposure rapidly and accurately.

Previously, the development of a simple, field-portable fluorometric sensor
platform was undertaken. Although extremely promising, the analysis time for
cyanide by the initial sensor was slow (5-minute analysis) compared to the onset
of the symptoms of cyanide exposure. Thus, the development of the next-

generation portable fluorometric cyanide diagnostic sensor will be pursued.

1b) Test the sensor developed in Task 1 using an appropriate animal model to

confirm the ability of the sensor to diagnose cyanide exposure.

2) Evaluate novel markers of cyanide exposure to help determine the most

appropriate cyanide exposure marker.

A rat model was used in the initial toxicokinetic experiment and may not
be appropriate for this study. Therefore, a rabbit model (reported last year) and a

swine model will be used to verify the toxicokinetic data. To increase the



chances of finding a suitable cyanide diagnostic bio-marker, we shall also
investigate the cyanide adduct of a-ketoglutarate, a-ketoglutarate cyanohydrin,

and the cyanide adduct(s) of glutathione.

2a) Verify the toxicokinetics of ATCA, cyanide, and thiocyanate in an

appropriate animal model post-cyanide exposure

2b) Optimize and validate an analytical method to analyze ATCA, cyanide,

and thiocyanate simultaneously.

To lessen the burden of analyzing three compounds with three different
methods, an analytical method to determine all three metabolites simultaneously
will be developed at SDSU. This method will be utilized to determine ATCA,
cyanide, and thiocyanate concentrations from the biological samples produced in

Task 1, if validated prior to the toxicokinetic study.

2c) Determination of the cyanide metabolite a-ketoglutarate cyanohydrin by

liquid chromatography tandem mass-spectrometry

2d) Determination of the cyanide adduct of glutathione by high performance

liquid chromatography



3) Development of an assay for 3-mercaptopyruvate (sulfanegen), dimethyl
trisulfide, and multiple forms of cobinamide from blood (i.e., plasma, RBCs or

whole blood) and test methods to analyze combinations of each.
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SECTION |
DEVELOP A DIAGNOSTIC SENSOR THAT COMBINES RAPID AND
ACCURATE DETERMINATION OF CYANIDE EXPOSURE WITH SIMPLISTIC

USE AND PORTABILITY

CHAPTER 1

DEVELOPMENT OF A FLUORESCENCE-BASED SENSOR FOR RAPID

DIAGNOSIS OF CYANIDE EXPOSURE

Randy E. Jackson and Brian A. Logue

1.1.  The effort for this portion of the report was published as a peer-reviewed

manuscript which is attached as Appendix I.



CHAPTER 2
DESIGN OF PROTOTYPE 2 CARTRIDGE FOR CYANIDE SENSOR

Randy E. Jackson and Brian A. Logue

.2.1. Microdiffusion Cartridge Design Evolution.

The current microdiffusion cartridge utilizes a “bubble pack” for reagent
introduction (Figure 1.2.1) with external dimensions of 45 x 30 x 40 mm (I x w x
h). The bubble pack microdiffusion cartridge utilizes side-by-side positioning of
the sample and capture chambers, contains channels to deliver the reagents to
their designated chambers, and uses a bubble pack to house the reagents.
Several materials, including bubble wrap, nitrile, and latex, were evaluated to
create a leak proof bubble. Modified latex balloons (35 cm long with a 0.8 mm
diameter) were determined to be the best material to create short-term leak proof
seal (see Figure 1.2.2). The balloons were able to create a leak-free seal and
could be modified to hold the correct amount of solution for the designated
reagents. The latex material created the leak-free seal due to the attached o-ring
and the flexibility of the material. Also, it is important to note that over time the
latex became brittle and less flexible which lead to tearing. This issue may be
eliminated in the manufacturing process with the use of a plastic material (i.e.,
the use of polyethylene) to create the bubbles. The current cartridge design
allows the expulsion of capture solution through the air outlet in the capture
chamber and the junction between the bubble portion and the chamber portion of

the cartridge leaks at times. Currently, a new cartridge design that increases the



size of the capture chamber and uses the incorporation if preformed plastic
material (i.e., needle and syringe Luer locks, metal tubing) into the fused
deposition modeling (FDM) printed material is being developed. The design
changes will ensure the preservation of capture solution as well as ensure liquid

and air tight seals for junctions and channels within the microdiffusion cartridge.

Capture

Air Inlet Chamber

Figure 1.2.1. Configuration of the bubble pack microdiffusion cartridge.



Figure 1.2.2. Bubble portion of the bubble cartridge. A) The bubble mounting

pegs and B) the bubbles (modified latex balloons) attached to the bubble
mounting pegs.



CHAPTER 3
DESIGN OF TWO-CHAMBER PROTOTYPE SENSORS

Randy E. Jackson and Brian A. Logue

1.3.1. Sensor Circuit Design for Prototype

The sensor casing was designed in our laboratory and manufactured by
Falcon Plastics using their fused deposition modeling (FDM) Printing Technology
(i.e., rapid prototyping or 3D printing). The current sensor has a base for
mounting all components, a cartridge and detector holder (mounted to the base
and holds the microdiffusion cartridge and USB2000+ Spectrometer), and a
cover, which houses the display and is secured in place to the base. The
circuitry consists of a Microchip Explorer 16 PIC development board joined to an
Electronic Assembly display development board, and a Firgelli linear actuator
control board. The sensor (Figure I1.3.1A) was programmed and can differentiate
between below threshold (display reads “No Exposure” seen in Figure 11.3.1B)
and above threshold (display flashes “Exposure Detected” seen in Figure 11.3.1C)
concentrations of cyanide. The threshold for exposure was set at 15 yM cyanide
in whole blood. The circuit design, implementation, and programming were
performed at Midwest Micro-Tek and in our laboratory. For laboratory testing,
further programming is needed to create an administrator screen such that
numerical data can be obtained from the sensor and analyzed. The current
sensor is portable, but still bulky measuring 28.5 x 19.5 x 15 cm (I x w x h). The

use of bulky components such as the 50 mm linear actuator, the large
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development circuit board, and the USB2000+ Spectrometer makes the sensor
much larger than necessary. We identified smaller components and have
designed a photodiode-based spectrophotometer to replace the larger
components in order to miniaturize the sensor and increase instrument
portability. These changes were incorporated into a new circuit design, which
was built in lab. The new circuit design is centered around the same Microchip
Explorer 16 PIC development board joined to an Electronic Assembly display
development board in order to manipulate the coding that currently exists. The
code for the display screens (altered and new) and the microcontroller code to
navigate through the screens were written. The coding and communication
programming for all the additional peripheral components (i.e., linear actuator,
pressure pump, etc.) and the microcontroller unit were developed. The circuitry
for the new miniature sensor is complete and the manufacture of a custom circuit
board is underway with the electrical engineers at Midwest Micro-Tek. Lastly, the
coding for the miniature sensor is ~90% complete; some coding for displaying
detector signals as numerical values, and the optimization of LED illumination,
light capture, and analog-to-digital conversion is underway. These items will be

developed concurrently with circuit board manufacture.

1.3.2. RESULTS AND DISCUSSION
1.3.2.1. Sensor Optics Optimization
To obtain the highest fluorescence signal within the desired analysis time

(>1 min), the initiation time for the LED irradiation and the time interval for
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photodiode sampling and analog to digital (A/D) conversion were optimized. This
evaluation was performed using a 410nm LED with no focusing lens, a 1 cm path
length cuvette (placed in the cartridge chamber of the sensor), and a photodiode
with a focusing lens (1.5 cm focal length) positioned perpendicular to the LED,
see Figure 11.3.2. Samples consisted of 100 pL of the specified CN standard (0O,
1, and 10 pM NaCN in 10 mM NaOH) and 200 pL of each capture solution
reagent (0.5 mM NDA, 0.05 M taurine, and 0.1 M NaOH). The time delays used
to analyze fluorescence ranged from 15.625 — 125 ms. The sample analysis
sequence was as follows, the LED was turned on and the timer began counting,
analog sampling was performed when the counter reached the designated time
and the LED was turned off immediately after analog sampling. The increased
fluorescent signal for 62.5 ms time delay shown in Figure 11.3.3 indicates that it
was the optimum time delay between sample excitation and analog sampling for

A/D conversion.

1.3.2.2. Evaluation of Analysis Time

The analysis time was evaluated to determine the time (after NDA and
taurine addition) needed to distinguish a blank sample from a CN spiked sample.
This evaluation was performed using same optical configuration as previously
described. For the initial analysis using the cuvette, samples for the cuvette
consisted of the CN standard (100 pL of 0 and 10 pM NaCN in 10 mM NaOH)
and 200 pL of each 0.5 mM NDA,and 0.1 M NaOH), and 200 pyL of 0.05 M

taurine was added at time of analysis. Upon the introduction of taurine the
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“capture” button was pressed and fluorescence was measured. For the cartridge
samples, the CN Std (100 pL of 0 and 10 uM NaCN in 0.010 M NaOH) were
placed in the capture chamber and reagent bubbles were prepared containing
200 pL of NDA, 250 pL of taurine, and 250 puL of NaOH. The cartridge was
placed in the cartridge holder, automatically injects NaOH, and both the NDA and
taurine bubbles were depressed and the capture button was pressed. Once the
capture button was pressed, the sample solutions were allowed to passively mix
for time periods ranging from 1 — 90 s before fluorescence was measured.
Figure 11.3.4 shows the comparison of the cuvette and cartridge and the rate of
observed fluorescence signal differentiation for the NDA-taurine-CN complex.
The use of the cartridge is favorable due to the fact that it decreases the
background signal and reduced the standard deviation observed between
samples. The 20 s time period for both reaction vessels was the first time period
that allows for reproducible and significant distinction between CN containing
samples and blanks and this time period was considers best compromise
between quick analysis and accurate differentiation between exposed and non-

exposed samples.

1.3.2.3. Transfer Pump Flow Rate

The flow rate of the transfer pump was evaluated to determine the
optimum volume of air for the transfer of HCN containing headspace from the
sample chamber to the capture chamber. The pump flow rate was analyzed by

attaching the pump to the air inlet luer (located beneath the cartridge chamber)
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using an 11 cm long piece of Nalgene tubing with a 3 mm 1.D., the outlet side of
the air inlet luer was attached to a 50.5 cm long Nalgene tubing that steps up
from 3 mm I.D. to 12.5 mm [.D. The end of the tubing measuring 12.5 mm |.D.
was placed in a beaker of water and the pump was turned on for 10 s. The
bubbles which evolved were counted and the pump flow rate was estimated by
multiplying the number of bubbles by the calculated volume of a 12.5 mm bubble.
The flow rate was estimated to be 3.5 mL/s or 0.211 L/min. This calculated flow
rate was lower than the manufacturer’s rating but the pump was powered with a

5V power supply rather than the 6 V supply recommended by the manufacturer.

1.3.2.4. Air Volume Optimization

Once the pump flow rate was determined, the air volume necessary to
transfer the HCN containing headspace from the sample chamber to the capture
chamber was evaluated. Samples consisted of a CN standard (100 uL of 0 or 10
uM NaCN in 10 mM NaOH) placed in the sample chamber of the analysis
cartridge while 300 pL of H,SO4 (1 M) 200 pL of NDA (0.5 mM), 250 pL of taurine
(0.05 M), and 250 pL of NaOH (0.1 M) were placed in their specified reagent
bubbles. The cartridge was placed in the cartridge holder which automatically
injects H,SO4 and NaOH and the start button was pressed. The air pump
delivered air volumes ranging from 30-70 mL. Once the pump stopped, NDA and
taurine bubbles were depressed using the linear actuator injector arm and the
reaction was allowed to proceed for 20 s before fluorescence was measured.

Preliminary results (Figure 11.1-5) indicate that 60-70 mL of air may be the
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optimum for transferring HCN gas to the capture chamber, although additional air
volumes, as well as blank samples and replicate analysis, must be performed to
obtain definitive information about the transfer of HCN gas. If these preliminary
results hold true, the overall analysis time is expected to be ~40 s, which is well

below the goal of <1 min.

Figure 1.3.1. The cyanide sensor prototype: A) the front, left-hand view of the
sensor; B) the response for no exposure; and C) the flashing response for
exposure.
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Figure 11.3.2. Optical configuration of the miniature sensor cartridge chamber.

Figure 1.3.3. Time delay for sample excitation and A/D sampling and
conversion.
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Figure 11.3.4. Short-term reaction rate for the production of the NDA-Taurine-CN
complex.

Figure 11.3.5. Air volume optimization for the transfer of HCN gas-containing
headspace from the sample chamber to the capture chamber.
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11.3.2.5. Sensor Circuit Design for Prototype

The sensor casing was designed in our laboratory and manufactured by
Falcon Plastics using their fused deposition modeling (FDM) Printing Technology
(i.e., rapid prototyping or 3D printing). The current sensor has a base for
mounting all components, a cartridge and detector holder (mounted to the base
and holds the microdifusion cartridge and USB2000+ Spectrometer), and a cover
which houses the display and is secured in place to the base. The circuitry
consists of a Microchip Explorer 16 PIC development board joined to an
Electronic Assembly display development board, and a Firgelli linear actuator
control board. The sensor (Figure I1.3.6A) was programmed and can differentiate
between below threshold (display reads “No Exposure” seen in Figure 11.3.6B)
and above threshold (display flashes “Exposure Detected” seen in Figure 11.3.6C)
concentrations of cyanide. The threshold for exposure was set at 15 yM cyanide
in whole blood. The circuit design, implementation, and programming were
performed at Midwest Micro-Tek and in our laboratory. For laboratory testing,
further programming is needed to create an administrator screen such that
numerical data can be obtained from the sensor and analyzed. The current
sensor is portable, but still bulky measuring 28.5 x 19.5 x 15 cm (I x w x h) taking
up ~8300 cm®. The use of bulky components such as the 50 mm linear actuator,
the large development circuit board, and the USB2000+ Spectrometer makes the
sensor much larger than necessary. We identified smaller components and have
designed a photodiode-based spectrophotometer to replace the larger

components in order to miniaturize the sensor and increase instrument
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portability. These change were incorporated into a new circuit design, which was
built in lab. The new circuit design is centered around the same Microchip
Explorer 16 PIC development board joined to an Electronic Assembly display
development board in order to manipulate the coding that currently exists. The
code for the display screens (altered and new) and the microcontroller code to
navigate through the screens were written. The coding and communication
programming for all the additional peripheral components (i.e., linear actuator,
pressure pump, etc.) and the microcontroller unit were developed. A custom
circuit board was designed and a sensor casing were designed in our laboratory
and manufactured by the electrical engineers at Midwest Micro-Tek and the
printing technicians at Falcon Plastics, respectively. The miniature sensor has
increased portability and measures 19.6 x 13.2 x 9.5 cm (I x w x h) taking up
~2500 cm?, which is ~ 1/3 the size of the original cyanide sensor (for comparison
see Figure 11.3.6A). Lastly, the coding for the miniature sensor is ~95%
complete; some coding for displaying detector signals as numerical values is

underway.

1.3.2.6. Investigation of Loss of Cyanide Recovery

Initial cyanide recovery data that led to the side-by-side cyanide capture
apparatus, indicated =80% recovery. While using the cartridge, only 5%
recovery was being observed. The initial thought was that the cyanide was being
lost to the atmosphere due to the high flow rate of 0.211 L/min. To test this

hypothesis, the cartridge was mimicked using 1 cm cuvettes cut to designated
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dimensions. The experimental setup consisted of three consecutive chambers,
the sample chamber (1 cm cuvette cut 33 mm tall) was joined to the capture
chamber (1 cm cuvette cut 13 mm tall) which was joined to the air out let
chamber, see Figure 11.3.7 for the schematic. The chambers were joined using
0.010 1.D. Tygon tubing pushed over varying lengths of 18 ga stainless steel
tubing that was puncturing polypropylene push cap. The caps on the sample and
air outlet chambers had one additional hole for either an inlet for air introduction
or outlet for air after cyanide capture. The 100 yL (50 yM NaCN) sample was
placed in the sample chamber, acidified (300 pL of 1 M H,SO4), then 60 mL of air
was forced thought the capture chamber and bubbled through the solution in the
air outlet chamber, which both contained 200 pyL of 0.1 M NaOH. For
fluorometric analysis of the sample chamber, 200 yL of 8M base was added to
neutralize the acid and trap any cyanide that was still present, then 100 uL of the
resulting solution was reacted with 200 yL of each capture solution reagent, 0.1
M NaOH, 0.5 mM NDA, and 12.5 mM taurine. For fluorometric analysis of the
capture and air outlet chambers, 200 uL of each, 0.5 mM NDA, and 12.5 mM
taurine, were added to each chamber. Fluorometric analysis was performed
using the miniature sensor. The sample, capture, and air outlet chambers were
found to contain 8.4, 4.4, and 1.2% of the cyanide available in the original 100 pL
sample, respectively. This experiment indicates that 86% of the available
cyanide is not being transferred from the sample chamber to the capture
chamber. The cyanide may be interacting with or adhering to the materials that

the cyanide capture apparatus in made of or could possibly be contained in the
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headspace of the sample chamber due to the small volume (60 mL) of air being
used to transfer the HCN gas. This data also indicates that there is minuscule
loss of HCN to the atmosphere so the use of bubbling through the capture

solution could aid in the increase of cyanide recovery.

1.3.2.7. Attempts to Increase Cyanide Recovery

In an attempt to increase the cyanide recovery for the side-by-side
cyanide capture apparatus, various parameters were tested (i.e., chamber size,
air volume, chamber size, etc.). The experimental setup consisted of the sample
chamber (1 cm cuvette cut 16.5 or 33 mm tall) was joined to the capture chamber
(1 cm cuvette cut 13 mm tall), see Figure 11.3.8 for the schematic. The chambers
were joined using 0.010 I.D. Tygon tubing pushed over varying lengths of 18 ga
stainless steel tubing that was puncturing polypropylene push cap. The caps on
the sample and capture chambers had one additional hole for either an inlet for
air introduction or outlet for air after cyanide capture. In the capture chamber the
piece of 18 ga stainless steel inlet (from the sample chamber) was submerged
(to allow bubbling) into the 200 pL of 0.1 M NaOH present. The 100 pL (50 pM
NaCN) sample was placed in the sample chamber, acidified (300 pyL of 1 M
H2S04), then 60/120 mL of air was bubbled through the 200 yL of 0.1 M NaOH in
the capture chamber. The sample chamber was tested with and without
bubbling, and one set of samples were tested using a smaller sample chamber
size (with bubbling only). For fluorometric analysis of the capture chamber, 200

ML of each, 0.5 mM NDA, and 12.5 mM taurine, were added and fluorometric
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analysis was performed using the miniature sensor. When no bubbling was used
in the sample chamber the cyanide recovery for 60 and 120 mL of air were 5 and
18%. When bubbling was employed and 120 mL of air was introduced in to the
sample chamber, the 32 mm sample chamber produced a cyanide recovery of
44% while the use of the 16.5 mm sample chamber produced a cyanide recovery
of 79%. This data indicates that the HCN gas is likely accumulating at the
surface of the solution in the sample chamber and only a small amount is being
swept into the air and being transferred to the capture chamber. The use of a
smaller volume sample chamber, larger volume of air and bubbling the sample
solution aid in the increased recovery of cyanide. This may be an issue since all
these experiments were carried out using aqueous samples rather than blood as

the sample matrix.

1.3.2.8. Blood as a Sample Matrix

Compared to aqueous solutions, blood is a very complex matrix and may
not interact in the same manner. Experiments to determine if blood diluted with
H>SO4 will exhibit similar bubbling pattern as aqueous solutions were performed.
Water (400 pL), rabbit whole blood (20, 50, and 100 pL) and 0.01 M NaOH (100
bL, cyanide is typically made up in this) were placed in a 20 mm tall 1 cm
cuvette, 300 pL of H,SO4 was added to blood or 0.01 M NaOH samples, and
capped. The cap was joined to an empty capture chamber to assess solution
transfer. The air inlet needle was submerged into the sample solution and 60 mL

of air was introduced as fast as possible to mimic the sensors pressure pump.
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The water sample had medium bubbles (~6 mm in diameter) that popped at the
top of the chamber, and ~10 pL of solution was transferred within the introduction
of the full 60 mL of air. For all sample volumes of blood, there were medium
bubbles (also ~6 mm in diameter) that did not pop at the top of the chamber and
~20 pL solution was transferred within the introduction of only 15 mL of air. The
0.01 M NaOH sample had large bubbles (8-10 mm in diameter) that popped half
way up the chamber and no solution was transferred within the introduction of the
full 60 mL of air. The data indicates that when using blood as the sample matrix,
bubbling is not plausible for the side-by-side cyanide capture apparatus because
it causes sample solution to transfer from the sample chamber to the capture

chamber.

1.3.2.9. Air Inlet Rearrangement

The use of blood as a sample matrix makes the use of bubbling through
the sample solution impractical. Since the HCN gas is believed to be
concentrated near the surface of the sample solution, it may be possible to
increase cyanide recovery by adjusting the placement of the air inlet tube. A 20
mm tall sample chamber with an air inlet positioned 6 mm high (1 mm higher
than the sample solution level) (see Figure 11.3.9) was made for these
experiments. Since there was no bubbling with this setup it was elected that
aqueous samples would be used for the assessment of cyanide recovery. The
100 L (10 uM NaCN) sample was placed in the sample chamber, acidified (300

ML of 1 M H2SO,4), then 120 mL of air was bubbled through 200 yL of 0.1 M
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NaOH in the capture chamber. The sample chamber was tested with and
without bubbling, and one set of samples were tested using a smaller sample
chamber size (with bubbling only). For fluorometric analysis of the capture
chamber, 200 pL of each, 0.5 mM NDA, and 12.5 mM taurine, were added and
fluorometric analysis was performed using the miniature sensor. The new
placement of the air inlet produced 31% cyanide recovery with 15.9% RSD. This
indicates that increased recovery without bubbling through the sample solution is
possible and confirms that HCN gas is located near the surface of the sample
solution within the sample chamber. These design changes may yield higher
cyanide recovery and precision once they are incorporated in the bubble

cartridge.
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Figure 11.3.6. The cyanide sensor prototypes: A) the front, top view of the both
the original sensor and the miniature sensor; B) the response for no exposure;
and C) the flashing response for exposure.

Figure 11.3.7. Experimental configuration for determination of the location of
HCN gas within the side-by-side cyanide capture apparatus.
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Figure 11.3.8. Schematic for the experimental configurations used in the attempt
to increase cyanide recovery.

Figure 1.3.9. Schematic for the experimental configurations used in the
rearrangement of the air inlet.

1.3.3. CONCLUSION
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A smaller, more portable miniaturized sensor was manufactured by
teamwork between our laboratory, the electrical engineers at Midwest Micro-Tek
and the print technicians at Falcon Plastics. Initially it was thought that loss of
HCN gas to the atmosphere was the cause of poor cyanide recovery, but data
indicates that HCN gas was not being transferred from the sample chamber to
the capture chamber. The use of a smaller volume sample chamber, larger
volume of air and bubbling the sample solution aid in the increased recovery of
cyanide up to 79%. Experiments using blood as the sample matrix indicate that
bubbling is not plausible for the side-by-side cyanide capture apparatus because
it causes sample solution to transfer to the capture chamber; however, the
rearrangement of the air inlet indicates that increased recovery without bubbling
through the sample solution is possible and confirms that HCN gas is located
near the surface of the sample solution within the sample chamber. This new
information is currently being applied to design modifications for the bubble

cartridge.
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SECTION Il
EVALUATE NOVEL MARKERS OF CYANIDE EXPOSURE TO DETERMINE

THE MOST APPROPRIATE CYANIDE EXPOSURE MARKER

CHAPTER 4

ANALYSIS OF CYANIDE AND THIOCYANATE BY GC-MS

Raj K. Bhandari and Brian A. Logue

1.4. The effort for this portion of the report was published as a peer-reviewed

manuscript, which is attached as Appendix .
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CHAPTER 5

TOXICOKINETICS OF CYANIDE, THIOCYANATE AND ATCA BY GC-MS

Raj K. Bhandari and Brian A. Logue

11.5. The effort for this portion of the report was published as a peer-reviewed
manuscript, which is attached as Appendix IlI.
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CHAPTER 6
SIMULTANEOUS DETERMINATION OF CYANIDE AND THIOCYANATE BY
LC-MS-MS

Raj K. Bhandari and Brian A. Logue

11.6. The effort for this portion of the report was published as a peer-reviewed

manuscript, which is attached as Appendix IV.
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CHAPTER 7
DETERMINATION OF THE CYANIDE ADDUCT OF GLUTATHIONE BY HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY

Wenhui Zhou, Robert P. Oda and Brian A. Logue

I.L7.1. INTRODUCTION

Glutathione (GSH) is the primary intra-cellular reducing agent, and is
active in many metabolic processes, including the detoxification of xenobiotics
and removal of peroxides1. In maintaining the oxidative state of the cell,
glutathione reduces disulfides to thiols, while becoming oxidized to the
glutathione homo-disulfide (or glutathiol, GSSG). Although intra-cellular levels of
glutathione may range from 1-10 mM, the extra-cellular levels are low"2. Within
blood, most of the glutathione is contained within the erythrocytes, where it may
reach mM concentrations®*. However, circulating extra-cellular GSSG
concentrations may be as high as 200 uM in plasma, while glutathione levels are
in the 2-5 uM range®*. The detoxification of cyanide with GSH or GSSG may be
a first-line defense against cyanide intoxication, as studies have demonstrated a
reduced toxicity of cyanide in glutathione and glutathione-disulfide-pretreated
mice’. Although the mechanism of toxic reduction is unknown, it is possible that
the reaction of cyanide with circulating GSH or GSSG might reduce the
availability of cyanide to produce cellular toxicity.

Protein-bound thiocyanate ion was released from serum proteins following

reaction with cyanide®’, which demonstrated that the disulfide bond would react
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with cyanide under alkaline conditions. GSSG might react with cyanide, since it
contains a reactive disulfide bond. Therefore, we investigated the possibility of a
non-enzymatic cyanide reaction with GSH and/or GSSG, producing adduct(s)
which might serve as a bio-marker(s) for cyanide exposure.

Cyanamide was used to create a possible GS-CN adduct analogous to the
reaction by Nagasawa® to create ATCA from cysteine for use as a standard
compound. Possible adducts from the reaction of GSH with cyanamide are
depicted in Figure 11.7.1. Possible products from the reaction of GSSG with CN
are depicted in Figure 11.7.2. It should be noted that the initial products from the
reaction depicted in Figure 11.7.2 could undergo the rearrangements pictured in

Figure 11.6-1.
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Figure 11.7.1. Reaction scheme for the condensation of cyanamide with reduced
glutathione (GSH), and possible rearrangement of the initial product.
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Figure Il.7.2. Reaction scheme for the addition of cyanide to oxidized
glutathione (GSSG), and possible products.

I.L7.2 EXPERIMENTAL

1.7.2.1. Reagents and Materials
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All reagents were at least reagent grade. Sodium cyanide (NaCN),
sodium phosphate salts, and methanol (HPLC grade) were purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Glutathione (reduced, GSH), ammonium
formate, Ellman’s reagent, ninhydrin, monobromobimane, and sodium carbonate
were products of Sigma-Aldrich (St. Louis, MO, USA). LC/MS grade formic acid
and Ellman’s Reagent [5, 5’-dithio-bis(2-nitrobenzoic acid)] were purchased from
Thermo Scientific (Rockford, IL, USA). Reverse-osmosis water was passed
through a polishing unit and had a conductivity of 18.2 M-Q.

Oxidized glutathione (glutathiol, GSSG) was produced by taking 50 mL of
a 1 mM solution of glutathione (GSH) in 0.1 M phosphate buffer, pH 7.27, and
adding 5 mL 3% hydrogen peroxide drop-wise over several minutes with
constant stirring. The lack of reaction with Ellman’s reagent was used as an
indicator for completion of the reaction. In later experiments, GSH (61.4 mg; 200
mmoles) was dissolved in 10 ml water to which 15 drops of 3% hydrogen

peroxide was added over several minutes with constant stirring.

1.7.2.2. Preparation of Cyanide Adducts

Aliquots (1 mL of 1 mM solution) of glutathione or glutathione-disulfide in
phosphate buffer (pH 7.27), borate buffer (pH 8.3 and 9.25), or sodium carbonate
(pH 10.6) were mixed with a cyanide solution in a 1:10 or 1:20 molar ratio to
present a ten-fold molar excess ratio of cyanide to sulfur and allowed to react for
up to 2 hours at room temperature. The reaction mixtures were assayed for the

presence of CN-adducts by HPLC. The high salt content of the reaction mixture
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required the samples to be diluted or dialyzed to reduce the salt load onto the
HPLC column. This was best accomplished by “float dialysis”, in which an
aliquot (200 pL) of reaction mixture was placed on a 0.2 y 47 mm nylon filtration
membrane (Millipore, Billerica, MA, USA) floated on about 20 mL deionized
water. After 10 minutes of dialysis, the residual sample was filtered through a
0.2 yfilter into a 150 pL insert in a 2 mL vial, capped, and analyzed by HPLC.
11.7.2.3. Assay of Free Thiols with Ellman’s Reagent °'°

An aliquot of sample (0.1 mL) was mixed with an equal volume of 0.1 M
sodium phosphate buffer, pH 7.27, to which was added 0.1 mL Ellman’s reagent
(5, 5-dithio-bis(2-nitrobenzoic acid), 1.7 mM) in phosphate buffer, pH 7.27,

containing 0.1 mM EDTA. The yellow product was analyzed at 412 nm.

1.7.2.4. Mass Spectrum Analysis

A Thermoquest Finnigan LCQ Deca Mass Spectrometer (Thermo
Scientific, Waltham, MA, USA) with a turbo electrospray ion source was used to
screen the GSH —cyanamide and GSSG-cyanide reactions for products. A 5500
Q-Trap (Applied Biosystems, Foster City, CA, USA) was used for MS-MS
analysis of presumed cyano-adducts. Samples from the original reaction
mixtures and various extraction solutions and collected fractions were analyzed

as appropriate.

1.7.2.4. Reverse Phase-High Performance Liquid Chromatography
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HPLC analysis was performed on an Agilent 1200 HPLC system
consisting of a quaternary pump, auto-sampler, vacuum degasser, multi-
wavelength detector, and a fluorescence detector (Agilent Technologies,
Wilmington, DE, USA). A Discovery Bio wide pore C-18 column (150 mm x 2.1
mm i.d.; 5-uym particle size; Supelco, Bellfonte, PA, USA) and a mobile phase
containing 0.1% formic acid (Pierce Chemical, Rockforf, IL, USA) was used to
separate the analytes at a flow rate of 0.350 mL/min. 0.1% Formic acid in
methanol was used in a gradient elution from 10% (held for 1 min), linearly
increased to 100% over 21 min and held for 2 min. The mobile phase was then
linearly converted to the initial composition over 2 min and subsequently held for
2 min prior to the next analysis. A multi-wavelength detector monitored
absorbance at 270 nm.

In later experiments a Zorbax C-18 column (150 mm x 4.6 mm i.d.; 5-uym
particle size; Agilent Technologies, Wilmington, DE, USA) with a flow rate of 1.00
mL/min were used. The mobile phase consisted of 1 MM ammonium formate,
pH 4.0 in water. Methanol containing 1 mM ammonium formate, pH 4.0 was
used in a gradient elution from 0% (held for 3 min), linearly increased to 20%
over 2 min, to 40% over 10 min, to 100% over 2 min and held at 100% for 3 min.
The mobile phase was then linearly decreased to the initial composition over 2
min and subsequently held for 3 min prior to the next analysis. A multi-
wavelength detector monitored absorbance at 230 and/or 270 nm. Fluorescent
monobromo-bimane reaction products were excited at 390 nm and the emission

was monitored at 490 nm.
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1.L7.3. RESULTS AND DISCUSSION

A glutathione adduct was prepared by a procedure adapted from
Nagasawa®. GSH (3 g) was mixed with 0.822 g sodium bicarbonate, and placed
under a nitrogen atmosphere. Cyanamide (0.4287 g) and water (15 mL) were
added to dissolve the mixture, and the mixture refluxed for five hours. The
reaction mixture was separated by using a normal-phase silica gravity column.
Different chloroform/methanol solvent mixtures from 0% to 100% were used to
elute compounds from the column. A mobile phase of 50% methanol in water
was then used to elute highly polar compounds. Fractions were collected and
analyzed by HPLC. The peak at 3.87 minutes in the chromatogram of the
reaction mixture in Figure 2.6-3 was presumed to be main product from the GSH-
cyanamide reaction. Fraction 8, from 20% methanol in chloroform, has a single
peak which eluted at 1.72 minutes (Figure 11.7.3), was presumed to be unreacted
GSH by comparison of the retention time of an aqueous solution of GSH.
Fractions 11 and 12 were eluted by 50% methanol in water. Fraction 11
displayed two early eluting peaks (Figure 11.7.4) which appear to be GSSG and
GSH by comparison of retention times with standard aqueous solutions. Fraction
12 has two peaks. The first peak (1.5 min) elutes with the retention time of GSSG.
The second peak which eluted at 3.37 minutes may be the desired product
(Figure 11.7.4), but did elute prior to the peak identified in the reaction mixture.

More work must be done to identify this peak.
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Figure 11.7.3. Overlaid HPLC chromatograms of a reagent blank, the reaction
mixture from GSH and cyanamide, and Fraction 8 eluted by 20% methanol in
chloroform solvent from the silica column. HPLC conditions: Column: Zorbax C-
18, 4.6 X 150 mm; Mobile phase: 1mM ammonium formate in water/ methanol;
Flow: 1.0 mL/ min; Detection: 270 nm.
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Figure 1.7.4. Overlaid HPLC chromatograms of a reagent blank, the reaction
mixture from GSH and cyanamide, and Fractions 11 and 22 eluted by 50%
methanol in water from the silica column. HPLC conditions: Column: Zorbax C-
18, 4.6 X 150 mm; Mobile phase: ammonium formate (1 mM) in water/methanol;
Flow: 1.0 mL/ min; Detection: 270 nm.

Swine plasma (1 mL) was spiked with 6.5 mg KCN and 65.2 mg KCN
separately to form 10 mM and 100 mM cyanide-spiked plasma. After a couple of
hours’ reaction, acetone (3 mL) was added to the sample to precipitate proteins,
and the sample kept at 4°C for 15 minutes. The samples were then centrifuged
for 10 minutes at 10,000 RPM (9.6x10° x g), the supernatants were removed and
dried with N2 gas, and reconstituted with 2 mL buffer (1% NH4OOCH in water).

Samples were then filtered (0.22 ym PVDF filter) and analyzed by LC-MS.
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High-performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS) conducted on a Shimadzu HPLC (LC-20AD, Shimadzu Corp.,
Kyoto, JPN) coupled to an AB Sciex Q-Trap 5500 MS (Applied Biosystems,
Foster City, CA, USA). Samples were separated by reversed-phase (RP)
chromatography using a Phenomenex Synergi 4y RP Max column (2.0 x 50mm)
(Phenomenex, Torrance, CA, USA) as a stationary phase. A mobile phase
containing 1 mM ammonium formate (Sigma-Aldrich, St. Louis, MO, USA) was
used at a flow rate of 0.25 mL/min. Methanol was used in a gradient elution from
0% (held for 3 min), linearly increased to 20% over 2 min, to 40% over 10 min, to
100% over 2 min and held at 100% for 3 min. The mobile phase was then linearly
decreased to the initial composition over 2 min and subsequently held for 3 min
prior to the next analysis.

Mass spectrometry was used to assess if there was a putative product in
the reaction mixture. The spectra of the reaction mixtures of cyanide-spiked
plasma (10 uM and 100 yuM) are pictured in Figure 11.7.5. The peaks at m/z =
213 and 279 from the 100 mM reaction mixture were higher than those in the 10
mM solution and are presumed to be the putative product(s) of the reaction.
Further analysis is required to confirm the identity of these peaks. Possible

structures for the presumed products are depicted in Figure 11.7.6a and b.

41



1.15e7

1.00e7

9.00e6

£.50e6 2ad0.2

Intensity, cps

5506

4506

40086

20086

2.00e6

205 210 215 220 225 230 235 240 2495 250 255 50 265 270 275 280

1.50 a6
1.00e6 ¢z
2 3
50085 %ﬁ 2 3 2655
.00 & 2493
2214 2528.5 26r[3 &;ﬂ 2! 2
5.4
.00 P e J N e
2

Figure 11.7.5. Overlaid mass spectra of the cyanide-spiked plasma reaction
mixtures. 100 mM CN (red) , 10 mM CN (green) and a plasma blank (blue). AB

Sciex Q-trap 5500 Mass Spectrometer in positive ion mode with an ESI source.
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Figure 1l.7.6a. Possible structure for the observed m/z = 279 fragment.
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Chemical Formula: CNS®
Exact Mass: 57.98
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Figure 1.7.6b. Possible structures for the m/z = 213 fragment.

For the determination of the glutathione-cyanide adducts, there are
numerous by- products from the reaction which make the interpretation of
structural and chromatographic information difficult. The use of the LC-MS

should enable the putative adducts to be resolved and characterized.

43



The person most responsible for this project has left the laboratory.

Therefore, minimal progress was made on this project.
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CHAPTER 8
DETERMINATION OF THE CYANIDE METABOLITE A-KETOGLUTARATE
CYANOHYDRIN BY LIQUID CHROMATOGRAPHY TANDEM MASS-
SPECTROMETRY
Brendan L. Mitchell and Brian A. Logue
11.8. The effort for this portion of the report was published as a peer-reviewed

manuscript, which is attached as Appendix V.
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CHAPTER 9
TOXICOKINETIC PROFILE OF a-KETOGLUTARATE CYANOHYDRIN
Brendan L. Mitchell and Brian A. Logue
1.9. The effort for this portion of the report was published as a peer-reviewed

manuscript, which is attached as Appendix VI.

47



SECTION Il
DEVELOP ASSAYS FOR CYANIDE THERAPEUTICS
CHAPTER 10
DETERMINATION OF DMTS BY GC-MS
Wenhui Zhou and Brian A. Logue
l1.10.1. INTRODUCTION
Cyanide has figured as a prominent human toxicant over the years as a
result of both accidental and intentional exposure. Within the purview of cyanide
detoxification, DMTS was shown to effectively function as sulfur donor for
rhodanese in vitro'. In addition, it was demonstrated that DMTS by itself is a very
efficient converter of cyanide to thiocyanate >4 Compared with current cyanide
therapeutics which have some disadvantages, DMTS is safer and more efficient
with good lipophilicity. So far, there is no published method to determine DMTS
in biofluids. Thus, an assay for detecting DMTS in blood would be necessary

should it become useful as a therapeutic agent.

111.10.2. EXPERIMENTAL

All reagents were at least reagent grade. Methanol (LC-MS grade) was
purchased from Fisher Scientific (Fair Lawn, NJ, USA). Reverse-osmosis water
was passed through a polishing unit (Lab Pro, Labconco, Kansas City, KS, USA)
and had a conductivity of 18.2 MQ-cm. Dimethyl trisulfide (DMTS) was a product
of Sigma-Aldrich (St. Louis, MO, USA). Dimethyl disulfide (DMDS) was a

product of Alfa Aesar (Ward Hill, MA, USA).
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Analysis was performed by headspace on an Agilent GC-MS system
(Agilent Technologies, Wilmington, DE, USA) consisting of a 6890N series gas
chromatograph, a 5975 series mass detector, and a Gerstel MPS sampler
(Gerstel Inc., Linthicum, MD, USA). A DB5-MS bonded-phase column (30 m x
0.25 mm 1.D., 0.25 pm film thickness; J&W Scientific, Folsom, CA, USA) was
used with nitrogen as the carrier gas at a flow rate of 1.0 mL/min and a column
head pressure of 10.0 psi. An aliquot (100 L) of solution containing DMTS was
placed in a 20 mL headspace vial with a Teflon-lined septum. The vial was
incubated at 115 °C for up to 5 min, before a 100 uL sample was withdrawn. The
auto-sampler injected a 100 pL headspace sample into the splitless injection port
which was held at 120 °C. A deactivated, straight-through glass inlet liner
packed with about 1 cm of glass wool was used. The GC oven temperature was
initially held at 30 °C for 2 min, then elevated at a rate of 15 °C/min up to 120 °C.
The gradient was increased to 120 °C/min up to 300 °C where it was held
constant for 1.5 min, before returning to the initial temperature. The injection
syringe temperature was 115 °C. The GC was interfaced with a mass selective
detector with electron ionization. Selective-ion-monitoring (SIM) mode was used,
detecting ions with m/z of 79, 94, 111, and 126. DMTS was identified at m/z =
126/111 and DMDS by m/z = 94/79.

In an initial experiment, DMTS was spiked into rabbit plasma. An aliquot
of plasma (900 pL) was spiked with 100 yL DMTS (in methanol) to make a final
concentration of 1 mM. An aliquot (100 uL) was taken for assay by GC/MS

headspace.
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111.10.2.1.  DMTS Analysis by TDU

An aliquot (100 pL) of solution containing DMTS was placed in a 20 mL
headspace vial with a Teflon-lined septum. The vial was incubated at 115 °C for
up to 1 min, the septum was punctured using dual needles and nitrogen was
delivered through the headspace of the vial. The use of the dual needle
configuration enables DMTS to be trapped by a TDU tube filled with adsorptive
material (Tenax®). A dry purge technique was used to remove water from the
TDU tube. The tube was inserted into the TDU injection source and heated from
60 °C to 250 °C at 720 °C/min. The DMTS was desorbed from the adsorptive
material and transferred to the GC column using a cooled injection system (CIS)
PTV-type inlet, whose initial temperature was set at 30 °C. Cooling of the CIS
with liquid nitrogen was attempted but found to be unnecessary for DMTS.

For GC, a DB5-ms bonded-phase column (30 m x 0.25 mm I.D., 0.25 ym
film thickness; J&W Scientific, Folsom, CA, USA) was used with nitrogen as the
carrier gas at a flow rate of 1.0 mL/min and a column head pressure of 10.0 psi.
The GC oven temperature was initially held at 30 °C for 1 min, then elevated at a
rate of 30 °C/min up to 120 °C. The gradient was increased at 120 °C/min up to
250°C where it was held constant for 1 min, before returning to the initial
temperature. The injection syringe temperature was 115 °C. The GC was
interfaced with a mass selective detector with electron ionization. Selective-ion-
monitoring (SIM) mode was used, detecting ions with m/z of 79, 94, 111, and

126. DMTS was identified at m/z = 126/111 and DMDS by m/z = 94/79.

111.10.2.2. Finalized Experimental for DMTS by GC-MS
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Analysis was performed by dynamic headspace on an Agilent GC-MS
system (Agilent Technologies, Wilmington, DE, USA) consisting of a 6890N
series gas chromatograph, a 5975 series mass detector, and a Gerstel MPS
sampler (Gerstel Inc., Linthicum, MD, USA). An aliquot (100 pL) of solution
containing DMTS was placed in a 20 mL headspace vial with a Teflon-lined
septum. The vial was incubated at 115 °C for up to 1 min, the septum was
punctured using dual needles and nitrogen is delivered through the headspace of
the vial. The use of dual needle system enables to trap the DMTS to a TDU tube
filled with adsorptive materials (Tenax® TA). A dry purge technique was also
applied (5 min) to the TDU tube for water removal. The TDU tube was inserted
into the TDU injector and was heated from 60 °C to 250 °C at 720 °C/min. The
analytes were desorbed from the Tenax® and transferred to the GC/MS system
using a cooled injection system (CIS) PTV-type inlet, whose initial temperature
was set at -30 °C. The sample was injected into the system by heating the
cooled injector to 200 °C at 12 °C/min.

A DB5-MS bonded-phase column (30 m x 0.25 mm 1.D., 0.25 pm film
thickness; J&W Scientific, Folsom, CA, USA) was used with nitrogen as the
carrier gas at a flow rate of 1.0 mL/min and a column head pressure of 5.6 psi.
The GC oven temperature was initially held at 30 °C for 2 min, then elevated at a
rate of 20 °C/min up to 250 °C, where it was held constant for 1.0 min, before
returning to the initial temperature. The injection syringe temperature was 115
°C. The GC was interfaced with a mass selective detector with electron

ionization. Selective-ion-monitoring (SIM) mode was used, detecting ions with
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m/z of 79, 94, 111, and 126. DMTS was identified at m/z = 126/111 and DMDS

by m/z = 94/79.

111.10.3. RESULTS AND DISCUSSION

Water was found to produce the lowest detection limit at 10 yM (Figure
[11.10.1). The chromatogram of the DMTS-spiked blood is shown in Figure
[11.10.2; DMDS and DMTS eluted at 3.94 and 6.98 minutes, respectively, which
demonstrates that DMTS can be detected in blood. The ramp rate of the GC
oven temperature program was reset at 30 °C to reduce the retention time of
DMTS. Compared with the same concentration of DMTS in methanol, DMTS
was degraded to DMDS in blood as shown in Figure 111.10.2. Overall, a simple
GC/MS headspace method for the analysis of DMTS from biological fluids was
developed; however, further optimization is necessary to obtain a lower

detection limit of DMTS.
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Figure 111.10.1. Overlaid chromatograms of 10 yM DMTS (blue) and a methanol
blank (red).
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Figure 111.10.2. Overlaid chromatograms of 1 mM DMTS (purple), DMTS-spiked
blood (green) and a blood blank (red).

N.10.3.1. Optimization of TDU Capture Temperature

The current method shows that DMTS can be detected from aqueous
solution with DHS-GC/MS. DMTS eluted at 5.57 minutes was shown in Figure
[11.10.3. The ramp rate of the GC oven temperature program was reset at 30 °C
to reduce the retention time of DMTS. By using the same concentration of DMTS
in water (100 uM), an initial CIS temperature at 0° C was found to be the ideal

temperature for analyte capture (Figure 111.10.4). Overall, a simple DHS/GC/MS
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headspace method for the analysis of DMTS was developed; however, further

optimization is necessary to obtain a lower detection limit for DMTS.

Figure 11.10.3. Overlaid chromatograms of 100 yM DMTS (red) and a water
blank (blue).
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Figure ll1.10.4. Average peak area of 100 yM DMTS by using different initial CIS
temperature.
111.10.3.2. Optimization of parameters for LOD

By evaluating an aqueous DMTS standard multiple times, the ideal
parameters for analyte capture (Figures 111.10.5 to 7) were an incubation time of 1
minute, a transfer heater temperature at 50 °C, and an agitator temperature of
110 °C. The optimized DHS/GC/MS method produced a detection limit of 0.8 uM
in water. The chromatogram of DMTS at its detection limit (0.8 uyM) is shown in
Figure 1'.4.2-4; DMTS eluted at 4.66 minutes. The ramp rate of the GC oven

temperature program was reset at 30 °C to reduce the retention time of DMTS.
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Overall, a simple DHS/GC/MS headspace method for the analysis of DMTS in
water was developed.

It was found that either 1minute or 2 minutes was ideal incubation time for
DMTS analysis since they produced bigger average peak area (Figure 11.4.2-1).

One minute was selected finally to minimize analysis time.

Figure lI.10.5. Average peak area of 100 yM DMTS by using different
headspace incubation time.

It was found that 50 °C was the ideal transfer heater temperature

according to the average peak area (Figure 111.10.6).
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Figure 111.10.6. Average peak area of 100 uM DMTS by using different transfer
heater temperature of DHS.

It was found that 110 °C was the ideal agitator temperature according to

the average peak area (Figure 111.10.7).
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Figure 111.10.7. Average peak area of 100 uM DMTS by using different agitator
temperature.

It was found that 0.8 yM was the detection of limit of DMTS in water

(Figure 11.10.8).
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Figure 111.10.8. Overlaid chromatograms of 0.8 yM DMTS (blue) and a water
blank (red).
111.10.3.3. Determination of DMTS from whole blood

The current method shows that DMTS can be detected by DHS/GC/MS
with good sensitivity. The limit of detection from aqueous samples was found to
be 0.5 uM (Figure 111.10.8). Chromatograms of DMTS-spiked blood are shown in
Figure 111.10.2; DMTS eluted at 4.45 minutes, and demonstrates that DMTS can
be detected from whole blood. By altering the incubation temperature for the
headspace analysis, 130 °C was found to be optimal, resulting in the largest
peak area for DMTS. The detection limit from whole blood was decreased to 10

MM.
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Utilizing the optimized conditions for analysis from whole blood, a
concentration curve was found to be non-linear. Therefore, we utilized an
isotope-labelled internal standard, DMTS-ds, to correct for analytical variance.
Plotting the peak area ratios of the DMTS divided by the internal standard peak

area resulted in a linear concentration range of over two orders of magnitude.

111.10.4 CONCLUSIONS

Overall, a simple DHS/GC/MS headspace method for the analysis of
DMTS was developed. Sensitivity of the detection of DMTS is increased by
optimizing the DHS/GC-MS method. Detection of limit of DMTS in water is 0.8
MM. The limit of detection from aqueous medium was 0.5 uM. However, the limit
of detection from whole blood was much higher at 10 uM. Further optimization

may result in a lower detection limit for DMTS from whole blood.

1l1.10.5. REFERENCES

1. Petrikovics I, Kuzmitcheva G, Budai M, Haines D, Nagy A, Rockwood GA,
Way JL (2010) Encapsulated rhodanese with two new sulfur donors in cyanide
antagonism. In X/ International Congress of Toxicology. Barcelona, Spain.

2. Frankenberg L (1980) Enzyme therapy in cyanide poisoning: effect of
rhodanese and sulfur compounds. ArchToxicol 45: 315-323.

3. Iciek M, Wlodek L (2001) Biosynthesis and biological properties of
compounds containing highly reactive, reduced sulfane sulfur. Pol J Pharmacol
53: 215-225.

4. Petrikovics I, Pei L, McGuinn W, Cannon E, Way J (1994) Encapsulation of

rhodanese and organic thiosulfonates by mouse erythrocytes. Fund and Appl
Toxicol 23: 70-75.

61



CHAPTER 11
DETERMINATION OF DMTS BY LC-MS-MS

Erica Manandhar, Wenhui Zhou, and Brian A. Logue

ll1.11.1. INTRODUCTION

Cyanide has figured as a prominent human toxicant over the years as a
result of both accidental and intentional exposure. Within the purview of cyanide
detoxification, DMTS was shown to effectively function as sulfur donor for
rhodanese in vitro'. In addition, it was demonstrated that DMTS by itself is a very
efficient converter of cyanide to thiocyanate >*. Thus, an assay for detecting
DMTS would be necessary should it become useful as a therapeutic agent.

The motivation for this project is to develop a high performance liquid
chromatography-tandem mass spectrometry (HPLC-MS-MS) method to analyze
dimethyl trisulfide (DMTS), a potential novel antidote for cyanide poisoning.
Dimethyl trisulfide functions as a sulfur donor converting cyanide to a less toxic
thiocyanate. Classical sulfur donor antidotes (i.e., thiosulfate) require the help of
a sulfur transferase enzyme, namely rhodanese, to transfer its sulfur to cyanide.
However, due to its limited lipophilicity, thiosulfate is not very efficient at reaching
the endogenous rhodanese enzyme'? which is primarily located in the
mitochondria. Unlike the conventional sulfur donors that require sulfur
transferase enzymes to catalyze detoxification of cyanide, DMTS is capable of
functioning on its own without the need of rhodanese'>.  Currently, there is

limited published literature on the analysis of DMTS. Therefore, an analytical
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method to detect and analyze DMTS is vital for it to become available as a
therapeutic agent for cyanide poisoning.

Initially, DMTS was analyzed as adducts with sodium bromide, and
propionic acid. However, due to instability of the adducts formed, these
approaches did not lead to reproducible or productive results. Therefore, it was
decided that DMTS could be analyzed as a more stable oxidized product formed
from the oxidation reaction between hydrogen peroxide and DMTS in presence
of acetic acid®.

Next, DMTS was oxidized using peroxide in the presence of 8M acetic
acid. However, due to practical limitations of the column, the reaction mixture
containing concentrated acetic acid and peroxide could not be directly injected
into the HPLC system. Upon investigating methods to isolate the product from
the reaction mixture, it was found that drying or quenching processes would
compromise recovery of the product. Extraction experiments using different
organic solvents showed that ethyl acetate was capable of extracting the product
from an aqueous mixture. However, miscibility of acetic acid and ethyl acetate
posed a problem in using ethyl acetate as an extracting solvent in presence of
acetic acid. Therefore, in order to use the extraction step, the oxidation reaction

was tested with different mineral acids.

I.11.2. EXPERIMENTAL

All reagents were at least reagent grade. Methanol (LC-MS grade) was

purchased from Fisher Scientific (Fair Lawn, NJ, USA). Reverse-osmosis water
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was passed through a polishing unit (Lab Pro, Labconco, Kansas City, KS, USA)
and had a conductivity of 18.2 MQ-cm. Dimethyl trisulfide (DMTS) was a product
of Sigma-Aldrich (St. Louis, MO, USA). 30% Hydrogen peroxide, chloroform
(HPLC grade), sulfuric acid, nitric acid, and hydrochloric acid were purchased
from Fisher Scientific. Glacial acetic acid and ethyl acetate are products of Acros
Organics (Morris Plains, NJ, USA). Dichloromethane was purchased from Sigma
Aldrich (St. Louis, MO, USA).

DMTS was oxidized using 1:4 molar ratio of DMTS: 30% Hydrogen
peroxide in the presence of glacial acetic acid. The reaction mixture consisted of
83 pL of pure DMTS solution, 396 pyL of 30% hydrogen peroxide solution, and
1521 pL of glacial acetic acid, such that the concentration of DMTS, peroxide and
acetic acid in the reaction were 0.4 M, 1.3 M and 13.2 M respectively. The
reaction was carried out for 60 minutes at 30 °C. The oxidized product was
monitored using thin layer chromatography (TLC), and then a 10 uL aliquot was
analyzed using high performance liquid chromatography (HPLC). The products
obtained from the reactions were diluted to 0.5 mM in methanol prior to analyzing
by HPLC.

An Agilent 1200 Series HPLC system, and an Agilent Eclipse XDB-C18
column (5 ym packing material, and 2.1 x 150 mm dimensions) were used for the
HPLC analysis of the oxidized product. Mobile phases A (100% water) and B
(100% methanol) were prepared using HPLC grade methanol and water, and
were filtered using vacuum filtration through a 0.45 ym nylon membrane filter.

Gradient elution was performed with 30% B and linearly increasing mobile phase
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B to 100% over 15 minutes. The mobile phase composition was held constant
for 3 minutes, and was then linearly decreased to 0% B over 5 minutes at a flow
rate of 0.35 mL/minute. UV detection was performed at 280 nm.

Reaction conditions such as temperature, time, and concentration
(peroxide and acetic acid) were optimized. Acetic acid concentrations of 1, 2, 5,
8, and 13.2 M were tested for acid optimization. Reaction time and temperature
were kept constant at 30°C and 60 minutes. Longer reaction time (> 1hr) and
higher reaction temperatures (>40 °C) were avoided for the purpose of
preventing long sample preparation time, and uncontrolled oxidation or
decomposition of DMTS, respectively.

For some oxidation reactions, sodium hydroxide (NaOH) was used to
guench acetic acid in the reaction mixture. A 4 M NaOH solution was added to
the 2 mL reaction mixture drop wise until the pH of the solution was neutral.
Peroxide quenching for some reactions was performed using sodium chloride
(NaCl) and sodium sulfite (NaxSO3). A 400 pL aliquot of 1.3 M NaCl or Na;SOs;
was used for quenching the residual peroxide in the 2 mL reaction product
mixture. The product was analyzed by HPLC before and after the quenching.

In an attempt to determine if drying was an option for analysis of the
oxidized DMTS, DMTS and oxidation product in methanol, 100 yL each were
taken in individual vials and were dried under N, for 15 minutes, reconstituted
with 100 pL of methanol, and then analyzed by HPLC.

Chloroform, dichloromethane, hexane, and ethyl acetate were used to

determine extraction efficiency of each solvent for DMTS and oxidized product.

65



Initially, the reaction was performed at 0.4 M DMTS, 1.3 M hydrogen peroxide,
and 13.2 M acetic acid for 60 mins at 30 °C. Assuming that all of the DMTS was
converted to product, the product was first diluted to 10 mM in methanol, and
then to 1 mM in water. A 300 uL aliquot of the reaction product was transferred
to a 4 mL vial, to which 200 pL of organic solvent was added. The mixture was
vortexed for 1 min and allowed to settle for 3 mins. The organic layer was
removed, and a 2™ extraction was performed for each sample by further adding
200 pL of the same solvent, and removing the organic layer again. The aqueous
layer before and after extraction for each organic solvent was analyzed using
HPLC. The difference between the initial and final concentration of the analytes
in the aqueous layer was used to estimate the amount that was extracted into the

organic solvent. All of the extractions were performed at room temperature.

11l.11.2.1. Experimental with Mineral Acids

DMTS was oxidized using 30% hydrogen peroxide with acetic acid and
different mineral acids. The composition of the reaction mixture for different acids
is recorded in Table 11.4.3-1. The reaction was carried out for 60 minutes at 30
°C. The oxidation product was analyzed using high performance liquid

chromatography (HPLC).

Table Il1.11.1. Composition of reaction mixture for oxidation of DMTS using
different acids.
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An Agilent 1200 Series HPLC system, with an Agilent Eclipse XDB-C18
column (5 um silica particles and 2.1 x 150 mm dimensions) was used for the
HPLC analysis of the oxidized product. Mobile phases A (100% water) and B
(100% methanol) were prepared using HPLC grade water and methanol, and
were filtered by vacuum filtration through a 0.45 pm nylon membrane filter.
Gradient elution was performed with 30% B from 0 to 4 mins, which linearly
increased to 100% B at 6 minutes. The mobile phase composition was held
constant at 100% B for 2 minutes, and was then linearly decreased to 30% B
over 4 minutes at a flow rate of 0.35 mL/minute. UV detection was performed at
280 nm.

An aliquot (40 pL) of oxidation product was injected into the HPLC, and
the product peak was collected. The oxidation product collected from HPLC was
analyzed in mass spectrometry via Infusion analysis.

The oxidation product was also analyzed using a DBS column by GCMS
for information about mass and structure by direct injection of product, and after
collection from the HPLC. For direct analysis, the product after reaction was

extracted in ethyl acetate, and diluted to 500, and 1000 uM in ethyl acetate, and
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injected into GCMS directly. For analysis after purifying the product by HPLC,
the extracted oxidation product analyzed by HPLC was collected, dried using
anhydrous sodium sulfate, and analyzed with GCMS. GCMS analysis was done
in positive and negative ionization modes using both the strong ionization El

mode and softer ionization Cl mode.

lI1.11.3. RESULTS AND DISCUSSION

Water was found to produce the lowest detection limit at 10 yM (Figure
[11.11.1). The chromatogram of the DMTS-spiked blood is shown in Figure
[11.11.2; DMDS and DMTS eluted at 3.94 and 6.98 minutes, respectively, which
demonstrates that DMTS can be detected in blood. The ramp rate of the GC
oven temperature program was reset at 30 °C to reduce the retention time of
DMTS. Compared with the same concentration of DMTS in methanol, DMTS
was degraded to DMDS in blood as shown in Figure Il1l.11.2. Overall, a simple
GC/MS headspace method for the analysis of DMTS from biological fluids was
developed; however, further optimization is necessary to obtain a lower detection

limit of DMTS.
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Figure 111.11.1. Overlaid chromatograms of 10 yM DMTS (blue) and a methanol
blank (red).
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Figure 111.11.2. Overlaid chromatograms of 1 mM DMTS (purple), DMTS-spiked
blood (green) and a blood blank (red).

N.11.3.1. DMTS-NaBr Analysis

A 1 mM stock solution of NaBr and a 100 mM stock solution of DMTS
were made in LC-MS-grade water and methanol, respectively. DMTS standards
(0 uM, 500 pM, 1000 pM) with constant concentration of NaBr at i) 100 pM, and
i) 50 uM were made for infusion analysis. All standards were filtered through a
0.22 pm filter prior to infusing into mass spectrometer.

Mobile phases A (90% water, 10% methanol), and B (90% methanol and
10% water) were prepared using LC-MS-grade methanol and water, and were

filtered using vacuum filtration. Different concentration ratios of DMTS:NaBr (5:1,
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6:1, 4:1, 1:2) were prepared and analyzed for a comparative study. All standards
were filtered through a 0.22 um filter prior to injecting into the HPLC-MS-MS.

An AB Sciex Q-Trap 5500 MS (Applied Biosystems, Foster City, CA, USA)
with electrospray ionization in negative and positive mode was used to perform
the mass spectrometric analysis. A direct infusion (10 pL/min) of DMTS-NaBr
standard was done to acquire mass spectra monitoring scans from 20-400 Da.
Product ion scans were completed using both MS1 and MS3.

High-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS-MS) was conducted on a Shimadzu HPLC (LC-20AD, Shimadzu
Corp., Kyoto, Japan) coupled to the AB Sciex Q-Trap 5500 MS. Gradient elution
was used with initial mobile phase of 0% B, which linearly increased to 100% B
over 7 minutes, held constant for 1 minute, and linearly decreased to 0% B over

2 minutes at a flow rate of 0.25 mL/min.

111.11.3.2. DMTS-Propionic Acid Analysis:

Propionic acid solutions (0.1% and 1%) were prepared in HPLC grade
methanol: water (90:10) solution. DMTS standards (0 uM, 5, uM 10 puM, 50 uM,
and 100 uM) were made in both 0.1% and 1% propionic acid solutions for a
comparative analysis. All standards were filtered through a 0.22 um filter prior to
HPLC-MS-MS analysis.

An AB Sciex Q-Trap 5500 MS (Applied Biosystems, Foster City, CA, USA)
with electrospray ionization in negative mode was used to perform the mass

spectrometric analysis. A direct infusion (10 puL/min) of DMTS-propionic acid
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standard was done to acquire mass spectra monitoring scans from 20-400 Da.

Product ion scans were completed using both MS1 and MS3.

11l.11.4. RESULTS AND DISCUSSION
DMTS analysis using NaBr was performed in both negative and positive
ionization mode. Optimized MRM parameters for tentative DMTS adduct in

negative ionization mode are presented in Table I11.11.2.

Table ll.11.2. MRM ions and associated parameters corresponding to some
form of DMTS-Br adduct in negative ionization mode.

Different concentration ratios of DMTS and NaBr were tested for
comparative study, in order to get to the optimal NaBr concentration for adduct
formation. However, after multiple approaches, it was found that DMTS-NaBr
adduct formation was not uniform, and did not increase with increasing
concentration. Both low concentration standards (1, 5, 10, and 50 uM) and high
concentration standards (100, 500, and 1000 pM) were tested. The mass
spectrum obtained from infusion analysis indicated that ion m/z = 336.5 could be
the fragment of interest. An m/z of 336.5 is predicted to be a dimerized DMTS
with a bromine atom, but its presence in positive ionization mode was deemed

unlikely. Furthermore, after continued replicate analysis, it was seen that an
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increase in concentration of DMTS did not increase the abundance of m/z =
336.5 (Figure 111.11.3) which led to the conclusion that it is likely not an adduct of

interest.
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Figure ll.11.3. Overlaid chromatograms of [C4sH17SgBr] transition m/z = 336.5
— 220. LC conditions are as described in the text.

Tentative MS1 adduct structure, masses of MS3 fragments, collision
energy, and declustering potential of the species of interest are listed in Table
[11.11.4. The tentative structures show that the hydrophobic part of a propionic
acid could be interacting with two dimethyl trisulfides. The m/z of 325—311.1
corresponds to the loss of a methyl group. lons of m/z = 283.1 and 255.2 did not
produce any Q3 fragments and were not studied further. lon 169.2 gave a 73.1

Q3 fragment, which correlates to the mass of a propionic acid. Mass spectra of
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DMTS-propionic acid with possible adducts of interest are shown in Figure

111.11.4.

Table ll.11.4. MRM ions and associated parameters corresponding to potential
DMTS-propionic acid adduct.
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Figure 1ll.11.4. Mass spectra of increasing concentrations of DMTS in 0.1%
Propionic acid. Mass/charge of the ions of interest are labeled.

1ll.11.4.1. Optimization of Reaction Parameters:
The oxidation of 0.4 M DMTS with 1.3 M hydrogen peroxide and
increasing concentration of acetic acid is presented in Figure Ill.11.5. From

HPLC analysis, the reaction at 8 M acid results in the highest yield of oxidized

product.
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Figure 111.11.5. Chromatograms showing the oxidized reaction product (eluting
at 6.5 min) and unreacted starting material DMTS (eluting at 15.5 min) when
increasing the acetic acid concentration. The LC conditions are described in the
text.

HPLC chromatograms for reactions performed at 8 M acid, 1.3 M
hydrogen peroxide, and increasing DMTS concentration (10 mM, 50 mM and 100
mM) are shown in Figure 11l.11.6. Before analysis, the reaction product was
diluted to 0.5 mM in methanol. For each DMTS concentration, only the oxidized

product peak was observed and the DMTS peak was negligible (Figure 111.11.6).
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Therefore, the reaction conditions are optimized for DMTS oxidation, for at least
the concentration range studied. The reaction may still need to be optimized for
DMTS concentrations below 10 mM.

Because of practical limitations of the HPLC instrumentation, large
concentrations of acid and peroxide cannot be used. Therefore, in order to
successfully optimize the parameters for lower DMTS concentration, the acid and
peroxide either need to be quenched or the product needs to be extracted using

an LC-compatible organic solvent.
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Figure 111.11.6. Chromatograms of 0.5 mM product from oxidation of increasing
DMTS (10 mM-100 mM) at 1.3 M peroxide and 8 M acetic acid concentrations.
The LC parameters are described in the text in detail.

1ll.11.4.2. Drying and Quenching

Quenching and solvent drying analysis was also done on the product
mixture prior to analyzing the product via HPLC or MS in order to prevent
corrosion of injector, column, and infusion syringe from high concentrations of
acid or peroxide.

Drying experiments showed that DMTS as well as the oxidized product
are both easily lost when dried under N2. The chromatograms of before and after
drying for DMTS (Figure 111.11.7), and reaction product (Figure 111.11.8) shows
that DMTS and the product are volatile, and are lost in the drying process.
These results indicate that any drying process should be avoided in the sample

preparation and extraction process.
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Figure Ill.11.7. Chromatogram showing loss of DMTS after drying for 15
minutes under Nz air. A (before drying) shows the DMTS peak, which disappears
in B (after drying).
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Figure 111.11.8. Chromatograms showing the oxidized product before (A), and
after drying (B). The oxidized product is completely lost after drying for 15
minutes under N air.

Quenching analysis presented in Figure Il1.11.9 shows that acid
quenching using sodium hydroxide degrades the product completely. Similarly,
peroxide quenching using sodium sulfite and sodium chloride converts some of
the oxidized product back to DMTS. This analysis indicates that quenching using
hydroxide, and sulfite should be avoided. Quenching with chloride is observed to
preserve most of the product, but still converts some of it to DMTS. Failure of the
quenching and drying experiments necessitated an extraction step to extract the

product using an organic solvent prior to HPLC or MS analysis.
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Figure 1l1.11.9. Overlaid HPLC chromatograms of the reaction product after
undergoing different quenching steps.

1.11.4.3. Extraction of DMTS and Reaction Product

Among the different organic solvents tested for extraction, hexane worked
best for extraction of DMTS and ethyl acetate is capable of extracting both DMTS
as well as the oxidized product. Results of extraction using hexane, ethyl acetate,

and 50:50 hexane: ethyl acetate are presented in Figure 111.11.10.
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Figure 111.11.10. Overlaid chromatograms showing analysis of the aqueous layer
before and after extraction using organic solvents. The reaction product peak
elutes at 6.5 min, and DMTS peak elutes at 15 min.
1ll.11.4.4. Oxidation reaction using mineral acids

The chromatogram of the oxidation product formed in the presence of
different acids is shown in Figure I11.11.11. From HPLC analysis, it was found

that reaction using different mineral acids resulted in similar yield when

compared to the yield using acetic acid.
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Figure 111.11.11. Chromatograms showing the oxidized reaction product (eluting
at 6.5 min) and unreacted starting material DMTS (eluting at 15.5 min) using
different acids. The LC conditions are described in the text.

The infusion analysis of the purified oxidation product by mass

spectroscopy in positive and negative ionization mode is reported in Figures

[11.11.12 and 11.13, respectively.
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Figure ll.11.12. Chromatograms of the collected oxidation product in positive
ionization mode by infusion analysis with ESI mass spectroscopy.
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Figure 111.11.13. Chromatograms of the collected oxidation product in negative
ionization mode by Infusion analysis with ESI-mass spectroscopy.
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The oxidation product was not detected in either of the ionization modes in
the mass spec. The oxidation product was not detected by GCMS in either

approaches of with and without purifying the product by HPLC.

lI1.11.5. CONCLUSIONS

The DMTS-propionic acid method is a promising approach. Further
analysis will be done by setting up an HPLC-MS-MS method using the
information obtained from infusion studies. A reverse phase C-12 column will be
used because of the hydrophobic nature of DMTS. A 0.1% propionic acid in
methanol and water will be used for Mobile phases A and B, respectively. So far,
it has been noticed that DMTS does not form stable adducts easily. It is also
possible that the adducts formed are too fragile, and are degrading rapidly into
smaller ions. Hence, if this approach fails, then oxidation of the sulfur bond will
be the next approach to analyze DMTS using HPLC-MS-MS.

Analyzing DMTS as an oxidized product appears to be a promising
approach if the product can be isolated from acid and peroxide prior to analysis
in HPLC-MSMS. Unlike DMTS, the oxidized product is ionizable and does not
require other compounds to form ionizable adducts for detection in the mass
spectrometer. The higher mass of the product will also provide advantages in
MS detection. From multiple experiments, it has been found that ethyl acetate is

a potential extracting solvent for the oxidized product. However, miscibility of
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acetic acid and ethyl acetate pose a limitation in using ethyl acetate as an
extracting solvent. Therefore, future work will include performing this reaction in
strong mineral acids such as hydrochloric, sulfuric and nitric. Strong mineral
acids will dissociate completely during the reaction process, and will not mix with
ethyl acetate in the extraction step. Once the product is extracted in ethyl
acetate, it will be diluted in methanol such that it can be analyzed in the LC. After
the reaction and extraction conditions are optimized, the product will be analyzed
using HPLC-MSMS to achieve desirable low detection limits (<5uM).

DMTS was oxidized using mineral acid, such that the oxidized product
could be extracted using ethyl acetate. The product was not detected by infusion
analysis with mass spectroscopy, which could be due to high background noise
in the instrument, ion suppression, or a neutral molecule not ionizing. Different
concentrations of product, higher than 700 yM and lower than 300 pM can be
tested to verify the problem of detection. The product might also be undergoing
fragmentation into smaller masses due to the strong ESI ionization, or forming
uncharged species, leading to difficulty in detection. The product was not
detected in either of the ionization modes using both EI, and CI sources in
GCMS. Failure in detection with both strong and weak ionization sources points
to the possibility of the product degrading at the high temperatures used in the
GC. Future work include headspace- GCMS analysis of the product using

GCMS, and further analysis by mass spec via infusion.
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CHAPTER 12
DETERMINATION OF 3-MERCAPTOPYRUVATE BY LC-MS-MS
Michael W. Stutelberg and Brian A. Logue
11.12. The effort for this portion of the report was published as a peer-reviewed

manuscript, which is attached as Appendix VII.
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CHAPTER 13
SIMULTANEOUS DETERMINATION OF COBINAMIDE AND 3-
MERCAPTOPYRUVATE IN SWINE PLASMA BY LIQUID
CHROMATOGRAPHY-TANDEM MASS SPECTROMETRY

Michael W. Stutelberg and Brian A. Logue

111.13.1. Introduction

With the development of novel cyanide antidotes, there is a need to
simultaneously determine 3-mercaptopyruvate (3-MP) and cobinamide (Cbi). 3-
MP acts as a sulfur donor to produce thiocyanate'? when cyanide is present,
though when administered 3-MP rapidly metabolizes in the blood. Therefore,
dimer prodrugs (sulfanegen®) were developed to deliver 3-MP upon
administration into the blood, which proved to be more efficacious than current
antidotes.

Another antidote being investigated, Cbi, the penultimate derivative of
hydroxocobalamin, is also being utilized as a cyanide antidote. The
enhancement from hydroxocobalamin, currently used as a cyanide antidote, is
that Cbi has greater water solubility, higher affinity for cyanide, and can bind two
cyanides.* The dinitrocobinamide salt has been shown to have greater efficacy
when compared to other cyanide antidotes and cobinamides.>®

For further development of these next generation cyanide antidotes, a
method to simultaneously determine both antidotes together is needed. The

focus of this project is to develop an analytical method to simultaneously
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determine total cobinamide (Cbi) and 3-mercaptopyruvate (3-MP) using high

performance liquid chromatography tandem mass spectrometry (HPLC-MS-MS).

11.13.2. Experimental
.13.2.1. Preparation of Cbi(SO3), Cbi(CN)(H20), and Cbi(CN).Na with 3-
mMP

Spiked plasma (100 pL) of CbiSO; and 3-MP was added to a 2 mL
centrifuge tube along with an internal standard (100 pL of 15 uM 3-MP-"*C3). For
the cyanide analogs, spiked plasma (100 pL) with Cbi(CN)(H2.0) and
Cbi(CN)2Na, was also added to a separate 2 mL centrifuge tube. In place of the
3-MP internal standard, an equal volume of water (100 pL) was added to the

Cbi(CN); and Cbi(CN).

1.13.2.2. Preparation of Dinitrocobinamide (Cbi(NO);)

Spiked plasma (100 pL) of Cbi(NO;), and 3-MP was added to a 2 mL
centrifuge tube along with an internal standard (100 pL of 15 pM 3-MP-">C3). The
Cbi(NO2), was prepared by adding excess sodium nitrite (4:1 NO2:[Cbi(H20)2]**)
to forcibly bind nitrite to cobinamide. Protein from the plasma was precipitated by
addition of acetone (300 pL) and the samples were cold-centrifuged (Thermo
Scientific Legend Micro 21R centrifuge, Waltham, MA, USA) at 8 °C for 20 min at
13,100 RPM (16,500 x g). An aliquot (450 uL) of the supernatant was then
transferred into a 4 mL glass vial and dried under N,. (Note: Glass vials were

used in our laboratory mainly because of practical limitations of the N drier.)
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111.13.2.3. Preparation for Analysis of Total Cobinamide
The Cbi(NOy), was prepared by adding excess sodium nitrite (4:1

NO,:[Cbi(H20),]**) to forcibly bind nitrite to cobinamide. The Cbi(CN); was

prepared by adding 3x the concentration of cyanide to Cbi(HZO)g+ in water

spiked into plasma and diaquocobinamide (Cbi(HZO)?) was spiked directly into
plasma. To determine total cobinamide conversion, Cbi(CN);, Cbi(NO3),,
Cbi(H20)§+, or mix (1:1:1, Cbi(CN)2:Cbi(NO2), :Cbi(HZO)?) (100 pL,100 pM)
were spiked into swine plasma. Then cyanide (10x concentration of Cbi’s) was
added to convert all the species to Cbi(CN),. Protein from the plasma was
precipitated by addition of acetone (300 pyL) and the samples were cold-
centrifuged (Thermo Scientific Legend Micro 21R centrifuge, Waltham, MA, USA)
at 8 °C for 20 min at 13,100 RPM (16,500 x g). An aliquot (450 uL) of the
supernatant was then transferred into a 4 mL glass vial and dried under Na.
(Note: Glass vials were used in our laboratory mainly because of practical
limitations of the N, drier). The samples were reconstituted with 5 mM
ammonium formate in 9:1 water:methanol (100 pL) and monobromobimane
(MBB, 100 pL, 500 uM). The samples were heated on a block heater (VWR
International, Radnor, PA, USA) at 70 °C for 15 min (3-MP derivatization step).
The samples were then filtered with a 0.22 pym tetrafluoropolyethylene membrane
syringe filter into autosampler vials fitted with 150 uL deactivated glass inserts for

LC-MS-MS analysis.
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Mobile phase solutions for LC-MS-MS consisted of 5§ mM aqueous
ammonium formate with 10% methanol (Mobile Phase A) and 5§ mM ammonium
formate in 90% methanol (Mobile Phase B). A gradient of 0 to 100% B was
applied over 3 min, held constant for 0.5 min, then reduced to 0% B over 1.5 min
for the determination of Cbi(CN),. The total run-time was 5.1 min with a flow rate
of 0.25 mL/min. For validation of the analytical method, we generally followed the

FDA bioanalytical method validation guidelines.’

11l.13.2.4. Preparation for Simultaneous Analysis of 3-MP and Total Cbi

For initial method development, samples were prepared by combining
Cbi(CN), plasma (50 pL) with plasma containing 3-MP (50 pL) in a 2 mL
centrifuge tube along with an internal standard (100 pL of 15 uM 3-MP-"3Cs).
Excess cyanide (100 uL) was pipetted into samples or standards in an attempt to
convert all cobinamide species into Cbi(CN),. The rest of the procedure for total
cobinamide followed total Cbi procedure, as outlined above.

To verify Cbi could be converted to Cbi(CN)2 in the presence of 3-MP,
spiked plasma (50 pL) of 3-MP was added to a 2 mL centrifuge tube along with

an internal standard (100 pL of 15 uM 3-MP-"3C3). Then Cbi species Cbi(CN)s,
Cbi(NOy), Cbi(HZO)g+ (50 pL, 200 pM) spiked in plasma were added. Then

excess cyanide (10x Cbi concentration) was added to convert species to
Cbi(CN), and the rest of the procedure followed as outlined above. The
Cbi(NO,), was prepared by adding excess sodium nitrite (4:1 NO2:[Cbi(H20)2]**)

to forcibly bind nitrite to cobinamide.
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11.13.3. Results
.13.3.1.  Analysis of Cbi(SO3), Cbi(CN)(H20), and Cbi(CN).Na with 3-MP
in plasma

For validation of the analytical method, we generally followed the FDA
bioanalytical method validation guidelines.” The lower limit of quantification
(LLOQ) and upper limit of quantification (ULOQ) were defined using the following
inclusion criteria: 1) calibrator precision of <15% RSD, and 2) accuracy of +15%
of the nominal calibrator concentration back-calculated from the calibration curve.
The linear range for 3-MP was previously determined.® The linear dynamic
ranges for CbiSO3;, Cbi(CN),, and Cbi(CN)(H20) were separately determined in
plasma using standards from 5-1000 pM (5, 10, 20, 50, 100, 200, 500, 1000 pM).
The range was decreased to 10-1000 for CbiSO3 (Figure 111.13.1). For Cbi(CN).
(Figure 111.13.2) and Cbi(CN)(H2O) (Figure 1Il.13.3), the linear range was
decreased to 5-200 uM with each calibration weighted by 1/x*. Note: The parent
ion for Cbi(CN)(H20) is 1015.5, which is assumed to be Cbi(CN)" due to the loss
of water during the electrospray ionization.

The limit of detection (LOD) of 3-MP previously determined® was
determined by analyzing multiple concentrations of 3-MP below the LLOQ and
determining the lowest 3-MP concentration that reproducibly produced a signal-
to-noise ratio of 3, with noise measured as the peak-to-peak noise directly
adjacent to the 3-MP peak. For determining the LOD for the Cbi species,

calibration curves below the LLOQ, near the estimated LOD from 1-5 uM (1, 2, 3,
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4, and 5 yM), were created. Following the RMSE method®, the LOD was
calculated from each calibration curve with a LOD of CbiSO; (Figure Il 13.2 ) at
5.7 uM, Cbi(CN), (Figure 111.13.3) at 3.5 yM, and Cbi(CN)(H2O) (Figure 111.13.4)

at4 pM.

Figure 111.13.1. Overlaid chromatograms of CbiSO3 eluting at 2.74 min, 3-MPB
eluting at 2.69 min, Cbi(CN) eluting at 2.94 min, and Cbi(CN) eluting at 2.94 min,
spiked in rabbit plasma. The chromatograms represent the signal response of
the MRM transitions of CbiSO3; 1092.8 — 989.9, 3-MPB 311.0 — 223.1, Cbi(CN),
1064.9 — 1010.8, and Cbi(CN) 1015.0— 930.5 m/z.
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Figure lll.13.2. Calibration curve for CbhiSO3 spiked in rabbit plasma.
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Figure lll.11.3. Calibration curve for Cbi(CN);spiked in rabbit plasma.



Figure 11.13.2. Calibration curve for Cbi(CN) spiked in rabbit plasma.

11.13.3.2. Detection of Dinitrocobinamide

For the determination of dinitrocobinamide, MRMs (1104.9 — 1058.9,
1035.9 — 989.9, and 989.9 — 916.9 m/z) were found by LC-MS-MS. Even
though excess nitrite was added and MRMs for Cbi(NO-), were previously found,
dinitrocobinamide ions were difficult to observe (Figure 111.13.5) because multiple
ligands compete with relatively poor affinity for nitrite ions. The main
chromatographic peaks observed are only Cbi (1035.9 — 989.9 and 989.9 —
916.9 m/z). Therefore, it was determined to derivative Cbi to only one species

with a compound that has strong affinity to the cobalt.
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Cbi(NO,), spiked in plasma 989.9 — 916.9

Abundance (arbitrary units)

Cbi(NO,), spiked in plasma 1035.9 — 989.9

Blank plasma of Cbi(NO,),

0 1 2 3 4 5
Time (min)

Figure 111.13.5. Chromatograms of Cbi(NO), eluting at 0.75 min, and Cbi eluting
at 0.8 min spiked in swine plasma. The chromatograms represent the signal
response of the MRM transitions of Cbi(NO,)" 1035.9 — 989.9 and Cbi 989.0 —
916.9 m/z and total ion chromatograph of the blank.

11.13.3.3. Determination of Total Cobinamide

Due to difficulty in detecting dinitrocobinamide, determination of the total
concentration of cobinamide was attempted by adding excess cyanide. The
excess cyanide should compete with other Cbi ligands and create one form of
cobinamide (Cbi(CN),). Due to the strong affinity cyanide has for the cobalt atom
of Cbi. Using the 3-MP and Cbi(CN), MRMs, it was determined that both 3-MP
and Cbi(CN), can be detected simultaneously in rabbit plasma when excess

cyanide is present (Figure 111.13.6).
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Cbi(H,0), in plasma with excess cyanide

Abundance (arbitrary units)

3-MP in plasma with excess cyanide

Blank Cbi(H;0), plasma with excess cyanide

Blank 3-MP plasma with excess cyanide
" . e T . L . iy . p——
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0 1 2 Time (min) 3 4 5

Figure I1.13.6. Chromatograms of Cbi(CN), eluting at 2.9 min and 3-MPB eluting
at 2.67 min, in swine plasma. The chromatograms represent the signal response
of the MRM transitions of Cbi(CN)2 1015.9-930.9 and 3-MP 311.0 — 223.1 m/z.

11.13.3.4. Determination of Total Cbi from Different Species of Cbi

For the determination of dicyanocobinamide, MRMs (1015.0 — 930.5 and
10159 — 988.9 m/z) were found by LC-MS-MS. Due to difficulty in detecting
dinitrocobinamide, determination of the total concentration of cobinamide was
attempted by adding excess cyanide. The excess cyanide should compete with
other Cbi ligands and create one form of cobinamide (Cbi(CN)2), due to the
strong affinity cyanide has for the cobalt atom of Cbi. Using the 3-MP and
Cbi(CN), MRMs, it was determined that both 3-MP and Cbi(CN), can be detected

simultaneously in rabbit plasma when excess cyanide is present.
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When 3x excess cyanide was added, a conversion ratio was determined
by spiking Cbi(CN)z, Cbi(NOy),, Cbi(HZO)?, or mix (1:1:1, Cbi(CN),:Cbi(NO2),
:Cbi(H20)§+) (100 pL,100 pM) into swine plasma. The cyanide was then added

to convert all the species to Cbi(CN), (Figure 111.13.7). When Cbi species were

compared with Cbi(CN), standard, it was found that Cbi(NO;), had a 60%
conversion, Cbi(H20)§+ had ~30% and mix ~90% conversion. Therefore, greater

concentrations (10x) of cyanide were prepared.

Mix Cbi(CN),

A Chi(NO,),

Intensity

Chi(H,0),>*

A Cbi(CN), Positive Control

Blank Plasma with CN

0 1 2 Time(min) 3 4 5

Figure 11.13.7. Chromatograms of Cbi(CN); eluting at 2.95 min spiked in swine
plasma.

With 10x cyanide, Cbi(NO;), conversion was ~100% and Cbi(HZO)?was

~70%. Next, 3-MP stability was determined with Cbi species in the presence of
excess cyanide. It was found that 3-MP did not degrade with excess cyanide

when compared to 3-MP samples with no cyanide; all 3-MP samples were
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100£15% when compared to the 3-MP standard (Figure 111.13.8). Also, the

conversion of Cbi’s with 3-MP and excess cyanide for Cbi(NO,), was found to be
~100% and Cbi(H2O)§+ at ~60%. The chromatograms of Cbi's being converted
to Cbi(CN), with 3-MP are observed in Figure 111.13.9. The lack of conversion for
Cbi(H20)§+[ihdicates that a higher concentration of cyanide could bind to Cbi and

release it from proteins increasing the conversion to Cbi(CN)s.

3-MP Cbi(CN),

g
3
£ 3-MP Cbi(NO,),

) 3-MP Cbi(H,0),*

.l _’.’:—MP Positive Control

Blla1_1k Plasma with CN
0 1 ) Time (i) 3 4 5

Figure 111.13.8. The chromatograms represent the signhal response of 3-MP,
eluting at 2.67 min, in plasma with varying Cbi species and excess cyanide. The
MRM transitions observed are 311-223 m/z.
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/ \ 3-MP Cbi(CN),

3-MP Cbi(NO,)

2

Intensity

3-MP Chi(H,0),%*

Cbi(CN), Positive Control

A —

Blank Plasma with CN

0 1 2 Time (min) 3 4 5
Figure 111.13.9. Chromatograms of varying species of Cbi with 3-MP and excess
cyanide after conversion to Cbi(CN), eluting at 2.9 min. The chromatograms
represent the signal response of the MRM transitions of Cbi(CN), 1015.9-930.9
m/z.

11.13.4. Conclusion

A simple and robust analytical method to simultaneously determine Cbi
and 3-MP is being developed. Both 3-MP and Cbi can be detected with high
concentrations of cyanide. Various species of Cbi were found to be converted to

Cbi(CN) for a total Cbi concentration.

l11.13.5. Future Work
Synthesizing and determining the mass spec fragmentations of
dinitrocobinamide (Cbi(NO2)2) and monocyano-mononitro-cobinamide

(Cbi(NO2)(CN)) will be added to the method. The stability of aqueous and plasma
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samples Cbi(NOz)2 and Cbi(NO2)(CN) will need to be determined. Then the

method can be fully validated.
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CHAPTER 14
DETERMINATION OF COBINAMIDE SULFITE AND ITS CYANO AND AQUO
DERIVATIVES BY RP-HPLC-ESI-MS-MS.

Joseph K. Dzisam and Brian A. Logue

1ll.14.1. Introduction

Current treatments for cyanide exposure include three general classes of
agents: methemoglobin generators (sodium nitrite, amyl nitrite, and dimethyl
aminophenol), sulfur donors (sodium thiosulfate and glutathione), and direct
binding agents (hydroxocobalamin and dicobalt edetate) . While each type of
treatment has been effective at countering the toxic effects of cyanide, each has
major limitations, especially during mass casualty situations.

Methemoglobin generators oxidize hemoglobin in the red bold cells to
produce methemoglobin '°, a complex with high affinity for cyanide ''. However,
production of methhemoglobin leads to methemoglobinemia, which reduces
oxygen transport in the erythrocytes and tissues '2. This is especially dangerous
when smoke inhalation has occurred, causing carboxyhemoglobinemia
concurrently with methemoglobinemia 2. Sulfur donor antidotes detoxify cyanide
by converting cyanide to thiocyanate with the help of sulfurtransferase enzymes

(e.g., rhodanese and 3-mercaptopyruvate sulfurtransferase) ™

. However, sulfur
donors are limited due to variable subcellular distribution of sulfurtransferase
enzymes 3. For example, rhodanese is concentrated in the mitochondrial matrix

of the liver and kidney, but is not prevalent in the central nervous system 3,
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Thiosulfate, the only U.S. FDA-approved sulfur donor cyanide antidote, also has
a disadvantage of slow uptake into cells. Other compounds, including 3-

mercaptopyruvate, have been suggested as more efficient sulfur donors for

3,11,14,15

cyanide therapy Binding agents sequester cyanide from cytochrome c

oxidase to effectively reduce the toxicity of cyanide. Hydroxocobalamin (Cob),

t 16,17

the only U.S. FDA-approved binding agen , is relatively safe and effective °,

but binds only one cyanide ion per molecule, and is a very high molecular weight
molecule. Therefore, it requires large doses (i.e., approximately 4 to 5 g) and
intravenous administration to be effective, limiting its use in mass casualty

3,14

situations Cobinamide (Cbi), the penultimate precursor in the

hydroxocobalamin biosynthetic pathway *'®, has been suggested as an effective
cyanide binding agent. To date, studies have shown that Cbi is superior to other
treatments, mainly due to its flexible administration and therapeutic index

19,20

advantages The greater effectiveness of Cbi is due to its extremely high

affinity for cyanide [Kr, overar = 10?2 M™;'1820 "its ability to directly bind two

cyanide ions, and its relatively high solubility '*'8.

Depending on the pH and
ligands present, cobinamide can exist in several forms in aqueous solution, such
as diaquocobinamide, [Cbi(H20)2]2+, hydroxoaquocobinamide, [Cbi(OH)(H2O)]*
and dihydroxocobinamide, [Cbi(OH)z,° 2. Cobinamide itself exists
predominantly as [Cbi(OH)(H20)]" at neutral pH, as [Cbi(H20)2]** under acidic

22

conditions, and as [CN(OH).]° under basic conditions In the presence of

cyanide, either the aquo or hydroxo ligands are replaced to produce
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[Cbi(CN)(H20)]*, [Cbi(CN)(OH)]°, or [Cbi(CN),]° "% depending on the CN
concentration and reaction time.

The multiple species of Cbi exhibit disparate kinetic, thermodynamic, and
biological behavior. For example, the aquo and hydroxo forms of Cbi
significantly bind to transcobalamin protein (TC), haptocorrin (HC), and intrinsic

225 geveral

factors (IF), thereby substantially affecting their distribution
methods have been developed for the determination of the aqueous Cbi-cyanide
system, including electrochemical, spectrophotometric, and chromatographic

methods 14,18,21,26.

However, these methods lack the ability to simultaneously
differentiate between all the species of Cbi of interest. Therefore, the
development of a highly selective method for each Cbi species of interest with
the appropriate sensitivity for biological analysis is necessary for the
determination and elucidation of pharmacokinetic parameters, such as apparent
volume of distribution, clearance, and bioavailability for each Cbi species. Such
a method may help in the identification of more effective formulations of Cbi for
treatment of cyanide poisoning, and toxicity induced by other small molecules
(e.g., H2S).

The objective of this project is to develop a single analytical method for the
determination of multiple forms of cobinamide from biological fluids, to include
[Cbi(H20),]**, [Cbi(OH)2]°, [Cbi(SO3)Na]*, [Cbi(CN).Na]*, [Cbi(CN)(H20)]*, and

[Cbi(NO,)]°.

11.14.2. MATERIALS AND METHODS
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l1.14.2.1. Materials

All reagents were LC grade, unless otherwise noted. Potassium cyanide,
sodium cyanide, sodium sulfite, methanol, and ammonium hydroxide were all
obtained from Fisher Scientific (Hanover Park, IL, USA). Sodium hydrosulfide
hydrate and ammonium formate were supplied by Sigma-Aldrich (St. Louis, MO,
USA). Formic acid was obtained from Thermo Scientific (Rockford, IL, USA).
Water was purified to 18 mQ-cm using a Water PRO PS system of purification
(Labconco, Kansas City, KS, USA).

Aquohydroxocobinamide (pH = 6.18) was obtained from Dr. Gerry Boss,
MD (Department of Medicine, University of California, San Diego, La Jolla, USA).
A stock solution of 1 mM of the aquohydroxocobinamide was prepared by
dissolving 99 mg into 100 mL of de-ionized water (0.99 mg/mL) in an amber
bottle and stored at about 10'C. Working solutions were obtained via serial

dilution to the desired concentration.

1l1.14.2.2. Synthesis of cobinamide species

Monocyanocobinamide ([Cbi(CN)(H20)]" or [Cbi(CN)(OH)I°) was prepared
by reacting equi-molar amounts of the prepared cobimanide solution (1 mL, 1
mM) with potassium cyanide (51.3 mM, 19.5 pL). The dicyanocobinamide adduct
([Cbi(CN),]° was formed when two-equivalents of KCN or NaCN was added to
hydroxoaquocobinamide at room temperature. To determine if a non-adducted
Cbi(CN); could be analyzed by ESI-MS-MS, (i.e., the sodium or potassium

molecular ion predominates when NaCN or KCN, respectively, are used to
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synthesize CDbi(CN),;), a cyanide-capturing apparatus with two chambers
separated by a hydrophobic porous frit (Figure 11.4.1) was used to produce
Cbi(CN)2 in the absence of potassium and sodium. Cobinamide sulfite was
prepared by combining an equi-molar solution of sodium sulfite (4 mM, 125 pL)
with cobimamide (500 mM, 1 mL), producing a final pH of 6.4. Additionally,
cobinamide dihydrogensulfide, CbiS(S), was synthesized by reacting two and
half equivalent moles of NaSH (50 mM, 50 pL) with 1 mole of cobinamide (1 mM,

1 mL).

Septa
w/tubing
Lower
Chamber:
contained
KCN/solution

Acid Inlet  p—>»  €&—— Airlnlet
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Figure lll.14.1. Schematic of the cyanide apparatus used to create sodium- and
potassium-free Cbi-cyanide species. The lower chamber contained KCN solution
to which acid was added to generate HCN(g). Air was bubbled through the lower
chamber via the air injection syringe to deliver HCN(g) to cobinamide solution in
the upper chamber.

111.14.3.3. Differentiation of the aquo-hydroxo cobinamide species

To verify the assignment of molecular ions of [Cbi(H20)2]*",
[Cbi(OH)(H20)]", and [Cbi(OH)]° species, a cobinamide solution was prepared
at different pHs and mass spectra of the resulting solutions were gathered to
identify the major species at each pH. Solutions of Cbi (55 pM) with pHs from 2
to 12 were prepared by titration. Acid solutions were prepared with formic acid,
and basic solutions were titrated with ammonium hydroxide. The species were
then analyzed by MS-MS in positive mode. The trend of intensities of each

solution was analyzed for one day, three days, and five days.

11l.14.3.4. Sample preparation of Cbi species for HPLC-MS-Ms analysis
Aqueous Cbi standards were prepared, and to each 1 mL, 300 uL of

acetone was added. The mixture was then centrifuged for 30 minutes at 13,100

rpm (16,500 x g). The supernatant (250 pL of it) was pipetted into a 4 ml vial and

dried with N> gas. Dried samples were reconstituted with 100 pL of 10%
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methanol and 90% 5 mM aqueous ammonium formate and filtered through a
0.22 ym filter prior to HPLC-MS-MS analysis. Plasma samples were spiked with
a 1:10 aqueous analyte to plasma matrix ratio, and were prepared by the

processes enumerated above.

111.14.3.5. Initial MS-MS analysis

All mass spectrometric analysis was performed by an AB Sciex Q-Trap
5500 MS (Applied Biosystems, Foster City, CA, USA) with electrospray ionization
in positive mode. Mass spectra were acquired by direct infusion of aqueous Cbi
solutions (10 pL/ min) with scans of MS1 from 200-1200 Da over 1.6 minutes.
Product ion scans were completed using both MS1 and MS3. The entrance
orifice potential was 180 Volts, and curtain gas 1 and ion source gas 1 were
operated at 14 and 20 psi, respectively. The ion spray voltage was 4500 V with a
temperature of 500 K. Optimized MRM parameters are presented in Table

1.14.1.
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Table 111.14.1. MRM ions and associated parameters corresponding to some Cbi
forms of interest.

Compound MS1(m/z Da) MS3(m/z Da) CE(Volts) DP(Volts)
[CbiSO;Na]" 1092.8 989.9 65.01 71.22
1092.8 930.9 96.67 234.01
[Cbi(CN),Na]" 1064.9 1010.8 4943 266.54
1064.9 930.8 97.47 263.1
[Cbi (OH)(CN)]"/ 1031.6 946.7 79.38 65.01
[Cbi(CN)(H,O)" 1031.6 875.6 80.91 180.95
[Cbi(H,0),]* 1024.5 930.8 74.58 36.54
1024.5 949.7 66.03 198.59
1025.8 931.7 70.71 261.64
[Cbi(OH),I’ 1022.7 961.8 65.16 201.56
1022.7 946.8 72.02 229.81
[Cbi(S),]" 1053.6 989.7 57.32 193.4
1053.6 930.7 86.91 172.63
1053.6 916.7 95.62 186.09
[Cbi(S)(OH)" 1037.8 989.7 58.55 194.21
1037.8 930.7 95.98 170.92
1037.8 916.7 83.23 182.78

111.14.3.6. HPLC-MS-MS analysis

111



High-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS-MS) was conducted on a Shimadzu HPLC (LC-20AD, Shimadzu
Corp., Kyoto, Japan) coupled to the AB Sciex Q-Trap 5500 MS. Samples were
separated on a Synergi 4y RP-Max (2.00 x 50mm) reversed-phase column
(Phenomenex, Torrance, CA, USA). Mobile phase A contained 10% methanol
and 90% 5 mM ammonium formate, and mobile phase B contained 10% 5 mM
aqueous ammonium formate in 90 % methanol, gradient elution was used with
the initial mobile phase (0% B) linearly increased to 100% B over 3 minutes, held
constant for 0.5 minutes, and linearly decreased to 0% over 1.5 minutes at a flow

rate of 0.25 mL/minutes.

111.14.3.7. Data analysis section: limit of detection of [Cbi(OH)2]°

From the pH studies, Cbi species of pH 11 with concentrations 0.5, 1, 5
10, 20, 50, and 100 pM, respectively, were prepared, allowed to stabilize for 3
days before HPCL-MS_MS analysis was conducted. The resultant data from the
chromatograms (depicted in Figure 11.3.4.6) were used to estimate the limit of

detection at S/N = 3.

111.14.3.8. Synthesis of cobinamide species

Monocyanocobinamide ([Cbi(CN)(H20)]" or [Cbi(CN)(OH)I°) was prepared
by reacting equi-molar amounts of the prepared cobimanide solution (1 mL, 1
mM) with potassium cyanide (51.3 mM, 19.5 pL). The dicyanocobinamide

adduct ([Cbi(CN),]° was formed when two molar-equivalents of KCN or NaCN
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was added to hydroxoaquocobinamide at room temperature. To determine if a
non-adducted Cbi(CN), could be analyzed by ESI-MS-MS, (i.e., the sodium or
potassium molecular ion predominates when NaCN or KCN, respectively, are
used to synthesize Cbi(CN),), a cyanide-capturing apparatus with two chambers
separated by a hydrophobic porous frit was used to produce Cbi(CN); in the
absence of potassium and sodium. Cobinamide sulfite was prepared by
combining an equi-molar solution of sodium sulfite (4 mM, 125 pL) with
cobimamide (500 mM, 1 mL), producing a final pH of 6.4. Additionally,
cobinamide dihydrogensulfide, CbiS(S),, was synthesized by reacting two and
half molar equivalent of NaSH (50 mM, 50 pL) with 1 mole of cobinamide (1 mM,

1 mL).

111.14.3.9. Sample preparation of Cbi species for HPLC-MS-MS analysis
Aqueous Cbi standards were prepared, and to each 1 mL, 300 uL of
acetone was added. The mixture was then centrifuged for 30 minutes at 13,100
rom (16,500 x g). The supernatant (250 pL) was pipetted into a 4 ml vial and
dried with N> gas. Dried samples were reconstituted with 100 pL of 10%
methanol and 90% 5 mM aqueous ammonium formate and filtered through a
0.22 um filter prior to HPLC-MS-MS analysis. Plasma samples were spiked with
a 1:10 aqueous analyte to plasma matrix ratio, and were prepared by the

processes enumerated above.

111.14.3.10. Data analysis section: limit of detection of [Cbi(OH),]°
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From the pH studies, Cbi species at pH 11 with concentrations of 0.5, 1, 5
10, 20, 50, and 100 uM, respectively, were prepared and allowed to stabilize for
3 days before HPLC-MS-MS analysis was conducted. The resultant

chromatogram in Figure 11.3.4-1 was used to estimate the limit of detection.

111.14.3.11. Synthesis of Cobinamide Species

Monocyanocobinamide ([Cbi(CN)(H20)]" or [Cbi(CN)(OH)I°) was prepared
by reacting equi-molar amounts of the prepared cobinamide solution (1 mL, 1
mM) with potassium cyanide (51.3 mM, 19.5 pL). The dicyanocobinamide
adduct ([Cbi(CN),]° was formed when two molar-equivalents of KCN or NaCN
was added to hydroxoaquocobinamide at room temperature. To determine if a
non-adducted Cbi(CN), could be analyzed by ESI-MS-MS, (i.e., the sodium or
potassium molecular ion predominates when NaCN or KCN, respectively, are
used to synthesize Cbi(CN),), a cyanide-capturing apparatus with two chambers
separated by a hydrophobic porous frit was used to produce Cbi(CN); in the
absence of potassium and sodium. Cobinamide sulfite was prepared by
combining an equi-molar solution of sodium sulfite (4 mM, 125 pL) with
cobimamide (500 mM, 1 mL), producing a final pH of 6.4. Additionally,
cobinamide dihydrogensulfide, Cbi(S),, was synthesized by reacting two and half
molar equivalents of NaSH (50 mM, 50 uL) with 1 mole of cobinamide (1 mM, 1
mL). Dinitrocobinamides were synthesized by reacting four molar equivalents of

sodium nitrate (4 mM, 1 ml) with 1 mole of cobinamide (1mM, 1 ml).

114



111.14.3.12. Synthesis of Internal Standard

Three molar equivalents of isotopically labelled K> C'N dissolved in 10
mM NaOH was reacted with cobinamide to form [Cbi('*C'*N),], for use as an
internal standard. The integrity of the internal standard was verified using solid
phase extraction (SPE) and subsequent fluorometric analysis to determine the
concentration of ‘free’ cyanide in the internal standard. A hydrophobic lipophilic
balance (HLB) column (1 ml) was used for SPE with 100% methanol as the
elution solvent. A Flouromax-4 spectrofluorometer (Horiba Scientific, USA) was
used for the spectrofluorometric determination with NDA/Taurine as reagents. A
tube volume each of 100 % water and methanol was used for conditioning the
SPE column prior to the introduction of the 100 uM of the analyte (the internal
standard). The ‘load’ was collected, and the equivalent tube volume of water
was used for first and second washes respectively. A tube volume of 100 %
methanol was used for elution. For the flourometric analysis, 100 yM of NacN
dissolved in 10 mM NaOH was used as the ‘standard’ whiles the blank was 0.01
M of NaOH. Aliquots (300 puL each) of NDA (4 mM) and taurine (50 mM) were
added to 100 pL of the standard, blank, load, washes (1 and 2), and elution. One
mL of 0.1M NaOH was subsequently added to each aliquot. The excitation
wavelength was set at 410 nm with a 3 nm slit window while the emission was
scanned from 425 nm to 600 nm, also with a slit window at 3 nm. The maximum

emission was 481 nm.

111.14.3.13. HPLC-MS-MS Analysis at 40% B
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High-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS-MS) was conducted on a Shimadzu HPLC (LC-20AD, Shimadzu
Corp., Kyoto, Japan) coupled to the AB Sciex Q-Trap 5500 MS. Samples were
separated on a Synergi 4y RP-Max (2.00 x 50mm) reversed-phase column
(Phenomenex, Torrance, CA, USA). Mobile Phase A contained 10% methanol
and 90% 5 mM ammonium formate, and Mobile Phase B contained 10% 5 mM
aqueous ammonium formate in 90% methanol. Gradient elution was used with
the initial mobile phase (40% B) linearly increased to 100% B over 3 minutes,
held constant for 0.5 minutes, and linearly decreased to 40% over 1.5 minutes at

a flow rate of 0.25 mL/min.

11l.14.3.14. Determination of limit of detection of [Cbi(NO,),]
In order to determine the limit of detection of [Cbi(NO3),], a solution of the
analyte with concentrations of 0.5, 2, 5, 10, and 20 yM were prepared and

analyzed via the method outline below.

11l.14.3.15. Investigation of peaks in blank plasma, and stability of analyte
in pH medium

In order to verify the origin of the peaks in the blank, we put forth two
hypotheses: that it could be due to a contaminant or an interferent or both. If the
plasma were to be ‘contaminated’ with cobinamide, then addition of cyanide to
the plasma should yield cyanide derivatives of cobinamide. Blank plasma and

CN (8 mM, 100uL) spiked in plasma were run in triplicates to verify the presence
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of cyanide derivative. A positive control of the cyanide analogues of cobinamide,
[Cbi(CN)(NO2)]° and [Cbi(CN)]° were also prepared in triplicates and analyze
alongside with that of the blanks. Also, the stability of [Cbi(NO3),] in different pH
media were also verified by preparing various solutions of [Cbi(NO2),] (80 pM) in
a neutral medium, basic medium (using ammonium hydroxide, pH 9.56) and
acidic medium (formic acid used, final pH 3.68). The analyte at the various pH
solutions were analysed immediately and after 1 hour, so as to verify their

stability.

111.14.3.16. Sample preparation of Cbi species for HPLC-MS-MS analysis for
40%B

Plasma samples were spiked with a 1:10 aqueous analyte to plasma
matrix ratio, and were prepared by adding 100 uL of the aqueous Cbi standards
and 900 uL of plasma. To each 100 uL of spiked plasma samples, 300 pL of
acetone was added to precipitate the proteins in the plasma. The mixture was
then centrifuged for 20 minutes at 13,100 rpm (16,500 x g). The supernatant (150
ML) was pipetted into a 4 mL vial and dried with N, gas. Dried samples were
reconstituted with 100 uL of 40% Mobile phase B and 60 % Mobile phase A, and

filtered through a 0.22 pm filter prior to HPLC-MS-MS analysis.

ll.14.4. RESULTS AND DISCUSSION

1ll.14.4.1. MS analysis of Cbi species
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Table 111.14.1 shows the masses, collision energies and declustering
potentials of the MRM transitions of some cobinamide species of interest, and
Figure Il11.14.2 shows an example mass spectrum of cobinamide-sulfite. The
transition for cobinamide-sulfite was not present, but the sodium adduct,
[CbiSO3Na]", was easily seen at 1092.5. The molecular ion of the sodium
adduct was used to identify transitions of interest for MS-MS. The appearance of
a sodium adduct was not surprising, considering analysis of hydroxocobalamin
by LCMSMS also utilized a sodium adduct ’.

Transitions for each of the other Cbi species of interest were determined
and optimized in a similar fashion. The identified molecular ion at 1031.6 m/z
(Table 111.14.1), representing [Cbi (OH)(CN)]O or [Cbi(CN)(H20)]*, was not initially
identified in a 1:1 molar solution of Cbi and CN". After the solution was allowed
to stand for four weeks, the monocyano-Cbi species was identified. The most
probable explanation for this observation is facile kinetic formation of [Cbi(CN)2]*
but ultimate thermodynamically favorable formation of [Cbi(OH)(CN)]° and/or

[Cbi(CN)(H20)]* 2"22.
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Figure 1lIl.14.2. Mass spectrum of cobinamide-sulfite. The sodium adduct,
([CbiSO3Na]’), is clearly observed at 1092.5 m/z.
11l.14.4.2. Differentiation of aquo and hydroxo Cbi Species

Because the Cbi aquo-hydroxo species, ([Cbi(OH)(H20)]*, [Cbi(H.0)*,
and [Cbi(OH)]°), differ by only 3 mass units, abundant stable isotopes of these
species may be mistakenly assigned to different Cbi species (Figure 111.14.3).
Because the mass spectral peaks cannot be definitely assigned by mass alone,
the mass spectral behavior of the 1022-1027 region was analyzed at multiple pH
values. Figure 111.14.4 shows a plot of fraction of the MS intensities versus the
pH of cobinamide solutions prepared at pH 2-12. The figure shows a strong
correlation between 1024.5, 1025.5 and 1026.5 over the pH range studied,
suggesting that these ions are isotopic forms of the [Cbi(H,0)]** species. A

similar correlation was seen for ions 1022.5 and 1023.5, which were assigned to
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[Cbi(OH)z]O. Also, the results show that the Cbi solutions in the pH media are

thermodynamically stable three days after preparation (i.e., Day 3).

Figure II1.14.3. Mass spectra of aquo- and hydroxo- Cbi species with tentative
assignment of the peaks at 1022.5-1026.5.
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Figure lll.14.4. Plots of intensities of 1022.5, 1023.5, 1024.5, 1025.5 and 1026.5
divided by the intensity of 1024.5. A, B and C were conducted in Days 1, 3 and 5,
respectively. The trend reveals a direct correlation between 1024.5 (green),
1025.5(purple) and 1026.5(light blue).  Similarly, 1022.5(deep blue) and
1023.5(red) are also correlated. The correlation shows isotopic relations. Day 1
and 5 solutions were not thermodynamically stable, but Day 3 solutions were
very stable, as they showed the trends of the Cbi species at the expected pH
values.
1l1.14.4.3. HPLC-MS-MS analysis

Initially, [Cbi(H20)2]** was separated via the HPLC both in aqueous
solution and in plasma, eluting at around 2.80 minutes (Figure 111.14.5). The
chromatogram shown in the lower portion (blue) in Figure I1.14.5 is the Cbi

sample in aqueous solution (100 uyM), and the upper chromatogram (red) shows

Cbi solution spiked into plasma matrix at a ratio of 1:10 (100 yM).
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Figure 111.14.5. Chromatograms showing the elution of diaquocobinamide(100
uM) from the LC column in water (blue) and in plasma (red). LC conditions:
mobile phase A ; 90 % 5 mM ammonium formate and 10 % methanol, mobile
phase B has 90% methanol and10% ammonium formate (5 mM). MS transition:
1024.4 — 930.5.

From the pH studies, Cbi species of pH 11 with concentrations 0.5, 1, 5 10,
20, 50, and 100 uyM, respectively, were prepared, allowed to stabilize for 3 days,

and the detection limit of [Cbi(OH),]° was determined to be 5 uM (Figure 111.14.6).
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Figure 11l.14.6. Chromatogram of Cbi species prepared at pH 11 after 3 days.
LC conditions were as described earlier. MS transition: 1022.7 — 946.8.

Similarly, [Cbi(S)2]° and [Cbi(S)(OH),]° were also seen to exhibit
thermodynamic stability after 24 hours of preparation. Determination of the limits
of detection of the [Cbi(S)2]° and [Cbi(S)(OH).]° were not readily quantifiable by
signal-to-noise ratio of 3 (Figure I11.14.7). Another procedure involving the use of
root mean square error, RMSE ® will be used to find the detection limits of

[Cbi(S)2]° and [Cbi(S)(OH).]".
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Figure I1.14.7. Chromatogram of [Cbi(S),]° transition 1053 — 916. LC
Conditions were as described above.
11l.14.4.4. MS analysis of Cbi species

Table Ill.14.2 shows the masses, collision energies, and declustering
potentials of the MRM transitions of some cobinamide species of interest. The
identified molecular ion at 1031.6 m/z (Table 111.14.2), representing [Cbi
(OH)(CN)]O or [Cbi(CN)(H.0)]", was not initially identified in a 1:1 molar solution
of Cbi and CN". After the solution was allowed to stand for four weeks, the
monocyano-Cbi species was identified. The most probable explanation for this

observation is facile kinetic formation of [Cbi(CN).]’, but ultimate
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thermodynamically favorable formation of [Cbi(OH)(CN)]® and/or [Cbi(CN)(H.0)]*

21,22

111.14.4.5. Detection limit of [Cbi(OH),]°
Figure 111.14.8 shows the overlaid chromatograms of [Cbi(OH)z]O at pH 11
at concentrations of 0.5, 1, 5 10, 20, 50, and 100 yM. The detection limit was 10

MM (purple color) with an elution time of 2.58 minutes.

Figure 11.14.8. Overlaid chromatograms of Cbi species prepared at pH 11 after
3 days. LC conditions were as described earlier. MS transition: m/z = 1022.7 —
946.8.

111.14.4.6. Detection limit of [Cbi(S),]°
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The detection limit of [Cbi(S):]° was not easily quantified by signal-to-
noise ratio of 3 (Figure 111.14.4.8). The method of the root mean square error,
RMSE %, was used to determine the detection limit of [Cbi(S):]° in aqueous
solution as 6uM. The [Cbi(S)z]O solutions were seen to be thermodynamically

stable within 24 hours of preparation ( Figure 111.14.4.9).

Figure 11.14.9. Overlaid chromatograms of [Cbi(S),]° at transition m/z = 1053 —
916. LC conditions were as described above.

126



Abundance (arbitrary units)

CbiS, solution after 24 hours
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Figure 111.14.10. Overlaid chromatograms of [CbiS;]. The solution prepared in
aqueous medium (100 uM) became thermodynamically stable within 24 hours
(blue chromatogram is blank). The intensity for the solution prepared within 4
hours (red) was not as much as that for the 24 hour period (green).

Validation of the method for the detection of [CbiS,] was initially performed
in aqueous medium, but results from swine plasma suggest the need for further
clean-up steps to refine the shape of peaks and transitions observed, as peaks
for the transitions of m/z = 1053-916, 1053 —-930, and 1053—-989 were not
easily resolved. However, peaks for the transition m/z = 1092-989 were
conspicuously seen as being resolved (Figure 111.14.4.10). Further investigation
is on-going to verify the chemical identity of the species, as well as the

correlation(s) with the transitions m/z = 1053-989 and 1092-989, if any.
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Figure 1lIl.14.11. Overlaid chromatograms from [CbiS,]° swine plasma. The
transitions shown here is m/z = 1092—989. The m/z = 1053—989 transitions (not
shown) were unresolved.
111.14.4.7. MS Analysis of Cbi Species

Table Ill.14.2 shows the masses, collision energies, and declustering
potentials of the MRM transitions of some cobinamide species of interest. The
transitions for the dinitrocobinamide and the internal standard are also listed in

the table. The transition for dinitrocobinamide was not present, but the sodium

adduct, [Cbi(NO2).Na]*, was easily seen at 1104.5 (Figure 111.14.12). The
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molecular ion of the sodium adduct was used to identify transitions of interest for
MS-MS. The appearance of a sodium adduct was not surprising, considering
analysis of hydroxocobalamin by LC-MS-MS also utilized a sodium adduct #’.
Transitions for each of the other Cbi species of interest were determined
and optimized in a similar fashion. The internal standard was identified with the
molecular ion at 1068.5 m/z (Table 111.14.2), as [Cbi(**C'N)]°. Figure 111.14.13
shows how spectroflourometric spectral data that confirms the ‘integrity of the

internal standard after it was synthesized and subsequently subjected to

analytical further scrutiny (tests) including chromatography.

Figure ll.14.12. Mass spectrum (MS1) showing the dinitrocobinamide with the
sodium adduct, [Cbi(NO2),Na]" with m/z=1104.5, mononitrocobinamde with
sodium adduct, , [Cbi(NO2)Na]**, m/z=1058.5, mononitrocobimande with no
sodium adduct, [Cbi(NO2)]" m/z=1035, and the cobinamide (Cbi) with no ligands
at m/z=989.5.
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Table 111.14.2. MRM ions and associated parameters corresponding to some Cbi

forms of interest.

Compound MS1(m/z Da) MS3(m/zDa) CE(Volts) DP(Volts)
[CbiSO;Na]” 1092.8 989.9 65.01 71.22
1092.8 930.9 96.67 234.01
[Cbi(CN),Na]" 1064.9 1010.8 49.43 266.54
1064.9 930.8 97.47 263.1
[Cbi (OH)(CN)]*/ 1031.6 946.7 79.38 65.01
[Cbi(CN)(H,0)]" 1031.6 875.6 80.91 180.95
[Cbi(H,0),]" 1024.5 930.8 74.58 36.54
1024.5 949.7 66.03 198.59
1025.8 931.7 70.71 261.64
[Cbi(OH),]" 1022.7 961.8 65.16 201.56
1022.7 946.8 72.02 229.81
[Cbi(S),]" 1053.6 989.7 57.32 193.4
1053.6 930.7 86.91 172.63
1053.6 916.7 95.62 186.09
[Cbi(S)(OH)I’ 1037.8 989.7 58.55 194.21
1037.8 930.7 95.98 170.92
1037.8 916.7 83.23 182.78
[Cbi(NO,),Na]* 1104.5 1058.8 231.72 24.42
1104.5 1013.8 182.00 34.15
[Cbi(**C™N),Na]* 1068.5 1010.7 265.54 49.43
1068.5 930.5 263.10 97.47
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Figure 1I.14.13. SPE of [Cbi(*C'N),]°. Spectral intensities of ‘free’ cyanide in
acidified solution (red) and non-acidified solution containing the internal standard
(blue). The standard cyanide spectra intensity is shown in green, and the blank
is shown in yellow. The concentration of cyanide verified (standard and free)
with NDA/ Taurine reagent was 100 pM.

Figure 111.14.14 shows the bar chart for the intensities from the ‘standard’,
blank, and the load, washes and elution from the internal standard after SPE.
The intensity of the load in the non-acidified solution was about the same as the
intensity in the standard, indicating that almost all ‘free’ cyanide was eliminated
from the solution after SPE. The residual free cyanide was removed after the
first and second wash. For the acidified solution, it is evident that the 1 M H,SO4
converted almost all the cyanide in solution into HCN(g). Figure 111.14.4.13 also

shows the chromatogram of the internal standard (non-acidified) after SPE. The

elution time on the Max RP column was 0.92 minutes.
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Figure 111.14.14. Chromatograms showing the elution of isotopically-labelled
dicyanocobinamide, the internal standard, spiked into swine plasma. MS
transition: m/z = 1068.5 — 1010.7. There is no evidence of peak in the blank (red)
and the acidified solution (green).
111.14.4.8. Chromatographic Behavior of [Cbi(NO5).]°

Preliminary chromatograms of [Cbi(NO),]° are shown in Figure 11.14.15,
which reveals a significant and a conspicuous peak with the transition 1104
—1058 in plasma but not in aqueous medium, suggesting that [Cbi(NO.)2]° can
be found in plasma but not in aqueous medium. Further analysis of the
chromatograms (not shown) of the analogues of cobinamides for the same run

are enumerated in Table I11.14.3. A plausible deduction from Table 111.14.3 and

Figure 111.14.4.14 is that [Cbi(NO2).]° is quite stable in plasma but not stable in
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aqueous medium, and that [Cbi(NOz)z]O breaks down to form other species as
shown in Table 111.14.3 (probably due to an increase in pH as a result of the
release of the conjugate base, NOy). Subsequent chromatography of blank
plasma (without [Cbi(NO2),]°) showed a significant peak at the 1104 — 1058

transition. Investigation is on-going to elucidate this observation.

Figure 11.14.15. Overlaid chromatograms of [Cbi(NO5).]® at transition m/z =
1104.5 — 1058.8 and 1104.5. —1013.8, respectively, in water and plasma. LC
conditions were as described above.
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Table 11.4.3. The occurrence of various transitions of cobinamide analogues in
plasma and aqueous medium (water).

Species/mass (Da) Aqueous Plasma Remarks

[Cbi(NO,),Na]” 1104 no yes 1104 to 1058 significant: 1104 to 1013 very tiny
[Cbi(NO,)Na]* 1058 no yes 1058 to 1011 very little :1058 to 989 not visible
[Cbi(NO,)I° 1035 yes yes 1035 to 989 very large in water than in plasma
[Cbi(H,0),]?** 1024 yes no 1024 to 930 seen in water, other transition not seen
[Cbi(OH)2]° 1022 yes yes both transitions, 1022 to 946 and 1022 to 961 are

significant in plasma. However, only 1022 to 961
seen in water

[Cbi]** 989 yes yes  All transitions visible in plasma and in water
with the same abundance, indicating that
Cbi recovery is high

111.14.4.9. Limit of detection (LOD)

The chromatograms for the determination of LOD are shown in Figure
I11.14.16.The figure shows an elution time of about 0.68 minutes and a
concentration dependence with signal. The LOD could be estimated as signal to
noise ratio of 3, since there is a significant peak intensity in the blank. This
observation of peak in the blank swine plasma could be due to an interferent and
or a contaminant. Several attempts were made to unravel the occurrence of

peaks of the 1104 —1058 transitions.
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Figure ll.14.16. Overlaid chromatograms of [Cbi(NOz)z]O in swine plasma at
different concentrations. The peak intensity for the blank (deep blue) is
significant and more conspicuous than the 0.5 pM (red). Transitions monitored
were 1104 —1058.
111.14.4.10. Origin of 1104 —1058 transitions in blank plasma
Chromatograms of blank plasma and spiked CN plasma and positive
control of [Cbi(NO,),]° are shown in Figure 111.14.17. The positive control is the
1104 —1058 transition in [Cbi(NO2).]°. It is evident from Figure 111.14.17. that all
the 1104 —1058 transitions were visible in the positive control (labelled as ‘DN’
for dinitrocobinamide), spiked mononinitromonoyano cobinamide (designated as
‘CN(NO2)’) spiked cyanide into the blank plasma ( labelled as ‘spiked CN), and
dicyanocobinamide, labelled as ‘diCN. If there were any ‘free cobinamide’ (with

either aquo or hydroxo ligands) in the plasma, then, it should be converted to the

cyanide derivatives, monocyanomononitro or dicyano cobinamides, and
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consequently, the peak for the blank spiked CN plasma should not have any
conspicuous 1104 —1058 transitions. However, there were 1704 —1058
transitions in all the samples prepared, as in the positive control, including the
blank. This observation is likely to be due to an interferent in the plasma, and not
the presence of cobinamide in the plasma itself (directly). The observation that
the 1104 —1058 transitions could most likely emanate from an interferent is
further collaborated by analyzing other transitions of the cyanide derivatives from

the same species prepared, as shown in Figures 111.14.18 and 111.14.19.

Figure IlIl.14.17. Overlaid chromatograms of 71704 —1058 transitions for the
positive controls (shown in red and grey,) spiked mononitromonocyano (yellow)
and dicyano (blue) derivatives of cobinamide. The blank is shown in green with a
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significant peak for the 1104 —1058 transitions. The presence of 1704 —1058
transitions in all the samples prepared could be due to an interferent in the
plasma, and may not be due to a residual or contaminant of the aquo or hydroxo
forms or other derivatives of the cobinamides.

Figure 1l.14.18. Overlaid chromatograms 1064.5 — 1010.8 transitions. The
positive control is spiked dicyano cobinamide (blue). The red is
mononitromonocyanocobinamide spiked in plasma; the large intensity seen
could be due to the presence of dicyanocobinamide formed after cyanide was
added to the dinitrocobinamide. Cyanide spiked into blank plasma is shown in
yellow; any free cobinamide in the blank plasma should have converted to
dicyanocobinamide so that the 1064.5 — 1010.8 transitions could be seen. The
absence of a peak for the transition 1064.5 — 1010.8 in the spiked —CN blank
plasma suggests that there is no form of cobinamide in the unspiked plasma
(similar to results in Figure 11.4.3 -2. above).
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Figure 111.14.19. Overlaid chromatograms 1084.5 —1038 transitions. The
positive control is spiked mononitromonocyanocobinamide (blue and red). The
grey peak is spiked dinitrocobinamide spiked in plasma. The yellow represents
spiked dicyanocobinamide, and the deep blue (tiny) is the peak for spiked CN
into the blank plasma. By the same analogy described earlier any free
cobinamide in the unspiked plasma should have been converted to cyanide
derivatives when the CN was spiked into it. The absence of any conspicuous
peaks for the spiked-CN plasma could be an indication of lack of any cobinamide
in the blank plasma. The large peak seen for this transition in the blank (green)
could possibly be an interferent or a contamination that is not in the plasma but
probably from other sources such as the injector of the LC.

The stability of the dinitrocobinamide species in pH media were also studied
in the blank plasma, as shown in Figures 111.14.20, 111.14.21, and 111.14.22. For
the neutral plasma, the intensity for the 7704 —1058 transitions increased
significantly with time (after 1 hour), while the spiked dinitrocobinamide, DN,

remained about the same.
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Figure II1.14.20. Stacked chromatogram for ‘neutral’ spiked and unspiked
plasma (blank) prepared at 0 hour and 1 hour, respectively, prior to analysis.
The intensity for the blank plasma (light blue) analyzed after 1 hour is very much
higher than that for O hour (deep blue). ‘DN’ is spiked dinitrocobinamide into the
plasma at 1 hour (red) or O hour (green). The intensities for the spiked DN
samples were almost the same.

In similar fashion, the trends for acidified and alkalinized spiked and
unspiked plasma were analyzed.
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Figure 111.14.21. Stacked chromatogram for ‘acidified’ spiked and unspiked
plasma (blank) prepared at 0 hour and 1 hour, respectively, prior to analysis.
The intensity for the acidified blank plasma (light blue) analyzed after 1 hour is
very much higher than that for O hour (deep blue). ‘DN’ is spiked
dinitrocobinamide into the plasma at 1 hour (red) or O hour (green). The intensity
for the spiked DN analyzed after 1 hour diminished almost to undetectable limits,
as compared to all other peaks.

The intensity for the acidified blank was much higher because there could be
an interferent in the plasma that ‘reacted’ with the plasma and hence enhanced
the intensity. Similarly, the analyte in the spiked DN could have reacted with the
formic acid and so the intensity got attenuated.

The alkalinized medium was quite different from the neutral and the acidic

media. For the 1 hour elapsed time, the signal for the spiked DN was

significantly enhanced, while the signal for the alkalinized blanks was attenuated.
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There could an interferent in the blank plasma that probably ‘reacted’ with the

ammonium hydroxide.

Figure 111.14.22. Overlaid chromatogram for ‘alkalanized’ spiked and unspiked
plasma (blank) prepared at 0 hour and 1 hour, respectively, prior to analysis.
The intensity for the alkalinized blank plasma (light blue) analyzed after 1 hour is
very much lower than that for O hour (deep blue). ‘DN’ is spiked
dinitrocobinamide into the plasma at 1 hour (red) or O hour (green). The intensity
for the spiked DN analyzed after 1 hour was significantly enhanced.

1ll.14.5. Conclusions
Cbi forms of interest were successfully synthesized, masses assigned,

and the associated MRM parameters were optimized. A suitable method was
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developed for the analysis of the Cbi species of interest. The detection limit of
[Cbi(OH)z]O was determined to be 5 pM, and the detection limit for [CbiS,]° was 6
MM. The detection limit of [Cbi(OH)z]O was determined to be 5 pM. [Cbi(H20)2]2+
and [Cbi(OH);]° shows thermodynamic stability at three days at acidic and basic
pH medium, respectively. The Identity of [Cbi(OH)(H2O)]" could not be confirmed.
The thermodynamic stability of [CbiS,]° was within 24 hours after sample
preparation. Correlation between the transitions m/z = 1053—989 and
1092—989 is yet to be investigated. An internal standard will be incorporated in
the sample preparation (procedure) for the analysis of [CbiS,)°.

Nitrocobinamides were successfully synthesized, associated MRM
parameters optimized, and a suitable method was developed for its analysis.
Similarly, an internal standard was synthesized and verified to be suitable for the
Cbi analogue analysis in swine plasma. The presence of a significant peak in the
blank (neutral) plasma could be due to an interferent, of which its signal was
attenuated by ammonium hydroxide. The Nitrocobinamide specie appears to be

thermodynamically stable in alkalinized medium.
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KEY RESEARCH ACCOMPLISHMENTS

Multiple cyanide sensors have been developed that rapidly detect cyanide

in biological fluids

e Methods to detect various cyanide metabolites have been published using
various instruments

e Toxicokinetic studies have been completed on cyanide metabolites

¢ Novel methods are being developed to detect next generation cyanide

therapeutics.
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CONCLUSIONS

Multiple sensors to rapidly detect cyanide concentrations in biological
fluids have been developed. Methods were developed to detect cyanide and
cyanide metabolites in biological fluids by various methods. These methods
featured simple sample preparation with excellent accuracy and precision
enabling a large sample analysis in a small amount of time. A new cyanide
metabolite (a-ketoglutarate cyanohydrin) was determined as well as a
toxicokinetic profiles completed on various cyanide metabolites. Methods for next

generation cyanide therapeutics were also developed.
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Development of a Fluorescence-Based Sensor for Rapid Diagnosis of
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ABSTRACT: Although commonly known as a highly toxic chemical, cyanide is also an essential

gent for many industrial processes in areas such as mining, electroplating, and synthetic fiber
production. The “heavy” use of cyanide in these industries, along with its necessary transportation,
increases the possibility of buman exposure. Because the onset of cyanide toxicity is fast, a rapid,
sensitive, and accurate method for the diagnosis of cyanide exposure is necessary. Therefore, a field
sensor for the d of cyanide exposure was developed based on the reaction of naphthalene
dialdehyde, taurine, and cyanide, yielding a fluorescent f-isoindole. An integrated cyanide capture
“apparatus”, consisting of sample and cyanide capture chambers, allowed mapid separation of
cyanide from blood samples. Rabbit whole blood was added to the sample chamber, acidified, and
the HICN gas evolved was actively transferred through a stainless steel channel to the capture
chamber containing a basic solution of naphthalene dialdehyde (NDA) and taurine. The overall
analysis time (including the addition of the sample) was <3 min, the linear range was 3.13-200
#M, and the limit of detection was 0.78 uM. None of the potential interferents investigated (NaHS,
NH,OH, NaSCN, and human serum albumin) produced a signal that could be interpreted as a false

positive or a false negative for cyanide exp Most importantly, the sensor was 100% accurate in
liagnosing cyanide poisoning for acutely exposed rabbits.

yanide (HCN or CN”, inclusively represented as CN) is easy capture, with an estimated 90% of the exotic fish

commonly known as a poison and a chemical warfare ariginating from the Philipy captured in this i
agent (CWA), However, the industrial need for CN in many Whether the route of cyanide exposure is accidental or
chemical processes, such as mineral extraction, electroplating, deliberate, the mechanism of eyanide toxicity is similar, Cyanide
and the fabrication of synthetic fibers,' drives cyanide causes cellular death by blocking adenosine triphosphate (ATP)
production for industral use to over 1.1 million tons per production through the binding of eytochrome ¢ oxidase,"” The
year," Therefore, industrial use of mass quantities of cyanide, onset of cyanide toxicity is rapid, and toxic levels in blood can
with its associated transportation through highly populated be observed at concentrations of approximately 19 uM'""
areas, drastically increases the risk of exposure. Cyanide while death can be observed at concentrations as low as 115
exposure may also ocour through diet, smoke inhalation (fire PTEY R Although CN is highly towe, it is endogenously
or cigarette smoke ), or exposure from illicit use.” Hlicit use can present in ammals due to normal amino scid metabolism,
be targeted at a single individual (ie., poisoning), a small group dietary intake;, and tobaceo consumption MY Because CN and
of targeted individuals (eg., mass suicides), or a large group of its major metabolites, thiocyanate (SCN™) and 2-aminothiazo-
people (eg., terrorist attacks). Some of the more recent line-4-carboxylic acid (ATCA), have each been used as markess
incidents of illicit cyanide use are the Tylenol Poisonings in for cyamde expos in biofluids,"* "' endog; concen-
1982° the use of cyanide-gas-producing devices in Tokyo teations may complicate the diagnosis of cyanide exposure if
subway and railway station restrooms in 1995," ingestion of not fully understood. Table 1 lists the ranges of endogenous
cyanide tablets by Michael Marin upon receipt of a guilty
verdict for arson in June 2012,” and the death of Urooj Khan, a Recetved:  November 26, 2013
lottery winner, in Chicago in July 2012° Another illict, Accepted: lanuary 3, 2014
relatively little-known, use of cyanide is to stun exotic fish for Published: January 3, 2014
W ACS Publicalions  # 2074 Amencan Chemical Sociery 1845 aon 000/ 10 107 (cmTEBM0s | Anal Cherm 2054 88, 1845 < 1857
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concentratiohs of CN and its major metabolites, each of which
are highly variable.

Table 1. Endogenous Levels of Cyanide Thiocyanate and
ATCA in the Blood of Smokery and Non-Smokers

marker of (N iypical biologiml  sonsmicker Fmoler
=xpasure atrle analyyed (M) ) el
cyanide whale blood or mor-10* e 1% 16,
RBC: and 17
thiceyanite  plawma A6=130 17-290 LY 16,
and 17
ATCA wrise ur plan 108027 012-045 1" apd
i6

“Concentrations compiled for nonsmokers ranged from 002 to 3 uM
for Logue et al.' and 310 @M for Minakata et ol "Logue o al'
compiled endog, comcer of cyanide, thipcyanats, and
ATCA for smaokers and nonsmokers from studies prior ro 20H0.

Thiocyanate is the most common indirect marker of cyanide
exposure because it & the major metabolite of cyanide,
accounting for 80% of cyanide metabolism."* ATCA has only
recently been suggested for use as & biomarker, but it accounts
for up to 20% of cyanide metabolism, with an inerease in
ATCA production as cyanide dose increases.™'® Although
SCNT is a valuable marker of cyanide exposure, metabolism off
fyanide o thiocyanate is enzymatically tate limited® and
maximum thiocyanate con jons can imum cyanide
concentrations by approximately 20 min to 6 h*' Although
ATCA mirrors the behavior of qram'de-“ ity concenbation in
plasma has been found to be relatively low, nes g an
extremnely sensitive diagnostic analysis.

Because of the rapid onset of toxic effects from cyanide
poisoning and the difficolty in developing a rapid and sensitive
analysis for ATCA, the most appropriate target for diagnosis of
acute cyanide exposure is the direct analysis of cyanide as soon
afler exposure as possible, Although the detection of cyanide
may be accomplished by several methods, including chroma-
tography, mass spectrometry, fluorescence, and chemilumines-
cence,” five recent methads for cyanide analysis from
biological matrices have been proposed (Table 2) that focus
on rapid analysis and/or portable technology. Three of these
methods are based on a change in the absorbance of

cobinamide (hydroxoequocobinamide™™* or hydroxecyanoco-
binamide™") in the presence of cyanide. The remaining two are
based on fluorescence detection of cyanide upon its interaction
with copper{Il) cubic mesopurous graphitic carbon nitride
(Cu'-e-mpg-CyN,)* or 1-{#"nitrophenyl) benzimidazo-
liem.*” Additionally, there have been a number of fluorometric
and colorimetric probes developed in recent years for cyanide
amalysis,™ but these probes have yet to be integrated into
sensor techhology. Table 2 lists the analysis thne and lmits of
detection (LODs) for the proposed sensors, along with
putential issues assoclated with each technology. Although
some of the listed CN detection techniques have LODs
reaching concentrationy into the nanomalar range, endogenons
levels of CN in humans range from 002 to 10 pM (see Table
1), Furthermore, the toxic efieets of CN appear at blood
concentrations around 19 fM."* Therefore, an LOD of 3 yM
or less, as achieved by each technology listed in Table 2, is
likely sufficient for diagnosis of CN exposure (ie., an LOD of 3
MM is typically associated with a lower Tinit of quantification of
around 10 uM). Considering this, the other characteristics
listed in Table 2 are likely more important in comparing these
diagnostic technologles. For the techniques proposed, large
sample volumes (1 mL),* interference from hydrogen
sulfide,™** lony analysis times,”" and unconfirmed sbility
to disgnose CN exposure ™ limit their application for
diagnosis. g

Considering limitations of the currently proposed rapid/
portable CN detection techniques, there 15 a critical need for a
rapid point-of-care diagnostic to confirm cyanide exposure and
inform the administration of antidotes. The objective of this
study was to develop a rapid and sensitive sensor for the
accurate diagnosis of acute, toxic cyanide exposure,

H EXPERIMENTAL SECTION

Materials. All materals used were HPLC unless
otherwise indicated. Sodium hydroxide, sulfuric add, sodium
eyanide, KH,PO,, K;HPO,, and NH,OH were purchased from
Fisher Scientific (Hanover Park, TL). 2,3-Naphthalene
dialdehyde (NDA) was obtained from TCI America (Portland,
OR). Taurine (2-aminoethane salfonic acid) and NaBO,4H,0
were purchased from Alfa Aesar (Ward Hill, MA). NaSCN was
purchased from Acvos Organics (Morris Plains, NJ). Hursan

Table 2. Camparison of Recently Proposed Rapid Amalysis Methods and/or Portable Technologies for the Diagnosis of

Cyanide Exposure
Investigators care pechinology sample prep mathad
Ma et al, bryd guoeah s s g
2w
Ma and kpdromoaguocobinamide microdiffuson
Drsgupta,
201
Tia et al, bydmsrrrnocobitamide mierodiffudon
013"
Lee et al., turn op Hworescence Isolate serum, Pollow on
012" Cu*'—eanpg 2,N," sampile prep nol deseribed.
Kumar et ok,  Huorescence of 1-(4'- Lsolate serum then wdd HEPES
w1zt nlirophenyt) bulfer and DMSD solution.
benmximidazoliom

analysi

m!‘:" Lop”®

Lmin) (M) nates

~L W™ HLS & an imterfereck

~L5  0030" HSu n injerfereot aad che NaOH mobile phase is
NECEmary,

<4 22" Poteatial interfernnts weee siot evalaated. bt LS likedy
interferes.

Q08F  ‘T'he analysis ime reported {10 min) likely did not include

the time needed (o clot blood and sepanate the serum

a 0030¢

The analysts tme reperied (<60 5) did vot inclode the ume
nesinlﬁ:‘o ot blood and separate serum.™"

“LOD, limit of detection. *The listed LODs are for rabbit whole blood. “These techniques were verified using CN exposed rabbits, “Method not
verified in an animal model. “c-mpg-CyN, is cubic mesoporous graphitic carbon nitride. “Thirty minutes was added to the reported analysis fime to
acconnt for the estimated time neseccary to clot bload and separate serum from blood. €The listed LODs are for human blood semm. *The ssmple

preparation to obtain serum from blood requires extra equipment,
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serum albumin (HSA) and NaHS were purchased from Sigma-
Aldrich (St. Lows, MO).

Phosphate (0.1 M)/borate (0.05 M) buffer and stock

' of sodium hydroxide (1 M), suliuric zad (1 M),
and NaSCN (1 mM) were prepared i deionized water.
Sodium cyanide standards and NaHS were obtained by dilution
from 1.8 mM and | M stock solutions, respectively, with 10
mM NaOH. NH,0H was prepared by diluting the original
aqueous solution (29% by weight or 145 M) to 30 gM in
deionized water. The NDA (2 mM) stock solution was
prepared in phosphate/borate buffer and 40% methanol. A
taurine (30 mM) '=o]ulmn was prepared in pﬁosphatefhnnte
buffer. A standard HSA was obtained by dis g 3.3
mg of HSA per mL of detomzed water.

Biological Samples. Rabbit whole blood samples were
ubtained from two sources: (1) nonsterile whole blood with
2,5% EDTA from young rabbits was purchased from Pel-Freeze
Biologicals (Rogers, AR) and (2) whole blood from cyanide
exposed, New Zealand White rabbits (Oryetologus cunicelies,
male, 3.5-4.5 kg) was obtained from the University of
Californaa, Irvine, Rabbits (n = 6) were administered lethal
doses of 6,8 mM NaCN in 0.9% NaCl (1 mL/min continuous
mitravenous infusion ) and blood was drawn prior to and 15, 25,
and 35 min following the imtiation of cyamde infusion. The
blood samples were placed in EDTA tubes to prevent
coagulation, frozen, and shipped on ice {overnight) to South
Dakota State University for analysis of cyanide. Upon receipt,
the blood was stored at —80 "C ontil cyanide analysis was
performed.

All rabbits were cared for in compliznce with the "Principles
of Laboratory Animal Care” it lated by the National Seciety
for Medical Research and the “Guide for the Care and Use of
Laboratory Animals™ prepared by the National Academy of
Sciences and published by the National I of Health™
All stulies mvulvm; rabbits were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC).

Fluorometric Analysis of Cyanide. Microdiffusion was
used to prepare cyanide for analysis. The microdiffusion of CN
was accomplished via a stacked cyanide capture apparatus. A
schematic of the stacked cyanide capture 3 can be seen
in Figure 1 with a lower chamber, called the sample chamber,
used to contain cyanide standards, swabs, whole blood samples,
or other sample matrices, and an upper chamber called the
capture chamber, containing a capture solution of 0.5 mM
NDA: 12,5 mM tauripe:0.1 M NaOH (1:1:1 by volume), These

Figure 1. Schemane of the stacked cyanide captore apparatus.

1ga7

two chambers [8 (1.d.) X 30 mm long] were by a
hydrophobic 10 micron porous polyethylene (PE) frit or a 13
mm thick silicone septum pierced with a 2 mm long, 28 gauge
forward flow tube. The frit/septum was sandwiched between
the sample and capture chamber using a 1.8 am long piece of
threaded (13 x 425) PVC tbing with a 1.6 cm external
diameter as a coupler. A needle at the top of the capture
chamber served as an outlet for the carrier gas, The sample
chamber septum was pierced with two inlet needles (at the
bottom of Figure 1), one for the injection of acid and one for
introduction of air, Attempts to combine the acd aad air
mtroddction faled due to large ty flu
the solution and the air, resulting in dlﬂiwl.ty in controlling the
rate of air low duough the dumber.

For the separation of CN from the biological matrix, the
sample was placed in the sample chamber and acidified with
sulluric acid (300 gL of 1 M) and air (20 mL for the PE frit, 20
and 50 mL for the silicone septum were evaluated) was forced
over the sample headspace to a capture solution where HON
gas was trapped in the capture chamber using strong base ta
convert HCN to nonvelatile CN7. The captured CN™ was then
reacted with NDA and taurme in the capture solution, resulting
in a4 fluorescent flisoindole product (Figure 2, Scheme A —
B)." The cyanide capture apparatus fit within the detector
chamber so that the portion of the capture chamber containing
the capture was In alig t with the LED and =
phutm.lwclc or optic fiber connected to a spemop}wlwmhw
detector. Sampl lysis time, beginning at sample it -
tion through fluorescence detection, was less than 3 min.
During this study, the cyanide capture apparatus was cleaned
with deionized water between analyses, but washing the air and
acid inlets and the air outlet (Figure 1) was unnecessary [ie,
no carryover was observed except when using the PE frit and
high concentrations of cyanide (>500 M), likely doe to HCN
partitioning into the PE material; note that the PE material was
not used for the majority of the study]. Although the cyanide
capture appa.ram was reused in lhu study, it could easily be

igned to be di ble, eliminating the need for washing and
the pulenml Iw carryuwr

ysis was p d using one of two

mnﬁg\n!wm. Fluorometric Config 1 (FCI1) utilized a
420 nm light emitting diode (LED, TT Eléctronics, Weybridge,
Surtey, KT13 9XB, England) positmned at a 90" angle fmm a
400—650 nm light sensitive photodiode (Avago Technolog
FL. Colling, CO) and pmduced digital signals ranging from 0 to
218, Fluorometric Configuration 2 (FC2) consisted of a 410
nm highepowered LED (1ED Boging Ine San Jose, CA)
irradiated through a focusing lens and directed toward the
sample. A second focusing lens posiioned 907 from the
trradiation path was used to direct the fluorescent light to a 600
pin optical fiber connected to a USB20004 spectrophotometric
detector, The signal at 300 nm was used to quantify the amount
of eyanide in the sample. The focusing lenses, the optical fiber,
and the spectrophotometric detector were purchased from
Ocean Optics (Dunedin, FL). Since the detection litit for FC1
was not within the biologically relevant range desired,
fluprometric analysis was performed using FC2, unless
otherwise noted.

The field sensor dimensions were 15 % 20 % 30 em (I X w %
h). Housed within the sensor was an acd reservoir, cyanide
capture apparatus chamber, 3 USB2000+ spectrophotometer
(connected to a laptop computer), a valve switching

hani al mL with a 30 mm stroke linear

)
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adudtor, and a 50 mL syringe with a 100 mm siroke linear
adudtor (each linear aduator served as a syringe pump). NDA
and tamne were dored separdely and added to the capiure
chamber prior to andyss

Reagent Sability. The dability of cgpture solution
reagents was an important factor pertaining to the fidd
portability of the sensor. Three different capture =olution
dorage scenaios were invedtigded. In scenario 1, dAl the
capture solution reagents (NDA, tarine and NaOH) weae
mixed together and dored a one solution. In scenario 2, NDA
and tawrine were mixad and dored a one solu ion, while the
NaDH solution was ajded a the time of andysis In scenario 3,
dl the capture solution reagents ware slored individudly and
mided d the time of andysis All solutions were stored in amber
vidsd room tempadure for the duration of the stahility Sudy
and oyanide andys's was accomplished using FC1. A oyanide
sock solution (200 pM) wes andyzed for gl scenarios The
sock solufions for scenarios 1 and 2 ware andyzed from 0 to
60 min, wi h samples for scenario 3 andyzed up to 70 das

Analysis of Possible Interferents. Potentidly interfering
compounds, NH,OH (30 pM), NasCN (05 mM), HSA (33
mg'mL), and NaHS (110 M), were evduated done (for fase
positive evaugtion) and spiked with 20 pM NaCN (for fase
negdive evaduation). The compounds of interest were
evauded d concentrations likely found in biclogicd marioes
during cyanide poisoning (ie, the naualy ocaurring
concentration of NH,OH & anmonia g thiocyandle in
excess of the highedt Msmmmmﬁemud
HSA present in biood, ™ and the highest concentration of H,S
found in the biood of aufide poisoning fdities™). Multipie
midwres of the intaferent lutions were usd to avdude
anditive effeds to indude (1) equal pats NaHS and NH,OH
solutions, (2) equal parts NaSCN and NH,OH spiutions (3)
equal pats NadCN, NaHS NH,OH, and HSA solutions; (4)
equd pats NaSCN and HSA solutions, and (5) equd pats of
NaHS NHOH, and HSA slutions.

Analysis of Cyanide from Rabbit Whole Blood. The
andysis of cyanide from rabbit whole biood wes optimized to
indude sample volume (50 and 100 pL), add injection volume
{200-500 L), and arid concentration (0.25to 2 M). Oncethe
optimum conditions were determined, a cdibration aurve was
aeded with 025 to 200 pM spiked rabbit blood
cdibrators andyzed in triplicte Prior to each andyss a 10pM
qudity control (QC) Sandard (cyanide spiked rabbit whole
blood) was analyzed 1o represent the concentration threshold,
above which, a abjed was sad to be “exposed”. This
concentration was dhosen becase it is the highed oyanide
concentration tha has been previously observed in the blood of
human smokers ? Cyanide exposed rabbit blood samples (from
U. C, Irnving) were andyzed in triplicte for fime points 0
(besding), 15, 25, and 35 min. As a mesre to vaily the

performance of the sensr, the rabbit biood saTples ware a
andyzed using the LC-MS MS aﬁyas method for cyanide
desaibed by Bhandari € d. 013>

Data Analysis. The limit of deedion (LOD) was
determined @ the andyie conceniralion tha produced a
sgna-to-noise rdio (S N) of 3, with the noise mesured asthe
dandard deviation of the blank. The lower limit of
quantification (LLOQ) was defined as the anayte concan-
tration tha produced a SN of & lead 10, a mesured
concentration, cdculded from the cdibradion curve, tha was
within 20% of the nomind concentrdion & a mesare of
amuray, and apercent rddive sandard devidion (%RSD) of
<20% a amessure of predson. For indusion of cdibrators in
the liner range of the senwor, replicde ddibraion dandards
ware required to produce a predson of <20% RD axd
anray of 100 + 2% The uppe limit of quantifiction
(ULOQ) wes defined =5 the highest andlyte concentration that
produced amessured concentration, tha was within 20%of the
nomina conceniration & a meaure of acuray with a
precision of <20% RSD. It should be noted tha the
spectrophotometer limited the madmum signd to (163,000
cps, which limited the ULOQ for both aqueous and blood
smples. All quantitative andytica values (1 e, concentration,
memn, standard devialion, efc) were cdculded using Migosoft
Office Excel 2010 (Redmond, WA).

Caution. Cyanide istoxic and hazardous to humans a blood
concentrations of 120 pM. = HCN s produced from agueous
o/@nide contaning olutions nex or below a pH of 92
Therefore, dl agueous oyanide dandards were prepared in 10
mM NaOH and handled in a well-ventilaed hood. HCN g
was produced during the addificalion process in the sample
damber and then cptured and derivalized in a basic solution
contaning NDA and tamine in the cplure chamber. The
fluorescent B-isoindole produd was disposed of with organic
wade The proper u=e of parsond protedive equipment (ie,
goves, b codt, eic), laboraiory equipment (ie, ventildtion
hood), and propar wadte disposd mudt be followed to prevent
the possibility of exposure.

[RESULTS AND DISCUSSION

Development of a Cyanide Sample Preparation
Apparatus. Two batier maerids were evduded to sspade
the sample and capture chambers of the cyanide micodiffusion
apadus (Figure 1) (1) aslicone spla with danless ded
tubing and (2) a 10 micon porous PE frit. Figure 3 shows the
cdibration curves achieved with each bamer maerid. When the
PE fnt was used as the bame, the signds observed for the
lowed and highed concentrations teded were nonlinesrly
relded to the oyanide concantration, and atempts to desoribe
the cdibrdion dala with a liner fit produced nonzero
Intercepts. The PE frit produced an LOD of 313 yM and a
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Figure 3. Calibration curves obtained for the PE frit (20 mL of air),
the silicone septa with forward flow tubing (30 mL of air shown ), and
rabbit whole blood (50 mL of air). Aqueous standards were used for
the PE frit (O) and the silicone septa ([T}, A silicone septa, with
forward flow tubing as the chamber separation material, was used for
analysis of rabbit whole blood (A). Error bars represent standard
deviation.

linear range of 25—100 M. When using the silicone septa,
linear behavior was produced throughout the calibration range.
When a low volume of air (20 mL) was used to carry HCN
from the sample to the capture chamber; the linear range was
1.5=200 M with a detection limit of 0.5 M (data not shown).
When using 50 mL of air, the LOD decreased to 0.25 gM, the
sensitivity increased 24X (from 263 to 626 pM™'), and the
linear range changed to 1.5—100 M. (Note: with this larger air
volume, the 200 gM cyanide standard produced a signal that
saturated the detector, resulting in the reduced upper limit of
quantification.) Linear least-squares treatment of the calibration
data for both air volumes resulted in correlation coefficients of
0.999. The linear behavior of the silicon septa compared to the
nonlinear behavior of the PE frit was likely due to
nonequilibrium partitioning of HCN into the PE.

Aside from the analytical performance of the two barrier
materials, foaming of the sample was a major practical issue. If
heavy foaming occurred, it forced the capture solution out of
the air outlet (Figure 1) and required lower flow rates and
longer analysis times to ensure conservation of the capture
solution. Separation of the sample and capture chamber with a
polyethylene frit produced very small bubbles, resulting in
heavy sample foaming due to minimal surface tension stress
lengthening the time needed for the bubbles to burst. To avoid
the loss of capture solution, the time necessary to deliver the air
through the sample and capture chamber significantly
increased. Conversely, when air was forced through the silicone
septa, relatively large bubbles with uniform size and shape were
produced, which significantly limited foaming and allowed a
faster flow of air from the sample to the capture chamber.
Moreover, the larger bubbles did not appear to hinder the
transfer of HCN to the capture solution, Therefore, the silicone
septum was preferred both practically and analytically.

1843

Reagent Stability. Reagent stability is crucial when
developing a portable sensor, especially in locations where
there is a lack of refrigeration and/or climate control. Figure 4
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Figure 4. Assessment of the short- and long-term stability of the

‘capture solution reagents. The long-term stability of the reagents {up

to 70 days) is presented in the inset. Error bars represent standard
deviation.

shows that under the storage conditions where the NDA and
taurine were stored together (scenarios 1 and 2), extremely
unstable mixtures resulted. Conversly, NDA and taurine stored
separately (scenario 3) resulted in stable reagents for all time
periods tested, The behavior of scenarios | and 2 was similar,
where the initial fluorescent signal rapidly decreased until the
fluorescence was essentially eliminated by 40 min. Visually, the
solations for scenarios | and 2 were initially clear but quickly
became faintly yellow and orange, respectively, each also
containing a small amount of black precipitate. Over time, these
solutions became darker until the black precipitate pervaded.
This color change was a visual indication that NDA and taurine
were likely reacting together, potentially yielding an NDA—
ditaurine complex (see Figure 2, pathway A — € —= D). Since
taurine was in excess, it is likely that by 40 min, the main
component of the solutions was an NDA~—ditaurine complex,
which was incapable of producing the fluorescent f-isoindole
product.

Although more stringent storage conditions should be tested
(e.g., larger variations in temperature to account for extremes
the sensor may encounter), the stability of the capture solution
reagents, when stored separately, is encouraging for use in a
cyanide field sensor. In accordance with Figure 4, the reagents
would not need special storage conditions when stored
separately (ie, the only special storage condition was the use
of amber bottles). It should be noted that the day-to-day
variations observed from storage scenario 3 were likely due to
fluctnations in the temperature of the room and the electrical
current produced from the sensor’s power source (i.e., dual 9V
batteries) and were not reflective of variability in the chemical
or sample preparation strategies associated with the analysis.

Analysis of Possible Interferents. The evaluation of
potential interferents was undertaken to assess the possibility of

dudolorg/ 10,1021/ aca038465 | Anal Chem. 2014, 85, 18451857
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false positive or negative diagnosis of cyanide poisoning from
common components of blood. Figure 5 shows that none of
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Figure 5. Assessment of potential interferents to the sensor

technology present in cyanide spiked blood. Error bars represent
standard deviation.

the compounds investigated produced false positive signals (Le.,
above the 5 yM cyanide standard) and that all individually
tested samples containing 20 uM NaCN produced signals
within £10% of the standard (ie, no false negatives were
observed). Similarly, none of the mixtures tested produced
signals that could be interpreted as false positives or negatives
(data not shown). The specificity of the current sensor is

encouraging, considening H,8 has been noted as a potential
interferent for other methods of cyanide analysis. For example,
the EPA ion chromatography method notes H.S (evolved when
NaHS is acidified) as an interferent, masking the presence of
cyanide™ and the cobinamide-based cyanide detection methods
by Ma and Dasgupta also note H,5 as a potential
interferent,

Samples contaming thiocyanate and HSA did produce a
slightly elevated signal compared to the aqueous blank, but
below the 5 ¢M NaCN aqueous standard. In 1971, Chung and
Wood™ showed that thiocyanate produced cyanide under
acidic conditions in the presence of hydrogen peroxide as an
oxidizing agent. Since the sample chamber was under acidic
conditions, oxygen bubbled through the sample chamber likely
acted as an oxidizing agent, causing a small amount of cyanide
to form. For HSA, the elevated fluorescence may have been due
to the release of cyanide from cyanide—HSA adducts under
acidic conditions.”

Analysis of Cyanide from Rabhit Whale Blood. The
analysis of cyanide from whole blood required modification of
the method used for aqueous solutions, with 100 uL of sample
and 300 gL of 1.5 M H,80, found to be optimum conditions
for the microdiffusion of cyanide. Because the surface-area-to-
volume ratio of the sample chamber limited the amount of
HCN gas evolved, lower volumes of acid were used and the
concentration of acid became very important, with higher
concentrations increasing the amount of HCN evolved. The
linear range for cyanide quantification in whole blood was
found to be 3.13-200 pM with a detection limit of 0.78 uM, a
slope of 310 uM~', and a correlation coefficient of 0.999
(Figure 3). Even with optimization, the recovery of cyanide was
low (39% and 34% for 5 and 75 uM QC standards,
tespectively). The inefficient recovery of cyanide was likely
caused upon addition to whale blood by its rapid trans-
formation to volatile HCN gas at pH values below its pK, of
9.2,"* enzyme-catalyzed conversion to SCN™ in the presence of
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Figure 6. (A) Comparison of the cyanide concentrations found in the whole blood of eyanide exposed rabbits at 15, 25, and 35 min into the infusion
period (3, 8.3, and 11.7 mg NaCN exposure, respectively). The dashed line represents the LLOQ (3.12 M) and the solid line represents 10 g0
cyanide, the threshold considered “cyanide exposure” for this study. Standard deviation values (£3 s) for the lines were not presented because they
were negligible compared to the scale of the s, Note that for the 15 min time point # = 3 because three animals did not have blood deawn at that
timé interval. (B) Dose—respanse curves for three different doses of NaCN (5, 8.3, and 11.7 mg) intravenausly administered to rabbits. Error bars

represent standard deviation,
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a sulfur donor,” and binding to blood components, including
hemoglobin (Hb), methemeglobin (metHb), and albumin.®

Diagnosis of Cyanide Exposure in Rabbits. The
described sensor was used to verify cyanide exposure in rabbits
(Pigure 6). Rabbit blood drawn prior to exposure produced a
small amount of fluorescence due to endogenous cyanide
concentrations, ™ but it was below the LOD. Rabbit blood
drawn at 15, 2§, and 35 min into the infusion period produced
cyanide concentirations of 35.6 = 4.8, 49.7 + 82, and 74.6 =
15.6 uM, respectively, as measured by the sensor. These
concentrations deviated by less than 3.5% of the concentrations
found by LC-MS/MS5 (Figure 6A). Similar to observations of
Bhandari et al,'” blood cyanide concentrations exhibited a
linear response to increasing doses of cyanide (Figure 6B).
Each rabbit that could be considered “exposed” (ie, CN
concentration levels above 10 M) was correctly diagnosed
fromn the analysis of whole blood by the sensor. Moreover, each
sample was analyzed for exposure in under 3 min, and triplicate
analysis of individual rabbits produced measured cyanide
concentrations with a %RSD of <12% for all time points.
The interanimal variability observed was expected due to
varying physiological characteristics of individual rabbits (e.g,
animal size, levels of rhodanese present, etc.). Overall, the
sensor was 100% accurate in diagnosing cyanide poisoning for
acutely exposed rabbits.

W CONCLUSIONS

A rapid and sensitive cyanide field sensor was developed based
on the detection of a fluorescent frisoindole product produced
by the reaction of NDA, taurine, and cyanide. The optimized
sensor consists of a cyanide capture apparatus with two
chambers separated by silicone septa punctured with small bore
stainless steel tubing. This configuration produced a linear
range of 1.5-100 M with a detection limit of 0.25 uM for
aqueous cyanide and a linear range of 3.13—200 uM with a
detection limit of 0.78 4M for rabbit whole blood. None of the
potential interferents produced a signal that could be
considered a (alse positive or negative for cyanide exposure,
and the excellent storage stability of the caplure solulion
reagents make the described cyanide sensor highly applicable to
field use. Compared to the rapid and/or portable sensors
shown in Table 2, the described sensor has a rapid analysis
time, @ biologically relevant detection limit, and no known
interferents, Although the analysis time for this sensor is short,
rapid diagnosis of cyanide may be limited by the collection of
blood (i.e, a finger prick with a lancet and callection of venous
blood by trained personnel would require a significant amount
of time), Studies are underway to link the salivary
concentrations of cyanide with cyanide exposure, eliminating
the need for invasive and potentially lengthy blood collection,
The performance of the sensor, most importantly the 100%
accurate and rapid (<3 min) di is of cyanid re in
rabbits, is promising for the d!ve{opmem of a I'nghly robust
ficld-portable sensor for the accurate diagnosis of cyanide
exposure, Further sensor dm]uprn:nt, specifically focused on
more rapid analysis and , is currently underway.
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Abstract An analytical method utilizng chemical ioniza-
tion gas chromatography-mass spectrometry was developed
for the simuliangous delermination of cyanide and thiocya-
nate in plasma, Sample preparation for this analysis required
cssentially one-step by combining the reaction of cysnide
and thiocyanate with pentalluorobensy] bromide and simul-
taneons extraction of the product to ethyl acetate facilitat-
ed by a phase-transfer catalyst, tetrabutylammonium sulfate.
The limits of detection for cyanide and thiocyanate were
I uM and 50 oM. respectively. The linear dynamic range
was from 10 pM 1o 20 mM for eysnide aud Gom 500 oM 1o
200 uM for thiveyanate with comelation coeflicients higher
than 0.999 for both cyanide and thiocyanate, The precision,
a5 measured by %RED, was below 9 %, and the accuracy
was within 15 % ol the nominal concentration [or all quality
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control slandards analyzed. The gross recoveries of cyanide
and thiocyanate from plasma were over 90 %. Using this
method, the toxicokinetic behayior of cyanide and thiocya-
nate in swine plasme was assesacd following cyanide
CXPOSHIC,

Keywaords Cyanide - Thiocyanate - Method development -
Chemical-ionization gas-chromatograply mass-spectrometry

Intreduction

Cyanide, as HON or ON7, is a deadly chemical that can be
introduced into living organisms by a number of means,
such as mmgestion of edible planis (e.g.. cassava, spinach),
inhalatioh of smoke from cigarettes or fires, or accidental
exposure during indusirial operations (e.g.. pesticide pro-
duction) [1-3]. Once eyamde is miroduced mto gells, 1t
inhibits cylochrome ¢ oxidase, which subsequently cauges
cellular hvpoxia, cytotoxic anoxis. and may eventually re-
sult in death [4]. Several literature sources have reported that
the half-hife of CN 15 less than one hour in mammalian
species (e.g., umans, rals, pigs), which makes coufirmation
of cyanide exposure via direct analysis difficult if a signif-
icant amount of fime has elapsed between exposure and
analysis [3, 5-#), Therefore, other markers of cyanide ex-
posure have been proposed. One sich marker is thioeyanate
(SCN"), the major metabolite of cyanide. In the presence of
o sulfur doner (e.g. thiosulfate), aboul 80 % of cymmide is
metbolized to thiocyanate through an enzyme catalyzed
reaction (Fig. 1) [7-9].

Numerous procedures have been developed for the mdi-
vidual analysts of either cyanide or thiocyanate by gas-

chromatography (GC) [2. 10-18]. While cyanide. as HCN,
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CN + Sulfur donor {(e.g., 82057) ——= gCN-
Bhodme:

= F
K
E i At
F F E F
F F
PFB-CN FFB-SCN

Fig. 1 The conversion of cyanide to thiocyanate and reaction of these
cyanide exposure markers with pentafluorobenzyl bromide (PFB-Br)

is volatile and may be smalyzed by head-space GC [11-13],
thiocvanate is not volatile. Therefore, SCN™ must be chem-
ically modified to a semi-volatile compound for analysis by
GC. Methylation to methyl thiocyanate with dimethyl sul-
fate [15], conversion to cyanogen chloride by chloramine-T
[18, 19], and alkylation with pentaflucrobenzyl bromide
(PFB-Br) [2, 10, 20] are among the methods that have been
reparted for analysis of SCN by GC. After GC separation,
CN™ and SCN have been detected using electron capture
[21-23], nitrogen-phosphorus detection [24-26], and mass
spectrometry (MS) [2, 10, 27]. Although each detector has
advantages and disadvantages, MS detectors have several
advantages, including extreme sensitivity and the ability to
perform stable isotope dilution, which greatly increases the
precision of most bioanalytical methods, Therefore, MS
detectors are well-suited for detection of trace amounts of
chemical substances from biological samples. For a recent
review of methods for the analysis of cyanide and thiocya-
nate, refer to Logue et al. [3].

Within the last decade, there has been a single report of
the simultaneous analysis of CN~ and SCN~ from biological
fluids by GC-MS [10]. PFB-Br was used to yield volatile
adducts of CN™ and SCN™ (Fig. 1) from saliva samples, and
analysis was performed using clectron ionization GC-MS,
Although the extraction and analysis of CN and SCN
were simple, the chemical modification of cyanide and
thiocyanate was only 55-65 % efficient, the intemal stan-
dard did not correct for variations in the derivatization
reaction, and the method was only tested with saliva. The
detection limits for the method were 1 uM for cyanide and
5 uM for thiocyanate, In addition, attempts to simultansous-
ly analyze plasma CN~ and S8CN ™ using the Paul and Smith
[10] method in our laboratory resulted in the inability to
analyze low concentrations of CN™ because of an unre-
solved interfering species. Therefore, although SCN~ was

4 Springer

easily analyzed from plasma by Paul and Smith [10] method, a
novel method was necessary for simultaneous analysis 0of CN~
and SCN™ from plasma.

In the current report, 4 simple and sensitive chemical
ionization-gas chromatography-mass spectrometry (CI-GC-
MBS) method for the simultanecus detection of cyanide and
thiocyanate from plasma is presented. This method was used
to determine cyanide and thiocyanate concentrations in
swine plasma following cyanide exposure.

Experimental
Reagents and standards

Sodium cyanide (NaCN), sodium tetraborate decahy-
drate, sodium hydroxide (NaOH), and all solvents
(HPLC-grade or higher) were purchased from Fisher
Scientific (Fair Lawn, NJ, USA). Sodium thiocvanate
{NaSCN) was purchased from Acros Organics (Morris
Plains, USA). PFB-Br was obtained from Thermo Sci-
entific (Hanover Park, IL, USA). The phase transfer
catalyst, tetrabutylammonium sulfate (TBAS; 50 % w/
w solution in water) was acquired from Sigma-Aldrich
(8t. Louis, MO, USA). Isotopically labeled internal
standards, NaS'*C®N (99 % !3C, 98 % '°N) and
Na*C*N (99 % °C, 98 % !°N), were acquired from
Isotech (Miamisburg, OH, USA). HPLC-grade water
was used to prepare all aqueous solutions. Single cya-
nide and thiocyanate stock solutions (1 mM each) were
prepared and diluted to the desired working concentra-
tions for all experiments. Note: Cyanide is toxic and is
released as HCN in acid solutions. Therefore, all sol-
utions were prepared in a well-ventilated hood, and
agueous standards were prepared in 10 mM NaOH.

Biological fluids

Swine (Sws scrofa) plasma was acquired from three sources:
(1) plasma with EDTA anti-coagulant was purchased from
Pelfrecze Biological (Rogers, AR, USA), (2) citrate anti-
coagulated plasma was obtained through the Veterinary
Science Department at South Dakota State University, and
(3) cyanide-exposed plasma was acquired from Wilford Hall
Medical Center (Lackland Air Force Base, TX). Upon re-
ceipt, the plasma was frozen and stored at —80 °C until
utilized for optimizing analytical methodologies for sample
analysis.

Four swine {about 50 kg each) were injected (intramus-
cularly) with different doses ranging from 7.5 to 15 mg/kg
of potassium cyanide. Arterial blood samples were drawn,
and plasma was taken from those blood samples at 13
different time points, including a baseline, 15 min, apnea
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(around 9 min), and ten additional time points post-apnes (2,
4,6, 8, 10, 20, 30, 40, 50, and 60 min). The plasma samples
were then shipped on ice to SDSU for analysis for CN and
SCN . The swine study was conducted in accordance with
the guidelines stated in *“The Guide for the Care and Use of
Laboratory Animals” in an AALAS (Americen Association
for Laboratory Animal Science) accredited facility and were
approved by the appropriate institutional review boards.

Sample preparation

Spiked and non-spiked biological samples (100 pL) were
added to 2 mL micro-centrifuge vials. Aliquots (100 pL
each) of Na®*C**N (200 uM) and NaS“CN (100 uM)
were added to the sample vials as internal standards along
with TBAS (800 uL of 10 mM TBAS in a saturated solution
of sodium tetraborate decahydrate, pH 9.5) and PFB-Br
(500 L of 2 20 mM solution in ethyl acetate). The solution
was vortexed for 2 min, heated at 70 °C in a heating block
for 1 h, and centrifuged for 4 min (roem temperature) at
10,000 rpm (9,300xg) to separute the organic and aqueous
layers. An aliquot (200 pL) of the supematant organic layer
was then transferred into & GC-MS autosampler vial fitted
with a 200 uL glass insert for subsequent GC-MS analysis.
The total sample preparstion time was around 1.5 h and was
essentially one step.

Gas chromatography-mass spectrometry

Prepared samples were analyzed for PFB-CN and PFB-SCN
using an Agilent Technologies 6890 N gas chromatograph
and a 5975B inert XL electron ionization/chemical ioniza-
tion mass selective detector in CI mode with a 7683 B series
autosampler. An 80 % dimethyl-20 % diphenyl polysilox-
anc capillary column (30 m=0.25 mm ID, 0.5 pm film
thickness; Restek, Bellefonte, PA) was used with helium
as the carrier gas at a flow rate of 1 mL/min and a column
head pressure of 8.10 psi. The injection (splitless, split delay
1 min) volume was 1 pL, and the injection port was held at
210 °C. The GC oven was initially heated to 60 °C. Upon
injection, the temperature was increased to 165 °C at 7 °C/
min and then elevated to 270 °C at a rate of 50 °C/min,
where it was held for 1 min. The overall analysis time was
18.10 min with PFB-CN and PFB-SCN cluting at approxi-
mately 8.3 and 12.1 min, respectively. It is to be noted that
the internal standards co-elute with the native species, thus,
they all have same retention time as that of the native
species. Attempts were made to shorten the overall run time,
but the resolution and/or symmetry of the analyte peaks
became unacceptable. The MS source and MS quad temper-
atures were 250 °C and 150 °C, respectively. Methane was
used as a reagent gas for positive ion CI with electron
energy of 150 eV. The sbundant ions of PFB-CN [m/4,

208 (95 %) and 209 (5 %)], PFB-"*C"*N [m/%, 210 (91 %)
and 211 (9 %)), PFB-SCN [m/z, 240 (93 %) and 241(7 %)),
and PFB-5"*C'’N [mf, 242 (91 %) and 243 (9 %)] were
monitored with selected ion monitoring (SIM). It should be
noted that the internal standards used only differed by two
mass units. Therefore, mass carryover, (i.e., potential over-
lap between naturally occurring stable isotopes of the target
analyte and the labeled internal standerd) must be consid-
ered, especially at high analyte concentrations (e.g., a sig-
nificant concentration of stable isotopes from the analyte at
may contribute to the internal standard signal causing an
overegtimation of the internal standard). Thersfore, a rela-
tively large concentration of internal standard was used
throughout the study.

Calibration, quantification, and limit of detection

Bivanalytical method validation was accomplished by gen-
erally following the Food and Drug Administration guide-
lines [28]. Aqueous cyanide and thiocyanate stock solutions
(1 mM each) were used for preparing calibration and quality
control (QC) standards. From the stock solutions, calibra-
tion stendards for CN™ (10, 20, 50, 100, 200, 500, and
1,000 pM) and SCN™ (0.5, 1, 2, 5, 10, 20, 50, 100, and
200 uM) were prepared in swine plasma. To obtain & cali-
bration equation, the average signal ratios from analyses
(i.e., peak-area ratio of the analyte to the intemal standard)
were plotted as a function of CN or SCN concentration.
Peak integration was performed manually from baseline to
baseline in ChemStation software (Apilent Technologies,
Santa Clara, CA). A non-weighted and a weighted (1/%%)
least-squares linear fit were used for cyanide and thiocya-
nate, respectively. The best model for each analyte was
determined by a weighted sum-of-squares analysis.

For determining the upper limit of quantification
(ULOQ) and lower limit of quantification (LLOQ), a per-
cent relative standard deviation {(%:RSD) of <10 % (as a
measure of precision) and & percent deviation within 20 %
back-calculated from the nominal concentration of each
calibration standard (as a measure of accuracy) were used
as inclusion criteria for the calibration standards. QC stand-
ards {N=>5) were prepared in swine plasma at three different
concentrations—15 (low QC standard), 75 {medium QC
standard), and 350 uM (high QC standard) for cyanide
and 1.5 (low QC standard), 15 (medium QC standard), and
150 pM (high QC standard) for thiocyanate. The QC stand-
ards were analyzed in quintuplicate each day for 3 days and
were run in parallel with the calibration standards. mfra-
assay precision and accuracy were calculated from each
day’s analysis, and infer-assay precision and acouracy were
calculated from the comparison of the data gathered from
three separate days. It should be noted that the inter-assay
and intra-assay studies were conducted within 1 week.
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The limit of detection (LOD) was found by analyzing
multiple concentrations of CN* and SCN™ below the LLOQ
and determining the lowest concentration with & signal-to-
noise ratio (pesk-to-peak) of at least 3.

Selectivity, stability, and recovery

The assay selectivity was defined as the ability to differen-
tiate and quantify the analytes (i.e., PFB-CN and PFB-SCN)
in the presence of other components in the semple. Selec-
tivity was determined by comparing three blank samples of
swine plasma with spiked swine plasma (350 UM cyanide
and 150 uM of thiocyanate) and determining if chemical
components in the plasma interfered with the ability to
quantify PFB-CN and PFB-SCN. The peak asyminetry
(4,) was calculated by dividing the front half-width by the
back half-width at 10 % peak height [29].

For evaluating the stability of cyanide and thiocyanate,
swine plasma was spiked with high and low QC concen-
trations of each analyte. These samples were then stored
under multiple conditiens (—80 °C, —20 °C, 4 °C, and
room temperature (RT)) and analyzed over multiple stor-
age times. Cyanide and thiocyanate were considered to be
stable under the conditions tested, if the calculated con-
centration of the stored sample was within 10 % of the
initial concentration. For the long-term stability of cya-
nide and thiocyanate, three aliquots of spiked plasma
were stored and analyzed (each in triplicate) on the day
of preparation and after 1, 2, 5, 10, and 30 days of
storage at the temperatures indicated. Freeze—thaw stabil-
ity of CN~ and SCN and autosampler stability of PFB-
modified CN and SCN™ were also evaluated. For freeze—
thaw stability, three aliquots each of the high and low QC
standards of both cyanide and thiocyanate were initially
analyzed and then stored at —80 "C for 24 h. The samples
were then thawed unassisted at room temperature. One
set of samples was analyzed, and the non-analyzed sam-
ples were refrozen for 24 h at —80 °C. This process was
repested two more times. At the time of each analysis,
ntetnal atandards were added to correct for variations dus
to sample preparation and instrumental errors. To deter-
mine the sutosampler stebility of PFB-modified CN and
SCN , the cyanide snd thiocyanate spiked plasma sam-
ples were reacted with PFB-Br, placed in the sutosampler,
and analyzed at approximately 1, 2, 6, 12, and 24 h.

For recovery experiments, three aliquots of high, medi-
um, and low agqueous QC standards of cysnide and thiccy-
anate were analyzed and compared with plasms samples
spiked with equivalent concentrations of cyanide and thio-
cyanate. The recoveries of cyanide and thiocyanate were
calculated as a percentage by dividing the recovered analyte
concentration by the calculated concentration of the appro-
priate aqueous QC standards.

) Springer

Results and discussion
GC-MS snalysis and selectivity

For simultaneous analysis of cyanide and thiocyanate by
GC-MS, CN and SCN were reacted with PFB-Br to create
setni-volatile species, PFB-CN and PFB-SCN (Fig. 1). Rep-
resentative selected ion chromatograms (SIM) (ie., mE=
208 for PFB-CN and m/z=210 for PFB-SCN) of non-spiked
and spiked swine plasms and spiked water sample can be
geen in Figs. 2 and 3. PFB-CN and PFB-SCN elute at 8.3
and 12.1 min, respectively. The peak shape for PFB-CN was
sharp and symmetrical (4,=1.14) while the pesk for PFB-
SCN showed some tailing (4,=2.40). The method showed
excellent selectivity for CN™ and SCN™ in the presence of
other sample constitvents. PFB-CN showed no interfering
background signal (Fig. 2), and although a small PFB-SCN
peak (8.3 puM) does elute from non-spiked swine plasma
(Fig. 3, lower trace), this was atiributed to endogenous
thiocyanate in the plasma as confirmed by MS fragmenta-
tion [10, 18]. Multiple studies have shown the presence of
SCN  in biological fluids (e.g., plasma, saliva, urine) from
subjects not exposed 1o cyanide. This SCN likely comes
from multiple sources, such as foods (e.g., cheese, milk,
cabbage family) [30—32]. The endogenous swine plasma
SCN concentrations for the swine plasma tested in our
lab ranged from 8.2—46.6 pM. For comparison, the endogenous
plasma SCN™ concentrations from humans (non-smokers)
range from 4.83-87.5 uM [33-35]. If the peak at 12.]1 min is
considered endogenous plasma SCN, both analyte peaks were
well-resolved from any interfering peaks (R,=15 from the

PFB-CN

Spiked water spmple
(350 pM cyanide)

Abandance (arhitrary umits)

Time (min}

Fig. 2 GC-MS chromatographs of PFB-CN in spiked (350 uM, wpper
trace) and non-spiked (fower trace) swine plasms monitored in SIM
mods (miz=208)
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PFB-SCN
g Spiked weater sample
a (150 uM thiocyanate)
é Spiked swine plasma
{150 pM thiocyanate)
Non-gpiked swine plagma

Table 1 LOD and linearity of cyanide and thiocyanate in swine
plasma samples

Analyts

LOD (uM)  Linearity (M)

Cysnide 1

Regression squations

10-20,000 y=0.0020x—0.0012
(day 1)

y=0.0022x+0.0000
(day 2)

y=0.0019x+0.0022
(day 3)

y=0.017x+0.034
(day 1)

y=0.017x+0.057
(day 2)

y=0.016x+0.072
(day 3)

Thiocyanate  0.05 0.5-200

us 1s 12 121 122 123 124 125
"Time {min)
Fig. 3 GCMS chromatographs of PFB-SCN in spiked (150 uM,

upper trace) and non-spiked (fower #race) swine plasma monitored
in SIM mode (m/4=240)

nearest peak at 7.7 min for CN™ (not shown) and R,=4 from the
nearest visible peak at 11.8 min for SCN ).

Detection limit, calibration, and linearity

The LODs (signal-to-noise-ratios greater than 3:1) for cya-
nide and thiocyanate were found to be 1 pM and 50 nM,
respectively. These limits of detection easily allow quantifi-
cation of typical biological concentrations of both cyanide
and thiocyanate and compare favorably with other similar
methods [3]. Kage et al. [2] reported the detection limits for
a similar GC-MS method to monitor cyanide and thiocya-
nate separately in whole blood to be 10 and 3 uM, respec-
tively. Paul and Smith [10] reported limits of detection to be
1 uM for cyanide and 5 puM for thiocyanate from saliva
samples.

Using the current method, both calibration curves for
cyanide (unweighted) and thiocyanate (weighted, 1/x%) were
found to be linear with correlation coefficients of 0.9999.
The calibration curves and the regression equation of both
cyanide and thiocyenste in plasma samples are listed in
Table 1. The LLOQ was found to be 10 pM for cyanide
and 0.5 uM for thiocyanate. The ULOQ was 20 mM for
cyanide and 200 uM for thiocyanate. The linear ranges for
CN and SCN™ are also presented in Table 1, Tt is interesting
to note that, while the typical linear ranges for GC-MS3
methods span two orders of magnitude [36-38], the linear
range of CN™ for this method, spanning aver three orders of
magnitude, is extraordinarily large. The linear range of
SCN is also excellent, although it does not cover a full

three orders of magnitude. The stability of the calibration
curve during the interday study was excellent as evident by
the stability of the slope—0.0019-0.0022 for CN and
0.016-0.017 for SCN . LLOQs and ULOQs were not
reported by Kage ct al. [2] or Paul and Smith [10].

Accuracy and precision

The accuracy and precision of the method were determined
by quintuplicate analysis of three different QC standards
(15, 75, and 350 uM for cyanide; 1.5, 15, and 150 uM for
thiocyanate) on three different days (Table 2), The pregision
of the method was excellent, with both the irtra-assay and
Inter-assay precisions below 9 % RSD. The accuracy for
intra-assay and inter-asszy analyses was also excellent
{9 % of nominal concentrations). Full accuracy and preci-
sion valugs were not reported for the Kage «t al, [2] and Paul
and Smith [10] methads, although for a single sample ana-
lyzed in quintuplicate, Paul and Smith [10] reported a
%RSD of 11.6 % for CN and 4.3 % for SCN .

Assay recovery, stability, and robustmess

Aassay recoveries for cyanide and thiocyanate are reported in
Table 3. The recoveries for bath cyanide and thiocyanate
were excellent at high, medium, and low analyte concen-
trations, The recovery of cyanide ranged from 91-9%9 %
while the recovery for thiocyanate ranged from 92-93 %.
These recoveries are greater than the B0 % recoveries
reported by Kage et al. [2] and 5565 % recoveries reported
by Paul and Smith [10].

Cyanide and thiocyanate stabilities were evaluated in spiked
plasma at —80,—20, 4 °C, or RT, and for three freeze—thaw (FT)
cycles. Cyanide was stable for 2 days at—80, —20, and 4 °C and
was quickly removed from plasma at RT (<1 h). For the freeze—
thaw stability experiment, the concentrations of eyanide and

4) Springer
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Table 2 The sceuracy snd pre-

cision of cysnide and thiocya- Analyte Concentration  Infrasssay Inicrassay
nete analtysis from spiked swing 4 - v s
plasma by CI-GC-M5 Accuracy (%)*  Prevision (%RSDF  Accuracy (%) Precisicn
(%RSD)°
Cyanide 15 104.7 22 107.1 52
75 1004 21 101.3 25
350 102.8 17 101.5 11
*QC methad validation (N=5) Thiocyenate 1.5 100.1 58 98.4 24
for day 3 15 102.8 26 103.0 36
"Mean of thres different days of 150 92.1 0.3 92.1 1.6

QC method validation (N=15)

thiocyanate after one FT cycle were within 10 % of the criginal
concentration for both high and low QC standards (approxi-
mately 92 % for cyanide and 97 % for thiocyanate). For FT
cycles 2 and 3, the concentrations of cyanide and thiocyanate
were below 10 % of the initial concentration far both the high
and low QC standards, The concentrations of cyanide and
thiocyanate fell after each consecutive FT cycle but, for both
cycles 2 and 3, the stahility was near 80 % (6 %) of the
original concentration for both the high and low QC standands,
Thus, FT experiments suggest that CN™ and SCN™ are stable
for no more than 1 cycle. Low temperatures do increase the
stability of CN™ as compared with RT, presumably because
microbial growth and the rate of enzymatic reactions for
cyanide conversion are reduced [39]. Although this is the
case, cyanide has been found to be generally unstable at
low temperatures compared with other markers of cyanide
cxposure [40, 41].

The instability of CN in biological samples was
expected because HCN is volatile and is quickly lost from
biological samples at pH values below 7-8 (HCN pK,=9.2),
CN™ is also nucleophilic and may react with sulfur-
containing compounds, aldehydes, or ketones to form
cyano-adducts [42]. Previous studics have found that cya-
nide can convert to SCN™ under common storage conditions
[3]. Analysis of SCN™ concentrations during the stability
study shows that this was not the case. Alternatively, cya-
nide can also be produced from biological samples under
certain storage conditions [42]. Many micro-organisms

Table 3 Recavery {expressed as percentage) of cyanide and thiocya-
nate from spiked swine plasma samples

Anslyte Concentration {uM) Recovery (%)
Cyanide 15 91

75 99

350 95
Thiocyanate 15 92

15 92

150 93
£) Springer

produce cyanide as a result of putrefaction or single-
carthon metabolism [43-45], and non-specific oxidative
reactions may produce cyanide from organic compounds.
The loss of cyanide during the stability experiments indicaie
that cyanide generation does not occur or is only a minor
process, Although it has been found that additives may help
reduce cyanide loss or production (g.g., addition of silver
ions can help stabilize CN™ under storage and active
oxygen-scavenging reagents, such as ascorbic acid, reduce
cyanide production [40, 43]), the use of additives was not
gvaluated in this study.

Thiocyanate was stable for up to 5 days at —80, —20, or
4 °C and 1 day at RT. It has been found that SCN™ can be
converted to cyanide in the presence of erythrocytes [46], or
oxidizing agents such as nitritc and hydrogen peroxide in
samples under storage or during analysis [45, 47]. Cur
observations suggest that this mechanism is not a major loss
mechanism in this study as no increase in cyanide occurred
in the samples as thiocyanate levels decreased. Thiocyanate
has also been found to bind to albumin or other proteins

/ PFB-5CN
% ECN (7.5 mp/kg) exposed swins plasma
Non-exposed swine plasma ‘
8 815 é 9:5 fﬂ 165 l.‘l. 1]:.5 fZ l?LJ 15 135

Time (Min)

Fig. 4 GC-MS total ion chromatographs (TIC) of potassium cyanide
(7.5 mg/kg) exposed swine plasma and non-exposed swine plasma
(fower trace), both without internal standard
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which may result in a decrease of free thiocyanate concen-
trations [48].

Derivatized cyanide and thiocyanate stabilities were eval-
uated in spiked plasma at approximately 1,2, 6, 12, and 24 h
after placement in an autosampler. The calculated concen-
trations of both cyanide and thiocyanate were within 10 %
of the initial concentration at all times tested. Thus, both
derivatized cyanide and thiocyanate were stable for at least
24 h when placed in an autosampler.

Application of the method

The method described in this paper was used to analyze
plasma cyanide and thiocyanate concentrations in a toxico-
kinetics study of acute cyanide exposure in pigs. Figure 4
shows GC-MS total ion chromatographs (TIC) of plasma
samples of potassium cyanide (7.5 mp/kg) expesed (upper
trace) and non-exposed (lower wace) swine. The peaks of
derivatized cyanide (i.e., FFB-CN) and derivatized thiocya-
nate (i.e., PFB-SCN) arc observed at around 8.3 and
12.1 min, respectively. The method presented here per-
formed very well in this study. The simple sample prepara-
tion allowed quick analysis of the large number of samples
and standards generated from the study and the low LOQs
allowed quantification of CN~ and SCN™ in all plasma
samples. The full results of this toxicokinetic study will be
published in the near future.

Conclusgions

A simple analytical method for the gimultaneous determina-
tion of cyanidec and its major metabolite, thiocyanate, was
developed using CI-GC-MS. The described analytical meth-
od includes cne-step sample preparation and is sensitive,
accurate, and precise with high recoveries. In addition, the
method described yielded excellent detection limits for boih
CN™ and SCN, and large linear ranges for CN” and SCN™
were observed. Sample preparation was minimal and only
lasted approximately 1.5 h for single samples, and within a
24-h period, approximately 70 parallel samples were pro-
cessed and analyzed. The ability to detect both cyanide and
thiocyanate simultaneously provides efficiency and economy
of samples and reagents, as well as a reduction in labor cost,
The method presented was able to identify cyanide-exposed
swine in & pig plasma samples in a toxicokinetics study
through analysis of CN™ and its major metabolite, SCN™.
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Cyanide causes toxic clfects by inhibiting cytochrome ¢ oxidase,
resulting in cellular hypoxis and cytotuxic angxia, and can eventuslly
lead to death. Cyanide exposure can ha verified by direct analysis of
cyanide concentrations or analyzing its metabolites, including thio-
cyanate {SCN™) and Z-amino-2-thiazoline-3-carboxylic ackd {ATCA)
in hload. To detarmina the behavior of these marksrs fellowing cyan-
ide sxpezura, a tnxicokinetics study was performed in three animal
models; (i) rais {250-300 g), {ii) rabbits {3.5-4.2 kg) and {iii) swine
{47-54 ky). Cyanide reached 8 maximum in blood and decEned rap-
idly in each animal model as it was ahsorbed, distributed, matabo-
lized and eliminated. Thivcyanate concentrations rose mors slowly
as cyanlde was snzymatically converted ta SCN™. Concentrations
of ATCA did not Hae significantly above the baseline In the rat
madel, hut rose quickly in rahbitz {up to a 40-fald increass) and
swine {up to a 3-lold increase) and then fell rapidly, generally follow-
ing the relative behevior of cyanide. Rets ware administared cyanida
subcutansously and tha apparent half-ite {f;,2) was determined to
be 1,510 min. Rabhbits wore administered cyanide intravenously wnd
the #,;; was determined to be 177 min. Swine were administered
cyanlds Intravanoualy and the t;,,; was detarmined to he 25.9 min.
Tha SCN™ #;/7 in rats was 3,010 min, but waz not calewlatsd in rab-
bits and swine because SCN™ concentrations did not reach a max-
imum. The t,;; of ATCA waa 40.7 and 13.9 min in rabbita and
swine, respectivaly, while it could not be determined in rats with con-
fidence. The current study suggasts that cyanide sxpasure may be
varifled shortly after expasura by determining signHicantly elevated
cyanlde and SCN™ In each animal modsl and ATCA may be used
whan thes ATEA detedfication pathway is significant.

Introduction

Cyanide (as HCN or CN™, represented inclusively as CN) is a rap-
idly acting, voxic chemical that can be readily absotbed by inhal-
aton, ingestion or dermally. After CN is absorbed, it is rapidty
distributed thronghont the body, causing toxic effects hy
mechanisms that include inhibiting cytechrome ¢ oxidase,
resulting in cellular hypoxia and cytotoxic anoxia, and can even-
tually result in death (1). Cyanide is volatile and reactive leading
to a short halflife (# ;). It is difficult to determine cyanide ex-
posute by direct CN analysis if sighificant time has elapsed (2—
5). Thus, indirect biomarkers, including thipcyanate (SCN™)
and 2-amino-2-thiazoline-4-carboxylic acid (ATCA), are neces-
sary in certain situations for the verificadon of cyanide poisoning.

In the presence of a sulfur donor (eg. thiosulfate) and a sulfur
transferase enzyme (e.g. rhodanese), ~B0% of a dose of CN is
meholized to SCN™ (2-4, 6). Although SCN™ has been used
as the main indirect cyanide exposure marker, it can be difficult
to establish definitlve CN exposure due to large endogenous
SCN™~ concenttations in hiological flnids (7-9). Cyanide can
also react with r-cystine through a proposed Intermediate,
B-thiocyancalanine, where it is subsequently transformed into
ATCA. ATCA is a2 minor metabolite of CN, and it has been sug-
gested that it accounts for ~15-20% of cyanide metabolism (6,
10). ATCA may be useful a8 an alternative for determination of CN
exposure becanse it does not metabolize further (6, 11, 12), and
it is a chemically stable metabolite under most storage conditions
(13, 14). Although it Is a promising market of CN exposute, there
are relatively few studies on the behavior of ATCA following cyan-
ide exposure, and the direct relationship between CN exposure
and elevated ATCA concentrations has only tenuncusly been
established (4, 14-17),

‘The objective of the current study was to simultanecusly de-
termine the toxicoldnetic behavior of CN, SCN™ and ATCA, pro-
viding a direct evaluation of the relationship between these
biomarkers. In addition, the ability of CN and its detoxification
products to serve as cyanide exposure biomarkers was evaluated
and a comparison between multiple mammalian species was
petformed.

Materials and Mothods
Chemicals and )
All chemicals used were at least HPLC grade or higher. Potassium
thiocyanate {KSCN), sodinm cyandde (NaCIv), sodium tetraborate
decahydrate and sedium hydroxide (NaOH) were 4ll purchased
from Fisher Scientific (Fair Lawn, NJ, USA). Tetrabutylammoninm
sulfabe CTBAS; 50%, w/w, solution in watet), used as a phase trans-
fer catalyst, was parchased from Sigma-Aldrich (St. Lounis, MO,
USA). Pentafinprobenzyl bromide (PEB-Br) was ohtained from
Thermo Scientific (Hanover Park, IL, UBA). Isotopically labeled in-
ternal standards (NaS'?C'N and Na'>C'’N) were acquired from
Isotech (Miamisburg, OH, USA). Solid-phase extraction (SPE)
MCX (mixed-mode cation exchange) columns were acquired
from Waters® Corporation (Milford, MA, USA). Deutetated ATCA
(AT'CA-d2) was prepared by reaction of deuterated 1-cysteine
(3,3-dz) with cyanamide (18) and provided by the Department
of Veterans Affairs Medical Center, Minneapolis, MN, USA.
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N-Methyl-N-trimethylsilyltrifluoroacetamicle (MSTFA) was pur-
chased from Plerce Chemmical Company {Rockford, IL, USA).

Animals

Three different anitnal models were used in this study: (i)
Sprague-Dawley rats (Rattus norvegicus), (i) New Zealand
White rabbits (Orycinlogus cuniculus) and (iii) Yorkshire
swine (Sts scrofa). Male Sprague-Dawley rats welghing 250—
300 g (Charles River Breeding Lahoratories, Inc., ‘Wilmington,
MA, USA) with catheters implanted were kept in tempetature
and light-controlled rooms (22 + 2°C, 12 h light/dark cycle),
fed Teklad Rodent Diet (W) 8604 (Teklad HSD, Inc., WI, USA)
and provided with water at Sam Houston State University
(Huntsville, TX, USA). Rabbits weighing 3.5-4.5 kg (Western
Oregon Rabbit Supply, Philomath, OR, USA) were housed indi-
vidually in the Animal Resource Pacility (ARF) of the College of
Medicine at the University of California, Irvine, CA, USA, fed
Purina Pro-lab (St. Louis, MO, USA) and provided with water.
Swine (47-54 kg) were purchased from the local USDA licensed
breeder (Juhn Albert, Ciholo, TX, USA, USDA #74-A-1246) and
were housed in paddocks (outdoor fenced pastures) and
moved into indoor pens before the experiments. They were furn-
ished with Parina Pro-Lab's (St. Louis, MO, USA) mini-pig-breeder
diet (5082) and provided with water.

All animals were cared for in compliance with the "Principles
of Laboratory Animal Care” formulated by the National Society
for Medical Reseacch and the *Guide for the Cate and Use of
Laboratory Animals” prepared by the Natiomal Academy of
Sciences and published by the National Institutes of Health
(NIH Publication #86-23, revised 1978). All studies involving
rats, rabbits or swine were reviewed and approved by the
Institutional Animal Care and Use Committee (IMCUC) at the ap-
propriate mstitutions.

Lxperimenial design

Rats (¥ = 9} were injected with sub-lethal doses (¥= 3) of po-
tassium cyanide (KCN) solution subcutancously [2 mg/kg (25%
LDsg), 4 mg/kg (50% LDs) or 6 mg/kg (75% LDso)]. In order to
establish a baseline, blood was drawn prior to injection for a
“zero” time point. Blood samples (320 pl) were also drawn at
5, 15, 30, 60 min, and 2, 4, 6, 12, 15 and 50.5h post-injection.
These blood samples were placed in heparinized tubes to pre-
vent coagulation. The tubes were then centrifuged to separate
the plasma from the red blood cells (RBCs). A portion of plasma
was removed for ATCA analysis (50 pL) and the rest was hemo-
Iyzed to produce whole blood for simultaneous CN and SCN™
analysis. The bascline concentration for CN, SCN~ and ATCA in
saline-treated rats showed no significant change in the concen-
tration over the dutation of the experiment.

New Zealand White rabbits (/= 8) were anesthetized with an
intramuscular injection 0f a 2:1 ratio of ketamine HCI (100 mg/mL,
Ketaject, Fhoenix Pharmaceutical Inc., St. Joseph, ML, USA): xyla-
zine (20 mg/ml, Anased, Lloyd Lahoratories, Shenandoah, 1A,
USA) at a dose of 0.75 cc/kg. After the intramuscular injecton,
2 catheter was placed in the animals’ marginal ear vein to admin-
ister continuous IV ketamine/xylazine anesthesfa. The animals
were intubated and were mechanically ventilated (dual phase
control respirator, model 32A4BEPM-5R, Harvard Apparatus,
Chicago, IL, USA) at a respiratory rate of 32 min ~, a tidal volume

of 50 cc, and FO; of 100%. Blunt dissection was performed to
isolate the femoral artety and vein on the Ieft thigh for cyanide
infusion and blood sampling. Sodium cyanide (10 mg) dissolved in
60 mLofO.g%Nqummis:mdmmmuslyﬂmmgh the
femoral Ine over 60 min. Blood samples (300 L) were drawn. at
11 different time points, including a baseline (ime “zero™), 20, 40
and 55 min during CN infusion. After the cyanide infusion was
completed, seven additional dme points over the next 90 min
at 60, 65, 75, 90, 105, 120 and 150 min from the start of the ex-
periment were drawn. Arterial blood samples were collected in
heparinized tubes kept on ice and centrifuged to separate the
plasma The plasma samples (150 ul) were then immediately fro-
zen and shipped on ice to South Dakota State University (SDSU)
for analysis of CN, SCN™ and ATCA. The baseline concentration
for €N, SCN™ and ATCA in control saline-treated mabbits showed
no significant change over the duration of the experiment. At the
completion of the experiment, the animals were cuthanized with
an intravenous injection of 1.0 cc Euthasol (390 mg pento-
barbital sodium, 50 mg phenytoin sodium; Vibrac AH, Inc, Fort
Worth, TX, USA) administered through the marginal ear vein.

Swine (¥ = 11) were infused intravencusly with approximate-
Iy (or an average of) 1.7 mg/kg potassium cyanide until apnea
occurred. The animals were then observed for an additional
60 min. Arterial blood (20 mL) was sampled prior to cyanide ex-
posure {considered baseline or time “zero’), 5 min after the start
of the cyanide infusion, 5 min into cyanide administration, at
apnea and every 2 min for the first 10 min after apnea, and
then every 10 min until 60 min posrapnea. Blood (4 mL) was
placed in an EDTA tube and centrifuged to separate the plasma.
The plasma samples (500 uL) were then frozen and shipped on
ice o SDSU for analysis of CN, SCN~ and ATCA.

CN and SCN~ analysis

The whole blood samples from rats and plasma samples from rab-
bits and swine were simultaneously analyzed for CN and SCN™ by
chemical-lonfzation (CI) GC-MS after chemical modification
based on a method previously reported (15). Briefly, blood sam-
ples (100 pL) were added to 2 mL vials. Internal
standards (100 pL) of Na'*C**N (200 pM) and NaS'*C°N
(100 pM) were added to the sample vials along with TBAS
(800 pL of 10 mM TBAS in a satutated solution of sodium tetra-
borate decahydrate, pH 9.5) and PFB-Br (500 pL of 2 20-mM so-
lntion in ethyl acetate) and vortexed for 2 min. Samples were
then heated at 70°C for 1h, and centrifuged for 4 min at
10,000 rpm (9,300 x g) to separate the organic and aqueonus
layets. The organic layer (200 pL) was collected and analyzed
using CI-GC-MS. The concentrations for both CN and SCN—
were well above the detection Himit of the analytical method
(~1 pM for CN and 50 oM for SCN ) for all samples anatyzed,

ATCA analysis

Ra, rabbit and swine plasma samples (50 pL) were analyzed for
ATCA according to a slightly modified procedure previously
teported (20). Briefly, plasma samples (B0 juL), internal standard
(ATCA-d; 120 pL of 100 ng/mL) and 300 uL of 1% HCl in acet-
one were added to 2 2-mL microcentrifoge vial, voriexed for
Zmin and centrifuged for £min (room temperature) at
10,000 tpm (9,300 X £). The supernatant was transferred to a
clean microcentrifuge tube, 1.0 mL of 0.1 M HCl was added,
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and the sample was aspirated through i prepared mixed-mode
cation-exchunge solid-phase extraction ¢olumn (1 mL). The
ATCA was cluted from the column into a 2-mL microcentrifuge
tube using | mi ofa water:methanolammonium hydeoxide solu-
tion {25:3(:23, by volume ). Hydrochloric acid ( 200 pL of 0.1 M)
was added to the microcentrifuge tube to decrease the pH of the
sample (pll < 11y and the sample was dried, The dricd samples
were reacted with 200 b of 30'% MSTFA in hexane for 6O min a
50 °Cin capped centrifuge tubes. The samples were then ana-
Iyzed wsing electron-iomization GC—MS. The concentrations for
ATCA were well above the detection limit of the analyrical
method (— 170 nM ) for cach plasma sample wested.

Toxicokinetic analysis

The blood and plasma concentrtion —time datd after subcutane-
ous or intravenous administration were analyzed using @ one-
compartment toxicokinetie model which wis determined
according to the methods previously described (21, 22).
Concentrtion—time curves were used Lo obtiin the maximum
concentration (G, ) of CN, SCN° and ATCA in blood and
plasma, elimination constants (K. ) and terminal elimination half-
lite (=), with interpolation. A lincar rapezoidal method was
used to calculate the aren nnder the curve (ALLU) Tor cyamde
and ATCA, The parameters such as Gy, Ko, 42 and AUC were
not culenkared for thiocyamate in rahbir and swine models be-
cause there was no elimination observed from these experimen-
tal subjects throughout the dumtion of the experiments, The
dara presented is normadized to the baseline concentration of
each compound to allow variation in concentrations of the ana-
Ivies eviluated (CN, SCN T and ATCA ) o be observed on the sime

figure, such that direct comparison of the relitive behavior can
mare easily be observed,

Bebaviar of CN, SCN~ anid ATCA following cyanide
exposure {n Rats

Figure 1 shows the normalized CN, SCN and ATCA concentra-
tions (Le. noemalized o the baseline concenration of the each
compound, isted in Table 1) from ras doscd a6 mg kg KON,
The bascline concentrations were determined to be 9.95, 38.0
and 0.282 UM for CN, SCN and ATCA. respectively, As seen in
Figure 1, the blood CN concentrations incrensed rapidly upon
subcutaneous injection of KCN (0 4 maximum w ~ 30 min and
then declined rapidly as cyanide was distributed and merabo-
lized. The CN concentrations then leveled off at - 100 min post-
exposure and slowly declined. Thiocyanate concentrations rose
ataslower rate compared with CN and then declined stowly ae a
rate similiar to that oF cyanide after reaching a maximum at
~ 120 min postexposure, Thiocyaniate concentrations remained
well above baseline for the duration of the experiment
Considering the variability of the data, ATCA concentrations
changed only slightly when compared with the baseline concen-
tration, Similar trends for all markers were observed for each
diwse of eyanide,

Dase—concentration behavior

The dose—blood cancentration relationship for CN and SCN - in
rats with the Gy plotted for each dose is shown in Figure 2, As
the dose of KUN increased, there wils ain expected increise in

12
—a=(yanide ‘::
5= Thiceyanale i
10 —ATCA 3 5
L1
A
E e
a E H
E § i
=
8 L
g " ) (L) 1500 2008 T4 RITTTH
o Tinwe {Minutes)
=
E G 1
[ o l
300 400 500 600 700 800
Time (min)

Figure 1. Whole blood CN, SCN™ and plasma ATCA normalized concentrations alter cyanie exposue (6 ma kg body weight KCN inigction subcutaneously to1ats), Error biars aie
plotted a5 standard eror of mean (SEM) IV = 3). lnset: Full time course up to 50.5 k post-injection of KON
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Figura 2. Dose-concentration curve for three different doses of KCN (2, 4 and & mg /ka)
injectad subcutaneousty 1o rats. Error bars are plotted as standard emor of mean [SEM)
IN=3).

the concentrations of CN and SCN . Cyvanide concentrations
showed a linear response to increasing CN dose, whereas the
dose=response of thiocyanate was non-linear, leveling off at
=~ 160 uM, with the 4 mg/kg dose and remaining at that level for
the 6 mg kg dose: The dose response of ATCA was not meaningful
because of the large interanimal variability of plasma ATCA con-
centrations combined with the minor increase in Gy, compared
with hascline concentrations,

Bebavior of CN, SCN~ and ATCA in rabbits after cyanide
exposure

Figure 4 shows the normalized plasma concentrabions of LN,
SCN™ and ATCA from rabbits (V= 8) over 150 min. The baseline
coneentrations were determined o be 566, 999 and 0,227 uM
for CN, SCN  and ATCA, respectively. Plasma CN and ATCA con-
centrations reached o maximum al 55 min (149.7 and 9.1 @M for
CN and ATCA, respectively ) and then declined after CN adminis-
tration was stopped. Plasma SCN  rose slowly throughout the
duration of the experiment (150 min). CN, SCN  and ATCA
were measurible throughout the study, ATCA concentrations
clearly rose above the haseline by a koger ratio than the CN or
SCN

Bebavior of CN, SCN™ and ATCA afler cyanide exposure
in swine

Figure 4 shows the normalized CN, SCN - and ATCA concentra-
tions from swine (V= 11) over 4 min: The baseline concentri-
tions were determined to be 387, 545 and 0,175 puM for €N,
SCN - and ATCA, respectively. Plisma CN and ATCA concentri-
tions reached g maximum at apnea (Le, the 10-min time point )
and then declined. The concentrations of cach metabolite nore-
nialized 1o the baseline are very similar until 4 min postapnes
(ic. the 14 min tme point in Figure <) where the N and

as

Normalized concentration

Time (min)

Figure 3. Plasma CN, SCN™ and ATCA normalized concenvations after 10 mg NaCh
infusion 16 rabbits, Errar bars are plotted as standard enor of mean (SEM) (V = 8).
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Figure 4. Swine plasma CN, SCN” and ATCA nommatized concentimions durmg and

aftar intravanous dose (0,17 mg/kg/mm until spnea; ~10 min). Erer bars are
miatted as standard enor of mean (SEM) (W = 111

ATCA continue 1o decrease, bur the SCN - rises slowly through
the completion of the experinment (40 min),

Toxicokinetics of CN, SCN~ and ATCA

A summary of the toxicokinetic parameters for rats, rabhits and
swine is presented in Table 1 The AUC, €., and 2 were caleu-
laved ior all three markers of cyvanide exposure with the excep-
tion Of SCN - in rabbits and swine because it did not reach a
nuximun, and ATCA in rus becavse of considerable variability
dat gach time point and the very low concentritions of ATCA mea-
sured. In rats. the AUC minged from 6,53 « 10° 10774 « 10" and
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Teahin |
The Towicokinetic Paremetars of Cyanide, Thivcyenete and ATCA in Differet Animal Modsls

Animels  Analyte Matrix CN dosa {mgkg) C e {M ty 2 [min)
LCurrent study Previous study Cument study FPravioug study Currant study Previous study
Rats Cyarids Biood AE 10 (23, 3.0 {3) 517 508" 688"  25{23), 8003 1200% 1370F,1610°  14.1423),38.43)
Thicysmats Prasma 1.0 (23}, 30 {3 1uu'aiaa‘.1sa= 77 {23), 56.1 43 2IE P B3
ATCA Prasma N/A(16),100 1) N/A 491 116), 282{17)  N/AY 150 {18)
Pigs Cyanide Blood/plasme® 1.7 a0 @) 302 675 [3) %9 3240
Thigpysnets  Plasma 303 N/ 4283} N/A! 297 (3)
ATCA Prasma - 470 - 118 -
Rebbits  Cyanids Plasma 25 - 147 - 177 -
Thiocysnets  PlRsma - N/ - N/A -
ATCA Plasma - 810 - a3 -
Goas Cyanida Blood - 30 (3) - 835 13) 78.8 (3)
Thiocyenete  Phsma - 300 - 55.2 13) - £34 (3
Humans  Cyanide Bload - - - - - 20-6042, 27,
Thogyensta  Plasma = = - = = 14408640 {75, 26, 28, 28)
ATCA Prasma - - - - - -
"Aesults otained from 2 mg,/kg CN dose {11).

“Rasults ohtained fram 4 mg,kg CN dote.

“Results ohteined from & mg/kg CN dese.

ATCA could nat be evaluated dua to interznimal variabilty.
“Mamna wa3 uged for cyanide analyss in our study,

'SCN™ did not reach maxmum valie in our study.

Tekle Il
Endogencus higod CN or plesma SCN™ and ATGA concentratiens fron humans, rats, rahbits
and swine modals

Amlyte  Humans  Rats (uM) Rahbits (M) Swine (M)
Lol Curent  Previous Cument  Previous  Cument  Frevious
sy  swtliss sudy  suefies  study  sudiss
v 002-28 1078 D19426,40), 58" 364 (39) a82 N/A
{4). 0.03— .27 (29, 41)
10 Bl
SCN~®  4.83- 4281 3.0 (23), B84 N/A a17 17.1 @81,
75 | 00 3) 1.1 38
ATCA"  0.08- 054 0.96 (16), 0 N/A 1.51 N/A
[RF-RH 1.2917)
*CN rnalyzad from whela bloer,

ESCN~ and ATCA were commonly analyzed from plasma.

2.27 % 10* to 3.07 X 10*,M min for cyanide and thiocyanate,
respectively. For rabbits, the AUC was found to be 0.33 x 10%
and 548 pM min for cyanide and AT'CA, respectively. The AUC
for swine was determined to be 0.05 x 10 and 75.4 M min
for cyanide and ATCA, respectively.

Discussion

The toxicoldnetic parameters found for CN, SCN™ and ATCA in
this study are presented in Table 1, alongside similar studies for
comparison. Previously, cyanide has been found to be rapidly
absotbed, distributed and subseguently quickly eliminated
(2, 3,23, 24), with a £ s, ranging from 14 to 60 mir. Rapid distri-
bution of CIN was also seen In our study for each model tested
(Figures 1, 3 and 4). For the rabbits and swine, CN was also tap-
1dly eliminated, with # s> values of ~27 and 178 min, which is in
general agreement with similar studies (Table I). Conversely, rats
produced a muach longer mean elimination half-life. The differ-
ence may be due to the duration of our study, 50.5 h post
cyanide-exposure versus 1 and 24 h in the Leuschner et @i

272 Bhandad et al

(23) and Sousa et al (3) studics, respectively. If the three disti-
bution/elimination time points in our study (Le., 30, 60 and
120 mi) are used, the half-life obtained (4 ;2 = 103 min) is com-
parable with that seen by Sousa e el (3), and perhaps Is more
reflective of cyanide distribudon than eliminadon. In addition,
the other studies used oral dosing versus subcutaneous injection
in the rat model for our study. Subcutanecus injection could po-
tentially cause a rapid absorption and distribution of CN, versus a
slower uptake of CN through the digestive tract. If a large dose of
cyanide was rapidly absorbed into the erythrocytes, as suggested
by Lundguist ef @k (25), out data would suggest that the seques-
tered CN is only slowly released back into rat plasma for transport
to tissues to be metabolized. Whole blood ¢oncentrations were
dlso measured in multiple samples from each individual animal
for the duration of the current study versus rultiple animals at
each time peint in previous studies (3, 23). The fluid volume
temoved from an individual rat was ~10% of the total body
fluid volume, Thas, by the end of the experiment, despite
being provided with food and water ad Iib, our experimental
subjects could have become dehydrated, causing their hemato-
crit to be elevated, potentially resulting in a higher level of CN
to be measured at later time points. Further investigations
would need to be conducted in the rat model to verify the pro-
longed half'life seen in this study. If verified, the long half-life may
indicate the ability of rats to tolerate elevated levels of CN over
long perlods of time, pechaps due to a relatively large pool of se-
questrating agents (e.g., methemoglohin). A relatively large pool
of sequestrating agents may reduce the free CN, thereby not
averwhelming normal detoxification pathways leading to
increased tolerance of CN.

Thiocyanaie in the swine and rabbits increased at aboui the
same rate as CN, while the formation of SCN™ in rats was mark-
edly slower, which could be due to the method of CN adminis-
tration, subcutanequs versus intravenous. At each dose, the
maximum concentration of thiocyanate in rats occurred at
argund 1 h afver cyanide exposure and stayed relatively consist-
ent for several hours before it began to decrease. The extended
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consistent SCN~ concentrations could be interpreted as having
reached a steady-state between formation and elimination of
thiocyanate. The mean elimination half-life of SCN™ in rats ran-
ged from 2530 to 3010 min, and was much longer than that
was found in the Sousa er @i (2003) study, possibly due to the
reasons previously presented. That being said, the half-life of
SCN™ in rats did fall within the range of human SCN™ #,,
(Table I).

Thiocyanate concentrations were still increasing at the end of
the rabbit and swine studies, and would be expected to peak and
decline as observed in rats if these studies were lengthened. It is
interesting to note that SCN™ declined immediately after apnea
in swine (e, after KCN administration was stopped), and then
started to rise slowly after the 6-min postapnea time poiot and
continued to rise for the duradon of the study (Figure 3). This
hehavior, which is atypical compared with other similar studies,
is likely influenced by several factars. Initially, plasma SCN ™ levels
rose at about the saine rate 4s the infused cyanide levels, teaching
4 maximum at apnea, suggesting a direct correlation between
cyanide and thiocyanate levels. Then the plasma SCN™ declined
abruptly, possibly due to reduced cardiac output leading to lower
cyanide delivery to the detoxification sites and reduced export of
thiocyanate due to lack of blood flow in tissues. After several min-
utes of reduced SCN™ production and transport, the levels of
SCN™ increased, until the end of the experitrent, albeit at 2
slower rate than initially. The secondary rise in thiocyanate pro-
duction would suggest that once the initial shock of apnea
passes, the SCN™ detoxification pathway is reinitiated, although
the slower rate of SCN™ production might suggest some impair-
ment in this process. If any portion of the CN transport or hio-
transformation is enexgy-dependent, the pathway might become
partially disabled by undergoing apnea. If the swine study were
to be lengthened in time, the SCN™ concentrations should
reach a maximum and decline, as observed in the rat study.

Compared with cyanide and thiocyanate, ATCA had the lowest
mean elimination half-life in rabbit and swine models, resulting in
shorter residence time in the plasma (Table I). Io. the rabbit and
swine models, ATCA generally mimicked the behavior of CN, but
appears to he 2 minor metabolic pathway for cyanide detoxifica-
tion, especially in rats. Although the general behavior of CN and
ATCA in each model is simnilar, the difference in the behavior of
normalized ATCA. concentrations in rabbits {ie, the 40-fold in-
crease ahove baseline), compared with swine and rats (Le., only
a 4-fold increase), is striking.

To investigate the likelihood of 2 minimized sulfur-donor cyan-
ide detoxification pathway causing incteased production of
ATCA in rabbits, species-dependent rhodanese concentrations
in multiple animal tissues {c.g., liver, kidney, lung, brain, stomach
and muscle) were evaluated from lterature sources. Among all
the tissues, kidney contains relatively large amounts of thoda-
nese: 6.69, 24.9, 1044-110.8 and 6.20-7.69 mg /g tissue in
humans, swine, rats and rabbits, respectively (6, 26, 30, 31).
The lower thodanese concentrations in humans and rabbits sug-
gest that the sulfur donor pathway for cyanide detoxification may
be less active when compared with swine and rats, potentially
leading to increased AT'CA formation. 1-Cystine concentrations
were also evalnaved with only a few studies reporting liver con-
centrations ranging from 22 to 77 and 20 to 300 nmol/g tissue in
humans and tats, respectively (32, 33). Because the ranges of
L-cystine from these studies are similar, it is unclear as to if

L-cystine concentrations play a role in the formation of ATCA as
apposed to thiocyanate. Further characterization of v-cystine
levels may shed some Light on this hypothesized explanation of
elevated ATCA in rabhits.

As seen in Figure 2, cyanide exhibited a iheat relationship
between the cyanide dose and blood concentrations under the
conditions tested, which fundamentally implies that cyanide
has rapid and complete distribution, with first-order kinetic behav-
ior. For SCN, the dose—concentration behavior was non-linear
and as the dose of cyanide was Increased, the plasma concentra-
tion of SCN™ initially increased to 4 mg/kg where it remained
essentially constant. This is likely due to saturation of the sulfir-
donor pathway for cyanide detoxification, As mentioned here
previously, the ATCA concentration-dose behavior was not
evaluated due to the large interanimal variability of plasma
ATCA concentrations in rats. This is an area of potental fatare
study likely best investigated in rabbits,

The petcentage of cyanide converted to ATCA in this study
was estimated for rats, rabbits and swine. Cyanide conversion
1o AT'CA was calculated as a percentage by dividing the maximum
concentration of ATCA in each model over the total maximum
concentration of cyanide, thiocyanate and ATCA. Considering
that cyanide is distributed in the range of 70—96% In the red
blood cells, with the remainder in the plasma (25, 54), it was esti-
mated that ~0.10-0.78%, 2.46—9.19% and 0.60—3.7% of the
cyanide dose was converted to AT'CA in rats, rabbits and swine,
respectively. Although the calculation of the percentage of cyan-
ide conversion to AT'CA froin the current study is meant to be a
rough estimate and further studies should be undertaken to ac-
curately determine the amount of cyanide converted to ATCA,
our calculations are significantly lower than previously reported
estimates of 15—20% {(6) and are likely even overestimated for
swine and rabbits, due to SCN™ failing to reach a maximuam.
This difference is likely due to differences in experimental pro-
tocols, where Wood and Cooley (6) initially administered 20 mg
of L-cystine-5** via tail vein, and after 15 and 25 min, 1 mg of
NaCN was subcutaneously administered. 'The added 1-cystine po-
tendally ardficially increased the amount of ATCA generated.

1t 18 well knowmn that all biclogical samples contain endogen-
ous concentrations of cyanide and jts metabolites (4, 35-38).
Therefote, these concentrations were measuted in each aniimal
prior to cyanide exposure and are reported in. Table T, alongside
previous applicable work, In comparing the endogenous concen-
trations of CN, SCN— and ATCA, the concentrations found in cab-
hits are closer to those found in humans than the rats and swine.

If kidney rhodanese and endogenous cyanide concentrations are
indicators of similarity hetween buman and animal cyanide me-
tabolism, the rabbits would be more simifar to humans than gar
and swine. If the rabbit model approximates human behavior,
ATCA appears to be a promising candidate for eatly diagnosis
of cyanide poisoning. Specifically, ATCA shows similar behavior
relative to cyanide, it increases 40-fold above baseline concentra-
tions, does not metabolize further (11, 14, 39) and it 18 exceed-
ingly stable during storage of plasma samples (14, 20), someching
that is a serions issue for CN and SCN™ (4, 19). Although the ab-
bit model appears to be the closest to huinans In a number of in-
direct measurements, future work should address the absorption,
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distribution and elimination of ATCA in humans (e.g, fom nitro.
prusside patients) in parudle] with rabbits in order to confirm ap-
plicability of the rabbit to investigate human cyanide metabolism.
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Abstract An analyticd procedure for the simultaneous
determination of cyanide and thiocyanate in swine plasma
was developed and vdidated. Cyanide and thiocyanate
were ssmultaneoudy analyzed by high-performance liquid
chromatography tandem mass spectrometry in negative
ionization mode after rapid and ample sanple preparation
Isotopically labeled internal standards, NaC'®N and
NaS™C™N, were mixed wi h swine plasma (spiked and
nonspiked), proteins were precipitaied with acetone, the sam-
ples were centrifuged, and the supematant was removed and
dried. The dried samples were reconstituted in 10 mM ammo-
nium formate. Cyanide was reacted with naphthdene-2,
3-dicarboxaldehyde and taurine to form N-substituted
1-cyanoff]benzoisoindole, while thiocyanate was chemicaly
modified with monobromobimane to form an SCN-bimane
product. The method produced dynamic rangesof 0.1-50 and
02-50 pyM for cyanide and thiocyande, respectively, with
limits of detection of 10 nM for cyanide and 50 nM for
thiocyanate For qudity control standards, he precision, as
measured by percent rddive standard devidion, was bdow
8 %, and the accuracy was within +10 % of the nomind
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concentraion. Following vdidaion, the andyticd procedure
successfully detected cyanide and thiocyanate smultaneoudy
from the plasma of cyanide-exposed swine.

Keywords Bioanayss - Method vaidaion - Chemicd
warfareagent - Monobromobimane -
Naphthaene-2 3-dicarboxd dehyde

Introduction

The andyss of oyanide (as HCN or CN™, incdlusivey repre-
sented as CN) in biologicd fluids is of forengc relevance
because cyanide is a highly toxic chemica which blocks
termind dectron transfer by binding to cytochrome ¢ oxidase,
resulting in cyanide-mediaied histotoxic anoxia [1-3].
Cyanide is enzymdicaly metabolized in vivo to thiocyande
(SCN), in the presence of a sulfur donor (e.g., thiosulfate) [2,
3], asthe mgor metabolic pathway.

Severd andyticd techniques have been successfully per-
formed for theindividud andlysis of cyanide and thiocyande
from biologica fluids, incuding specirophotometry [4-6],
gas chromatography—mass spectrometry (GC-MS) [7-5] and
liquid chromatography [10-12]. While andyss of CN and
SCN™ can be paformed separatdy, considening the lage
number of samples produced for thergpeutic and other studies
involving cyanide, hereis a need for a rapid, accurae, and
reliable method which can smultaneoudy determine cyanide
and thiocyanate. Such an andy ica method should simplify
andyss and sgnificantly reduce labor costs. Al hough many
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Table1 Comparison of some

important features of available Study Andyticd technique  LOD (uM) Time

methods for simultaneous cya- - - o

nide and thiocyanate andysis CN SCN Total® (h) Aqal ys§’ Biofluid(s)
from biological fluids (min)

*Totdl estimated time induding Imlana'| etal.[14] HPLC-UV 0.2 02 10 30 Urine
somple preparation and fina Toidaet 4. [15] HPLCFLD 0.02 002 70 24 RBC/plasma
analysis Chineka et d. [16] IC-UV-FLD 0.0038 0086 15 30 Blood
PTime necessary for completion Paul and Smith[17]  GC-MS 1.0 50 09 6 Sdiva

of the anayticd technique (not  Bhandari etal. [13]  GC-MS 10 005 18 18 Plasma

including sample preparation)

methods exist for theindividual analysisof CN and SCN™[3],
few methods have been developed for their simultaneous
determination in biological fluids [13—17]. These methods
are summarized in Table 1. Imanari, Toida and co-workers
[14, 15] reported high-performance liquid chromatography
(HPLC) methods based on the Kdnig reaction [18, 19] for
andysis of CN and SCN™ in urine with spectrophotometric
detec ion [14] and blood with fluorometric detection [15]. For
both methods, CN and SCN™ were separated using a strong-
base anion exchange column and subsequently reacted with
chloramine-T, pyridine, and barbituric acid. Although the
Imanari et al. [14] method only required 1 h to complete, a
much longer sample preparation time, 7 h, was necessary for
the modification of this method for blood samples [15]. In
1998, Chinaka et d. [16] reported an ion chromatographic
method for the simultaneous determination of CN and SCN™
in blood, where CN was derivatized with ngphthalene-2,3-
dicarboxaldehyde (NDA) and taurine for fluorometric detec-
tion, while unreacted SCN™ was detected spectrophotometri-
cdly. While thismethod produced excellent limits of detection
(LODs) for CN and SCN™, the basdline found for SCN™ was
high, other anions common to blood were found to interfere
with SCN™ analysis, and the method took 1.5 h to complete. In
2006, Paul and Smith [17] reported amethod for simultaneous
andysisof CN and SCN ™~ using GC-MS after reaction of both
anions with pentafluorobenzyl bromide (PFB-Br). The meth-
od had a number of disadvantages, including relatively high
LODs, the method was only applicable to human sdiva, and
theinternal standard used did not correct for variations in the
derivatization reaction. Recently, we developed a similar
method for the simultaneous analysis of CN and SCN™ in
swine plasma using PFB-Br wi h GC-MS andysis [13]. The
method featured excellent accuracy, precision, and LODs.
However, the analysis time was long with an overdl analysis
time (sample preparation and GC-MS analysis) of approxi-
mately 2 h.

The goal of hework presented here was to develop arapid
and robust HPLC-MS-MS method for the simultaneous de-
termination of CN and SCN™ as a complementary method to
those dready established, with anticipated advantagesinclud-
ing rapid analysis time, low LODs, and high selectivity. The

@ Springer

developed method was gpplied to simultaneously determine
CN and SCN™in he plasma of cyanide-exposed swine.

Experimental
Materials
Reagents and standards

Sodium cyanide, sodium hydroxide (NaOH), and all solvents
(HPLC-grade or higher) were purchased from Fisher
Scientific (Fair Lawn, NJ, USA). Sodium thiocyanate was
purchased from Acros Organics (Morris Plains, NJ, USA).
NDA was obtained from Tokyo Chemical Industry, America
(Portland, OR, USA). Taurine was acquired from Alfa Aesar
(Ward Hill, MA, USA). Monobomobimane (MBB) was pur-
chased from Fluka Analytical through Sigma-Aldrich (St.
Louis, MO, USA). Ellman's reagent (5,5'-dithiobis 2-
nitrobenzoic acid) was obtained from Thermo Scientific
(Hanover Park, IL, USA). Isotopically labeled internal stan-
dards, NaS"™*C"™N and Na13C15N, were acquired from Isotech
(Miamisburg, OH, USA). Ammonium formate was purchased
from Sigma-Aldrich (. Louis, MO, USA).

Single cyanide and hiocyanate stock solutions (1 mM each)
were prepared and diluted to the desired working concentra ions
for al experiments. Stock solu ions of NDA (4 mM) and taurine
(50 mM) were prepared in methanol and deionized water,
respectively. Ellman's reagent (10 mM) was prepared in phos-
phate buffer (001 M, pH 7). A MBB solution (4 mM) was
prepared in 0.1 M borate buffer (pH 8.0). The NDA, taurine,
Ellman's reagent, and MBB solutions were stored at 4 °C in he
dark. (Note: Cyanide is released as HCN from solutions with
pH values near or below the pK 5 of HCN (pK ;=9.2). Thus, all
aqueous standards containing cyanide were prepared in 10 mM
NaOH and handled in a well-ventilated hood).

Biological fluids

Citrate anti-coagulated swine (Sus scrofa ) plasmawas obtain-
ed through the Veterinary Science Department at South
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Dakota State University and plasma from cyanide-exposed
swine was obtained from the laboratory of Dr. Vikhyat S.
Bebarta at Wilford Hall Medica Center (Lackland Air Force
Base, TX). For the cyanide-exposed swine, 11 swine (about
50 kg each) were intramuscularly injected wi h 1.7 mg/kg
potassium cyanide. Blood samples were collected (4 mL),
placed in EDTA tubes, and centrifuged to separate he plasma.
The plasma samples (500 pL) were then frozen and shipped
on ice to South Dakota State University. Upon receipt, dl
plasma samples were stored at -80 °C until andyzed. All
animd procedures were conducted with the guidelines stated
in “The Guide for the Care and Use of Laboratory Animals’
(National Academic Press, 1996). The research facility where
the plasma was gathered was AALAS (American Association
for Laboratory Anima Science) accredited and al the animal
protocols were approved by the appropriate institutiond re-
view board.

Methods
Sample preparation

Plasma (spiked or non-spiked, 200 uL) was added toa2 mL
micro-centrifuge vial along with 50 pL each of 100 uM
NaS™C™N and Na™®C™N. Acetone (400 pL ) was added to
the sampl e to precipitate plasma proteins and the vial was
vortexed for 2 min and then centrifuged for 5 min at
13,200 rpm (16,200x g; Thermo Scientific Legend Micro
21R Centrifuge, Waltham, MA, USA). An aliquot (500 pL)
of thesupernatant wasthentransferred toa4-mL glass screw-
top vial anddried under N (g) for 15 minat roomtemperature
(RT) (Reacti-vap 11, Pierce, Rockford, IL, USA). After dry-
ing, the sample was reconstituted with 200 puL of 10 mM
aqueous ammonium formate. NDA and taurine (50 pL each)
were added and mixed thoroughly to produce an N-
substituted 1-cyano[f]benzoisoindole (CBI) (Fig. 1). An

CHO
4+  HN-CHy-CH;SOjH + CN

CHO
Taurine

2H,0

CN
=
N—CH,-CH,-SO;H
=
CBI

Fig. 1 Schematic representation of the reaction of NDA and
taurine in the presence of cyanide to form an N-substituted 1-
cyano|f]benzoisoindole (CBI ) complex

aliquot (100 L) of Ellman's reagent wasadded to react with
free thiols in solution and vortex-mixed (1 min). MBB
(100 pL ) was then added to produce the SCN-bimane com-
plex showninFig. 2. Thesamplewasheatedonablock heater
(VWR International, Radnor, PA, USA) at 70 °C for 15 min.
Afterfiltration witha0.22 umtetrafl uoropol yethylenemem-
branesyringefilter,analiquotof thepreparedsample(100uL)
wastransferredintoascrew-top autosamplervial (2mL)with
a150-pL glassinsertforsubsequentHPL C-M S-M Sandysis.
The analysis of cyanide through reaction with NDA to form
CBI was originally suggested by Sano et al. [20]. To our
knowledge, the analysis of SCN™ using MBB to produce
an SCN-bimane product is first suggested here. In previ-
ous studies, it was thought that MBB reacts with free
thiols only [21, 22].

HPLC-MS-MS analysis

Prepared samples were simultaneously analyzed for CBI and
SCN-bimane (Figs. 1 and 2) using a Shimadzu HPLC (LC-
20AD, Shimadzu Corp., Kyotu, Japan) with a Phenomenex
Kinetex XB-C18 RP column (50x2.10 mm, 2.6 u 100 A)
protected by a Synergi 2.5 p Fusion-RP 100 A C18 (both
Phenomenex, Torrance, CA, USA) guard cartridge (10x
200 mm, i d.). Each chromatographic analysis was carried
out with mobile phase components of aqueous 10 mM am-
monium formate (mobile phase A) and 10 mM ammonium
formate in methanol (mobile phase B). An aliquot (10 pL) of
the prepared sample was separated by gradient flow at
025 mL/min and 40 °C. The concentration of B, initially
50 %, was increased linearly to 100 % over 3 min, held at
100 % for 1 min, decreased linearly to 50 % over 1 min, and
held constent for 2 min to re-equilibrate the column between
samples. An AB Sciex Q-trap 5500 MS-MS (Applied
Biosystems, Foster City, CA, USA) with multiple reaction
monitoring (MRM) was used to detect CBI and SCN-
bimane using electronspray ionization (ESI)-M S-MS operated
in negative polarity. Nitrogen gas (30 psi) was used as he
curtain and nebulization gas. The dwell time was 100 ms for
dl MRM transitions. Theion source was operated at —4,500 V
and 500 °C with neubilizer (GS1) and heater (GS2) gas
pressures at 40.0 and 60.0 psi, respectively. The collision cdll
was operated with an entrance potentia of -50 V and a cell
potentid of —7.4 V, with a medium collision gas pressure.

Calibration, quantification, and LOD

The cdibration and qudity control (QC) standards were pre-
pared from aqueous cyanide and thiocyanate stock solutions
(200 uM each). All the cdibraion standards for CN (0.01,
002,0.05,0.1,0.2, 05, 1, 2,5, 10, 20, 50, and 100 uM) and
SCN™ (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and
100 pM) were prepared in swineplasma. The peak areasignal
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Fig. 2 Schematic representation
of the MBB thiocyanate reaction
to form a SCN-bimane product

ratios (i.e., the peak area of the analyte transition divided by
the pesk area of the internal standard transition) were plotted
as afunction of cdibrator concentration. Both nonweighted
and weighted (1/x and 1/x?) linear cdibraion curves were
prepared by least squares and a nonweighted linear fit was
found to best describe the cdibration data for cyanide, with a
1/x2 weighted linear fit used for thiocyanate. A computer
workstation running Analyst™ software 1.4.1.
(Farmingham, MA, USA) was used for data acquisition and
peak integration.

The upper limit of quantification (ULOQ) and the lower
limit of quantification (LLOQ) were defined by investigation
of cdibrators which satisfied the following inclusion criteria
(1) a percent relative standard deviation of <10 % (as a
measure of precision) and (2) a percent deviation within
+20 % back-calculated from the nominal concentration of
each cdibration standard (as a measure of accuracy). Three
QC standard concentraions were prepared in swine plasma
for CN (0.3, 3 and 15 uM as low, medium, and high, respec-
tively) and SCN™ (0.7, 4, and 15 uM as low, medium, and
high, respectively) and were analyzed in quintuplicate (N=5)
each day for 3 days. These QC standards were andyzed in
pardld with the cdibration standards. Intra-assay precision
and accuracy of the me hod was assessed by analyzing repli-
cates of the QC standards from each day's analysis. Inter-assay
precision and accuracy of the method were calculated by
comparing the QC standards from three separate days. The
intra- and inter-assay investigations were performed within
seven cdendar days.

The LODs were estimated by andysis of multiple concen-
trations of CN and SCN™ below their respective LLOQ. The
LOD was defined as the lowest analyte concentraion repro-
ducibly producing a signal-to-noiseratio of 3 which contained
bo h MRM ftransitions. Noise was cdculated as the peak-to-
peak noise directly adjacent to the analyte pesk.

Selectivity, stability, and recovery

The ability to differentiate and quantify CBI and SCN-bimane
in the presence of other plasma components (assay sdl ectivity)
was determined by comparing blank swine plasma (triplicate)
wi h spiked swine plasma (15 uM, triplicate) by the procedure
described earlier. Matrix effects were also investigated by

@ Springer

o) 0 o o
HaC ! i
4 \ ,\/‘ / CHy + SCN'ﬁB:Hﬁ \ ,L / CH,
HC HaC
MBB

CHoBr CH,SCN

SCN-bimane

cregting a cdibration curve in aqueous solution and one in
plasma and evauating the similarity of the curves. There was
no significant difference between the two curves, indicating
that matrix effects were not important. Symmetry of the chro-
matographic pesks, as measured by pesk asymmetry (As),
was evaluated by dividing the front-width by the back-width
at 10 % pesk height [23].

The short- and long- term storage stability of cyanide and
thiocyanate was evaluated using swine plasma spiked with
high and low QC concentrations of each analyte. For short-
term stability, both the low and high QC samples were eva-
uated in the autosampler, on the bench-top, and under multiple
freeze—thaw (FT) conditions. The autosampler stability of CBI
and SCN-bimane was evduated for prepared cyanide and
thiocyanate QC standards (both high and low) after placing
the QC standards in the L C autosampler at 15 °C and analyz-
ing at approximately 0, 1, 2, 4, 8, 12, and 24 h. The bench-top
stebility of CBI and SCN-bimane was evaluated using QC
standards which were dlowed to stand at room temperature
(RT)for0,1,2,4,8,12, and 24 hprior toanalysis. FT stability
was evaduated by initially analyzing three aliquots each of the
high and low QC concentraions (i.e., the same day of sample
preparation) and then freezing and storing al standards at
-80 °C for 24 h. The standards were then thawed unassisted
at RT, andyzed and compared with the initid analysis. The
remaining standards were again frozen, thawed, and analyzed.
In total, this process was performed for hree FT cydles. It
should be noted that interna standards were added to the QCs
directly prior to sample preparation, exclusive of autosampler
stability, to correct for variations due to sample preparation
and instrumentd errors.

Both low and high QC standards were also used for long-
term stability studies. The QC standards were stored at
-80°C, -20°C, 4 °C, and RT. These standards were andyzed
in triplicate on the day hey were prepared, and after 1, 2, 5,
10, 20, and 30 days. Cyanideand thiocyanate were considered
steble if the cadculated concentrations were within 10 % of
the origind concentration.

The assay recovery of each compound was determined
from spiked swine plasma and spiked aqueous samples at
low, medium, and high QC concentrations. Recoveries of
cyanide and thiocyanate were determined as a percentage by
comparing peek aress obtained from the spiked swine plasma
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with spiked aqueous samples at the same concentrations. All
recovery experiments were performed in triplicate.

Results and discussion
HPLC-MS-MS analysis of CN and SCN™

The method presented includes the chemical modification of
CN and SCN™ with a mixture of NDA/taurine and
monobromobimane (MBB), respectively (Figs. 1 and 2), ina
one-pot sample preparation method. The mass spectra of
cyanide (as CBI) and thiocyanate (as SCN-bimane) produced
by ESI(-)-MS are shown in Fig. 3a, b, respectively, with the
major abundant ions identified. The nVz ratios of 298.6 and
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Fig. 3 ESI(-) product ion mass spectraof CBI (a) and SCN-bimane (b)
with identification of the abundant ions. Molecular ionsof CBI and SCN-
bimane [M—H]™ correspond to 298 6 and 248.0, respectively. Insets,
structures of CBI (a) and SCN-bimane (b) with abundant fragments
indicated

248.0 correspond to the molecul ar ion of the CBI complex and
SCN-bimane product of cyanide and thiocyanate, respectively
(IM—H]"). For cyanide, the 298.6— 190.7 and 298.6— 80.9
trensitions were selected as the quentification and identifica-
tion transitions, respectively, using the corresponding transi-
tions for isotopically labeled cyanide as internad standard
signals, 300.6—192.7 and 300.6—80.9. For thiocyanate,
the 248.0— 111.0 and 248 0— 124.1 transitions were selected
as the quantification and identification transitions, respective-
ly, while the corresponding transitions for |abeled thiocyanate
internal standard were 250 0— 111.0 and 250 0—126.1. The
optimized declustering potentia s (DPs) and collision energies
(CEs) for the detection of CBI were =70 and -25 V, respec-
tively. For SCN-bimeane, the optimized DPs and CEs were
-185 and —19 V, respectively. |denticd DPs and CEs were
used for the gpplicable isotopically labeled internd standards.
Representative HPLC-MS-M S chromatograms of cyanide
and thiocyanate, as CBI and SCN-bimane, are depicted in
Fig. 4. Initially, theandysisof SCN™ following MBB addition
was not possible because MBB reacted with abundant thiol
groups present in plasma, which competed with the MBB-
SCN reaction [21, 22]. Thus, Ellman's reagent was added in
excess to react with the free thiols in plasma, prior to MBB
addition, to alow increased producion of the SCN-bimane
complex. As seen in Fig. 4, the peak shapes for both thiocy-
anate (1.7 min) and cyanide (2.1 min) were sharp and sym-
metrica with peak asymmetries of 1.0 and 1.1, respectively.

2500 — 111.0

248.0 — 111.0

2500 — 126.1

2480 — 124.1

300.6 —192.7

Abundance (arbitrary units)

298.6 —190.7

300.6 — 80.9

298.6 — 80.9

12 14 16 18 2 22 24 26 28
Time (Min)

Fig. 4 HPLC-MS-MS chromatograms of 10 uM cyanide and 20 uM
thiocyanate spiked into swine plasma with intemd standard (50 uM
each). The chromatograms represent signal response to the MRM transi-
tions of cyanide (298 6—190.7, 298.6— 80.9, 300.6— 192.7, and
300.6—809) and thiocyanate (248.0— 1110, 248.0— 124.1, 250.0—
111.0, and 250 0—126.1). Thiocyanate and cyanide (as SCN-bimane
and CBI) euted from the column at approximately 1.7 and 2.1 min,
respectively
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Table 2 Comparison of the stability of the slope, R accuracy and
precision for cyanide, and thiocyanate andysisfrom spiked swineplasma
over 3 days

Andyte Day R2 Slope Accuracy (%) Precison
(%RSD)
CN 1 09997 0019 100+8.5 <75
2 09999 0018 100+84 <54
3 0999 0019 100+8.8 <6.5
SCN™ 1 0994 0022 100+5.9 <56
2 09997 0021 100+5.3 <6.8
3 09998 0020 100+6.1 <73

Overall, the sample preparation and analysis was rapid
and simple. The duration of sample preparation was approx-
imately 40 min, with he chromatographic andysis lasting
approximately 8 min (including equilibrium for hefollowing
sample), for a totd andysis ime of approximately 50 min.
Therefore, using conservative estimates, it is estimated that
approximately 170 parallel samples could be processed and
andyzed within a 24-h period. The duration of anadysis for
this method i s shorter than previous methods for simultaneous
andysisof CN and SCN™ (Table 1), and dthough the duration
of the Imanari etal. [14] and Paul and Smith [17] methods are
certainly comparable, these two methods were not used for the
andysis of plasma or blood.

Cdibration and quantification

Cdibration curves for cyanide and thiocyanate were construct-
ed in the range of 0.01-100 uM in swine plasma. For cyanide,
cdibration standards at 0.01, 0.02, 0.05, and 100 pM were
found to be outsde the LLOQ or ULOQ, while cdibration
standards at 0.01, 0.02, 0.05, 0.1, and 100 uM werefound to be
outside the LLOQ or ULOQ for thiocyanate, resulting in linear
dynamic ranges from 0.1 to 50 t0 0.2 to 50 uM, for cyanide and
thiocyanate, respectively. The linear ranges for boh cyanide
and hiocyanate are comparable to typicad bioandytical LC-
MS-M S methods, which generdly span at least two orders of
magnitude [24—26]. For both cyanide and thiocyanate, the

CBI

SCN-bimane

Abundance (arbitrary units)

KCN (1 7 mg/kg) exposed swine plasma

/N

Non-exposed swine plasma
T T T T T T T

12 14 16 18 2 22 24 26 28
Time (Min)

Fig.5 Chromatograms of potassium cyanide-exposed (1.7 mg/kg) swine

plasma (upper trace) and nonexposed swine plasma (lower trace), both

without interna standard. The chromatograms represent the signal re-

sponse of the MRM transition 298 6—190.7 and 248.0— 1110 m/z
transition for CBI and SCN-bimane, respectively

cdibration curves were found to be highly stable over 3 days
in terms of dopes and corrdation coefficients (Table 2).

LOD, accuracy, and precision

The accuracy, precision, and LOD for CN and SCN™ are
reported in Table 3. The LODs found for cyanide and thiocy-
anate are in the nM range; lower than methods previously
reported for simultaneous andysis of CN and SCN™ (Table 1).
While the significantly lower LODs for cyanide and thiocya-
nate in plasma are not necessarily essentid (i.e., significant
endogenous CN and SCN™ concentrations mitigate the need
for extremely low LODs), they should alow for quantification
of cyanide and thiocyanate concentrations in other biological
matrices where they may be present at extremely low levels.

Table 3 The accuracy, precision,

LOD, and recovery of cyanide Analyte  LOD  QC Concentration ~ Recovery  Intraassay Interassay
and thiocyanate analysis from (M) (uM) (%)
spiked swine plasma by HPLC- Accuracy Precision  Accuracy Precision
MS-MS (%)? (%RSD)®  (%)° (%RsD)?
CN 001 0.3 729 10075 11 100£7 2 15
3 816 100+8.4 73 100+9.4 54
15 83.1 100£7 3 22 100+4 2 41
2QC method validation (N=5) SCN™ 005 0.7 731 100+4.4 42 10053 6.8
for day 3 4 786 100£59 34 100£59 34
PMean of three different days of 15 808 10019 56 100£19 39

QC method validation (N =15)
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Our me hod produced excellent accuracy and precision for
dl the conditions tested. The accuracy and precision reported
in Table 2 is the aggregate of all QC standards for 3 days.
The accuracy was within 8.8 and 6.1 % of the nominal
concentration for CN and SCN™, respectively, and he preci-
sion was not higher than 7.5 % relative standard deviation
(RSD) for either CN or SCN™. Moreover, the absolute vaues
of the accuracy and precision were very consistent for each
analyte. The accuracy and precision reported in Table 3 was
caculated in aggregate for low, medium, and high QC stan-
dards analyzed on three different days. The intra- and inter-
assay precision and accuracy werebelow 8 % RSD and within
410 % of the nomina concentrations for dl intra- and inter-

assay andyses.
Stability and recovery

The short-term stabilities of cyanide and thiocyanate in swine
plasma were evaduated in the autosampler and on the bench-
top over 24 h. In the autosampler, both cyanide and thiocya-
nate demonstrated excellent stability for prepared samples,
with the measured concentrations within 10 % of the initid
concentration at all imes tested. On the bench-top, cyanide
and thiocyanate concentrations were stable for upto 1and 8 h,
respectively. In addi ion, the concentrations of cyanide and
thiocyanate were within 10 % of the origina concentration for
both low and high QC standards for only one FT cycle.

For long-term stability invesigations, both cyanide and
thiocyanate were evaluated for 1 month a —80, -20, and
4 °C. Cyanide was stable for 2 days at -80 and —20 °C but
was quickly eiminated from plasmaat 4 °C for both he low
and high QC standards. Thiocyanate was stable for 5 days a
-80 and —20 °C, and for 2 days at 4 °C. The results from
investigations of long-term stability suggest that both cyanide
and thiocyanate should be analyzed immediately. If this can-
not be done, the plasma samples should be frozen and ana-
lyzed within 2 days.

The limited stability of cyanide under typicd storage con-
di ions may be due to its volatile nature with rapid loss of
hydrocyanic acid from biological samples at pH va ues below
7-8 (HCN pK =9 2). Alternatively, cyanide can be produced
or utilized through single-carbon metabolism [27, 28]. Other
studies have implicated microbia metabolism for dteration in
CN levels [29-31]. It has been suggested that additives, such
as addition of silver ions or ascorbic acid, may increase the
stability of cyanide [29, 32], which may be an area of future
investigation. The instability of SCN™ could be due to thiocy-
anate protein binding, resulting in the loss of free thiocyanate
in plasma samples [8, 33].

The recoveries of cyanide and thiocyanate are reported in
Table 3 and ranged from 72 to 83 % for cyanideand 73-81 %
for thiocyanate. The recoveries for this method are similar to
previous reports [16, 17, 34].

Application of the method

Potassium cyanide-exposed swine plasma samples were col-
lected and anayzed for plasma cyanide and thiocyanate using
the method presented here. Figure 5 shows representative
chromatograms of potassium cyanide-exposed (1.7 mg/kg;
upper trace) and non-exposed (lower trace) swine. The peaks
for thiocyanate and cyanide were observed around 1.7 and
2.1 min, respectively, with the presence of endogenous con-
centrations detected in the nonexposed swine. In Fig. 5, the
non-spiked swine plasma contained small amounts of cyanide
(3.58 pM) and thiocyanate (4.35 uM). These levels were
attributed to endogenous concentrations which likely come
from multiple sources, such asdiet [3, 13, 35, 36]. Theassign-
ment of endogenous CN and SCN™ was verified by identica
retention times as compared with spiked plasma possessing the
quentitation and identification ions. Overall, the method per-
formed well for the diagnosis of cyanide exposure in swine.

Conclusions

A highly sdecive method featuring simple sample prepara-
tion with excellent accuracy and precision was deve oped and
vdidated in swineplasma. Thereported method has the ability
to simultaneously detect cyanide and thiocyanate at low con-
centrations and proved useful for their detection from the
plasma of cyanide-exposed swine. To our knowledge, this is
the first description of an HPLC-MS-MS method for the
simultaneous analysis of cyanide and thiocyanate from any
matrix.
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Determination of exposure o cyanide can be accomplished by direct cyanide analysis or indirectly by
atalysts of cyanide detoxification products, such as thiocyanate and 2-amnimo-2-thiazoline-4-carbokylic
acih. A porentially important marker and detoxification product of cyanide exposure, a-ketoglutarare
cyanohydrin (ce-KgCN), is produced by the reaction of cyanide and o-ketoglutarate. Theretare, an ultra
high-pertormance liquid chromatography tandem mass spectrometry method to determine a-KgCN in
plasma was developed. Swine plasma was spiked with a-KgCN and o-KgCN-d; (internal standard ) and
proteins were precipitated with 1% formic acid in acetanitrile. Alter centrifugation, the supernatant was
dried, reconstituted, separated by reversed phase high performance hiquid chirematography and analyeed
by tandemn mass spectrametry. The method produced a dynamic range of 0.3-50 M and a detection fimit
of 200 nM for w-KgCN. Furthermore, the method produced a XRSD of less than 13% for all intra- and inter-

Keywinids!

a-Ketoglutarate cyanohydrin
Liquid chromatography tanderm
Mass-spectromerry

Cvanide
Method developmen) assay analyses. The stability of «-KgCN was poor for most storage conditions tested, except for -80'C,
Bionmarkers which produced stable concentrations of a-KgCN for the 30 days tested. The validated method was tested

by analysis of ce-KgCN in the plasma of cyanide-exposed swine a-KgCN was not detected pre-exposore,
bur was detected inall post-exposure plasma samples tested, To our knowledge, this method is the first

reported analytical method for detecting a-KgCN in any matrix,

© 2013 Elsevier BV, All rights reserved.

1. Introduction

Cyanide exposure can pecur in a variety of ways, including acci-
dental, suicidal, or homicidal, General population exposure can
occur through smoke inhalation from cigarettes or fires, consum-
ing cyanogenic glycosides found in foods, and working in industrial
facilities that use cyanide | 1]. Furthermere, cyanide exposure can
alsp occur by the vse of cvanide as a chemical warfare agent [2].
Once in the body, the toxicily of cyanide stems [rom ils ability
to inhibit cytochrome c oxidase, thereby disrupling oxygen trans-
port to mitochondria [3). Therefore, the confirmation of cyanide
exposure is important t administer treatment in a timely fashion
and monitor health conditions alter exposure, The direct analy-
sis of cyanide to confirm exposure has serious limitations, due
to cvanide's volatility, reactivity, and short half-life in biological
fluids [4-G]. Cyanide exists as both hydrogen cyanide (HCN) and
the cyanide ion (CN ) which are in rapid equilibrium with each

* Corresponding author ar: SDSU, Box 2202, Brookings, SD 37007, USA.
Tel; +1 605 GBS 6698, fax: +1 605 GBS G364,
E-imail address’ briandoguedsidstarecdu (A Logue ).

1570-0232/(8 - see front matter © 2073 Elsevier BV, All fights reserved.
hetp:fds.doiorg! 100016/ jchromhb. 201 306,024

other. Under normal biological conditions, cvanide exists mainly
as HCN, which is extremely volatile and rapidly eliminated from
biological matrices [4]. If cyanide exists as CN-, it is nucleophilic
and will rapidly react with various species in biological matrices,
thereby eliminating free eyanide from the sample [7]. These limita-
tions have led to the exploration of biomarker analysis for indirect
determination of cyanide exposure,

Indirect analysis of cyanide has mainly focused around thio-
cyanate and 2-amino-2-thiazoline-4-carboxylic acid {ATCA), the
major products of cyanide detoxification. Thincyanate has shown
promise as a marker of cyanide exposure and various methods
exist tor the analysis of thiocyanate in biological Auids [6]. How-
ever, disadvantages of thiocyanate analysis for cyanide exposure
have been reported, Ballantyne reported that thiocyanate con-
centrations fluctuated during various sample storage conditions
and recovery of thiocyanate from whole blood was low [8]. Fur-
thermore, thiocyanate can be formed from metabolism of other
compounds besides cyanide |9). ATCA has alse shown promise
as an alternative marker of cyamde exposure and a few methods
have been developed for the analysis of ATCA in bielogical fluids
[7,10-12]. Although there is limited information on its relevance as
a biomarker for cyanide exposure, Petrikovics et al. suggested that
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O OH + HON =—— oH
o oKg oH  o-KgCh

Fig. 1. Proposed reaction pachway for the conversion of o-Kg ineo a-KeCN,

plasma ATCA might not be a good biomarker for cyanide exposiire
based on a toxicokinetic study in rats [13]. Conversely, ATCA has
been suggested as an advantageous marker of long-term low-level
cyanide exposure |7,10-12|. Other markers of cyanide exposure
include cyanide-protein adducts [3,14,15] and cvanocobalamin
| 16-18&]. Cyanide-protein adducts may serve as excellent 1ong-term
markers of cyanide exposure, but the utility of this marker for rapid
analysis has not been assessed, and the synthesis of the standards
for this technigque can be costly and demanding [19]. Although
cyanocobalamin is a potential marker, hydroxocobalamin, which
sequesters cyanide to form cyanocobalamin, is a treatment for
cyanide expostire [20-22]. Therefore, the use of hydroxocobalamin
as a treatment would convolute the use of cyanocobalamin as a
biomarker. Furthermore, detection of cyanocobalamin for cyanide
exposure is limited due to photodegradation [23,24]. Considering
the limitations concerning current biomarkers of cyanide exposure,
novel markers shiould be considered,

Cyanide is known to react with carbanyl compounds to form
cyanohydrins [25). In biological systems, cyanide is converted to
o-ketoglutarate cyanohydrin {(oc-KgCN) through an equilibrium
reaction with a-ketoglutarate (o-Kg) (Fig. 1) [6). Because a-Kg
resides in the plasma [26), the ability to determine concentra-
tions of a-KgCN may allow for verification of cyanide exposure,
Therefore, the objective of this project was to develop an analytical
method to determine cyanide exposure by detection of w-KgCN in
plasma. Because oral dosing of u-Kg has been shown te mutigate the
toxicity of cyamide exposure [ 25,27-30], this method should also be
beneficial in aiding studies of o-Kg as a therapeutic treatment lor
CN- poisoning.

2. Experimental
2.1. Reagenrs and materials

All reagents were at least HPLC grade, Sodium cyanide (NaCN)
and all solvents were purchased from Fisher Scientific ( Fair Lawn,
NI, USA). r-Kg and we-ketoglutaric acid-dg (a-Kg-dg) were pur-
chased from Sigma-Aldrich (5t Louis, MO, USA). LC/MS grade
formie acid was purchased from Thermao Scientific (Rackford, 11,
USA), Swine (Sus scrofa) plasma (non-sterile with sodium gitrate
anti-coagulant) was acquired from the Veterinary Science Depart-
ment at South Dakota State University. Cyanide-exposed swine
plasma was received from Wilford Hall Medical Center (Lackland
Air Force Base, TX), One animal {about 50 kg) was sedated, endotra-
cheally intubated, and maintained under anesthesia with inhaled
isoflurane, After acclimation, KCN (4 mg/mL) was infused intra-
venously (0,17 mg/kg/min ) until apnea. Arterial blood was sampled
at haseline, 5 min into cyanide infusion, at apnea, every 2 min after
apniea for 10min, and then every 10 min for 60 min. Whole blood
(20 mL) was withdrawn from the animal at each time point. The
blood {4 mL) was then placed into EDTA tubes and centrifuged to
separate the plasma from the red blood cells, resulting in a final
plasma volume of 1 mlL for each sample. The plasma was shipped
overnight on dry ice to South Dakota State University, where it was
immediately frozen upon arrival and stored at -80 C until needed.

2.2, Synrhesis of ¢-KgCN and a-KgCN-d,

a-KgCN was synthesized according to an adapted procedure of
Green and Williamson [31], by first adding «e-Kg and an equimao-
lar amount of NaCN to water and stirring at room temperature for
F0min. The resulting solution was filtered and the solvent was
removed by rotary evaporation to afford a white, sticky product.
Characterization was achieved by 1*C NMR, along with ESI-MS
operated in negative polarity mode. PC NMR (CD50D, 400 MHz):
§ 178, 120, 70. ESI[-}-MS: mifz 1720, 144.7, 101.0, 44.8. An
isntopically-labeled internal standard, a-KgCN-dy was synthesized
and characterized as described above for w-KgCN, with «-Kg-dg
replacing a-Kg. 1*C NMR (CD;0D, 400 MHz): § 178, 172, 122, 73.
ESI( —)-MS: mfz 176,1, 149.1, 105.1, 44.8. The characterization of
w-KgCN and w-KgCN-dy by '*C NMR did not show the presence of
w-Kg. Furthermore, Green and Williamson |31] reported that no
free acid (w-Ke) was evident in their final product

2.3. sample preparation

Swine plasma (100 pL) was spiked with internal standard (15),
0-KgCN-d4 (20 pL of 100 uM). and 1% formic acid in acetonitrile
(400 pL) to initiate protein precipitation. The resulting solution
(pH of approximarely 2), was then vortexed for Smin and cen-
rrifiged for 15 min ar 16,000 g (13,100 rpm, room temperatine)
After centrifugation, an aliquot of the supernatant was transferred
to a4 mb screw-top vial and dried under Na(g) for 20 min at reom
temperature (Reacti-vap HI, Pierce, Rockford, IL, USA). The volume
of supernatant transferred was evaluated at 100, 300, and 400 L,
with 300 pl producing the optimum LC conditions in terms of
peak symmetry and band broademing. After drying, the sample was
recanstituted with formic acid (10 L of 10 M) and water (300 L)
and was syringe-filtered (Teflon, 0,22 pm) to remove particulates,
The volume of water for reconstitution was optimized at 300 L,
based on peak symmetry and band broadening. After filtration,
an aliquot {100 L) of the filtrate was transferred to a glass insert
(150 L) which was placed in a screw-top autosampler vial (2ml)
and analyzed by ultra-high performance liquid chromatography
tandem mass spectrometry (UHPLC-MS-MS).

24. Analysis of u-KgCN

Analysis of a-KgCN was conducted by UHPLC-MS5-MS on a
Shimadzu UHPLC (LC-20AD, Shimadzu Corp., Kyoto, [PN) and an
AB Sciex Q-trap 5500 MS (Applied Biosystems, Foster City, CA,
USA) Samples were separated by reversed-phase (RP) chromatog-
raphy using a Phenomenex Synergi 2.5 . Fusion-RP 100 A column
(200 « 50mm) (Phenomenex, Torrance, CA, USA). Mobile phases
consisted of 1% formic acid in HyO (mobile phase A, pH 2.1) and
1% formic acid in MeOH {maobile phase B). An aliquot (10 ul) of
the sample was separated by gradient flow at 40 C with a flow
rate of 0.15 mL{min. The concentration of B was increased from D%
to 100% over 2 min. held at 100% for 1 min, and then ramped back
down 1o 0% over 1 minand held constant for 2 min w re-equilibrace
the column between samples, Detection of a-KgCN was achieved
using electrospray ionization (ESI-MS-MS operating in negative
polarity. Mx (50 psi) was used as the curtain gas. The ion solrce was
operated at —4500V and a temperatire of 750 Cwith a flow rate of
90.0 psi for both the nebulizer (GS1) and heater (GS2) gasses. The
collision cell was operated with an entrance potential of -10.0V
and a collision potential of -11.0V at a medium collision gas (MNy )
flow rate. w-KgCN and o-KgCM-d4 were analyzed in the MS by mul-
tiple reaction monitoring {MRM] with the parameters outlined in
Table 1.
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Tahle1

Selectad MRM transitions, optimized declustering potentials (DPs) and collision energies {CFs) for the detection of c-KgCN and a-KgCN-dy by MS-MS analysis.
Compounds Q1 Mass {m/z) Q3 Mass (mfz) Time {ms) DP{V) EMW
&-KgON (quarttitation) 1720 1451 400 —2647 -11.53
&-KgON (ldentificatiorn) 1720 57.0 400 —-3233 —24.82
&-KgON-d4 (quantitation) 176.1 145.0 400 —26.52 -13.28
&-KgON-d4 (identification) 176.1 f1.2 400 —31.76 —29,00

2.5. Calibration and quantification

a-KgCN spiked swine plasma calibration standards (0.2, 0.3,05,
1,3, 5, 10, 30, 50, 100, and 300 wM) were prepared and analyzed
to evaluate the linear range. Quality control (QC) standards at low,
medium, and high concentrations (0.75, 4, and 20 pM) were used
to determine the inter- and intra-assay accuracy and precision. The
intra-assay accuracy and precision were determined over 1day
with quintuplicate analysis of each QC standard, and inter-assay
accuracy and precision were evaluated over 3 days {within a9 cal-
endar day period] with quintuplicate analysis of the QC standards
each day.

2.6. Stability and recovery

The stability of o-KgCN in swine plasma was assessed at each
storage condition using low (0.75 M) and high (20 p.M) QC stan-
dards (each in triplicate), Short-term stability experiments were
evaluated for the stability of a-KgCN in the autosampler (prepared
samples), on the bench-top, and over multiple freeze-thaw cycles,
For autosampler stability, QC standards were prepared, placed in
an autosampler at 15°C, and analyzed at 0, 2, 4, §, 12 and 24h,
For bench-top stability, the QC standards were allowed to stand
at room temperature for 0, 2, 4, 8, 12 and 24 h prior to analysis.
Freeze-thaw stability was conducted over three cycles after the QC
standards were initially analyzed {cydle 0). Each cycle consisted
of storage at —80°C for 24 h, thawing the standards unassisted at
raom temperature, preparing and analyzing the applicable QC stan-
dards, and refreezing the remaining (non-analyzad) standards. This
protocol was continued until threa cycles had elapsed. Long-term
stability experiments were also conducted under various storage
conditions (—80, —20 and 4 °C) for various times (0, 1, 2, 5, 12, 20,
and 30days). Low and high QC standards were prepared and stored
at the desired temperature until analyzed.

Recavery experiments were conducted in order to determine
the ability of the sample preparation protocol to extract o-KgCN
from swine plasma. Swine plasma was spiked with o-KgCN at low,
medium, and high QC concentrations and compared to aqueous ce-
KgCN samples at the same nominal concentrations. The recovery
was calculated as a percentage by dividing the concentration of
the low, medium, and high QC standards in plasma {n=>5 for each)
against the same concentration of aqueous a-KgCN (n=5 for each).

2.7. Data analysis

Calibration curves were developed by plotting the ratio of the
MRM (172.0-145.1m/z) peak area for the analyte {o-KgCN) and
the MRM (176.1-149.0m/z) peak area for the internal standard
{c-KgCN-d4) as a function of the a-KgCN concentration (pM) in
plasma. Both weighted (1/x and 1/x2) and unweighted calibration
curves were prepared by least squares and a weighted [1/x2) lin-
ear fit was found to best fit the calibration data as determined
by the inspection of residual plots. The limit-of-detection [LOD)
was determined at a signal-to-noise ratio of 3 over 3 separate
days of analysis (n=5 for each day) with baseline noise calcu-
lated as peak-to-peak noise directly adjacent to the a-KgCN peak.

Precision was calculated as a percent relative standard deviation
(%RSD) by dividing the standard deviation by the mean for each cal-
ibrator and QC standard. Accuracy (%) was determined by dividing
the calculated concentration by the nominal concentraticn for each
calibrator and QC standard. A #RSD of less than 15% and a percent
accuracy of 100 4 20% were used as criteria for inclusion of calibra-
tion standards and determination of the ULOQ and LLOQ, Stability
was calculated as a percentage by dividing the concentration of the
QC standard (low or high) from each time point {(days or hours) by
the concentration of the QC standard at time zero (the contrel). The
«-KgCN was considered stable under a particular storage condition
if this ratio was =85%,

3. Resulis and discussion

3.1. Analysis of a-KgCN from swine plasma

The mass spectra of o-KgCN and a-KgCN-d, produced by ESI{—)-
MS are shown in Fig. 2. Fig. 2A shows the mass spectrum of o-KgCN
with the ions important for the analysis of ce-KgCN identified. The
m|z ratio of 172.0 corresponds to the molecular ion of a-KgCIN with
theloss of a proton {[M—H]~). The mjzratio of 144.7 corresponds to
the molecular ion of the precursor, ¢-Kg, minus a proton. The m/z
ratic of 101.0 corresponds to the loss of a carbaxyl group from «-Kg.
The mjz ratio of 44.8 is a common fragment for a carboxyl group.
ESI(—)-MS was also conducted on a-KgCN-d; and its mass spec-
trum is shown in Fig. 2B. a-KgCN-d, showed similar fragmentation
compared with a-KgCN with the exception of a mass difference of
+4 mjz for each major fragment, besides m/z 44.8, because of the
replacement of 4 hydrogen atoms with deuterium atoms in the
labeled compound.

Fig. 3 shows representative chromatograms of o-KgCN spiked
swine plasma and cyanide-exposed swine plasma (pre- and post-
exposure), The a-KgCN elutes at approximately 1.6 min with some
degree of tailing, which is most likely caused by the interaction of
exposed silica support with a-KgCN. The tailing did not interfere
with quantification of a-KgCIN. Furthermore, the method shows
excellent selectivity for a-KgCN as shown by the absence of co-
eluting peaks in the pre-exposure swine plasma chromatogram. In
fact, no other peaks are seen in the pre-exposure swine plasma
chromatogram.

3.2, Linear dynamic range

Standard curves were generated in the range of 0.2-300 pM
a-KgCN in swine plasma, Calibration standards at 0.2, 100, and
300 pM were found to be outside the LLOQ or ULOQ, resulting in a
linear dynamic range from 0.3 to 50 LM as described by a weighted
(1/%3) curve validated over 3 separate days of analysis (within 9
calendar days). Therefore, the dynamic range of a-KgCN in swine
plasma is over 2 orders of magnitude, The LOD was found to be
200 nM o-KgCN in swine plasma validated over a 7-day period with
3 separate days of analysis (n =7 for each day).
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3.3, Accuracy and precision

The intra- and inter-assay accuracy and precsion were evalu-
ated for low, medium, and high QC standards over 3 days of analysis
(Table 2), The method produced good accuracy and precision for the
concentrations tested, with intra-assay precision =11% and inter-
assay precision <13% for all QC standards, and accuracy within
4+10% of the nominal QC concentration. The accuracy and preci-
sion of analytical methods are typically considered acceptable if the
#RSD [precision) is less than 15% and the percent accuracy of back-
calculated concentrations is between 80% and 120% as compared
to the nominal concentration,

3.4. Stability and recovery

The short-term stability of a-KgCN in swine plasma was avalu-
ated on the bench-top and in the autosampler over 24 h, Prepared

samples of w-KgCN exhibited excellent stability in the autosampler,
with no more than 15% deviation from the control. Furthermore,
freeze-thaw experiments showed thal a-KgCN was stable in swine
plasma at —80 *Cover the 3 cycles tested. Conversely, the bench-top
stability of o-KgCN was poor with a-KgCN concentrations falling
significantly below BS¥ of the control within 2h, showing that
m-KgCN is quickly eliminated from swine plasma at room temper-
ature.

The long-term stability of o-KgCN was evaluated for 30 days
at —80, —20 and 4°C. The a-KgCN was stable for 30days at
—80°C, for 1day at —20°C, and was quickly elirmpated at 4°C,
for both low and high QC concentrations. The results of the
long-term study suggest that a-KgCN spiked swine plasma sam-
ples should be stored at —80°C when possible. If samples need
to be stored at —20°C, they should be analyzed as soon as
possible, Storage at =—20°C is not recommended for plasma
samples.
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Table 2
The accuracy and preciiion of -HEON in swine plasma by UHPLC-MS-M5.
Nominal concentration | M) Intra-assay acouracy (X inter-azsay accuracy (X Intra-2ssay precusion {[XRSD Y Inter-assay precision [ SREDPF
07s 100 97 n | 4]
4 e 104 L1 13
0 107 104 540 54

“ Mean for 1 day of vahdation (a=3)
¥ Mean for 3 davs of validation (1= 15}

Spiked (1 pM)

|
|
‘ Post exposure
|

| Pre-exposure
I T T T T T

0 1 2 3 4 5 6
Time (min}

Fig. 3. Chromatograms of o-KgtN spiked swine plasma (upper trace) and the

alasma of cyanide. SwiinE, pr {lowees trace). and post-exposwie
{middle trage). The b 1 I e ipmal resp of thie MRM tran-

sition 1720+ 1451 mfz.

The recovery of a-KgCN from swine plasma at low, medium,
and high QC concentrations was 14%, 22%, and 27%, respectively.
Acidification of the swine plasma before spiking in o-KgCN, did
not significantly increase the recovery (25%, 23%, and 30% for low,
medium and high QC standards. respectively). Heating the swine
plasma to precipitate proteins and cooling back to room tempera-
ture before spiking in a-KgCN actually decreased the recovery [7%,
4%, and 4% for low, medium, and high QC standards, respectively)
Because enzyme activity should at least be reduced when heating
and acidifying the plasma, the consistently low recovery is most
likely due to facile equilibrium between a-Kg and a-KgCN. Conse-
quently, cyanide may undergo various side reactions that remove
it from the swine plasma such as protein binding [3,14], ATCA for-
mation |7 32], or evaporation of HCN [4,33]. Further experiments
will be considered tn address these concerns. A potential avenue
fior future research in this area would be to compare w-KgCN spiked
aqueous and plasma samples by mass spectral analysis mehicidate
reactions invalving a-KgCh.

1.5, The analysis of cyanide

d swine plasma

The described method was applied to the analysis of a-KgtN
in plasma samples obtained from cyamide-exposed swine. Fig. 3
shows representative chromatograms of plasma colleceed from
swine before and alter cyanide exposure, The peak for a-KgCN
observed around 1.6min and the absence of co-eluting peaks in
the pre-exposed swine sample indicate that the analysis is selective
for a-KgON, Overall, the resulls indicate that the analytical method
presented can be used to quicily and easily analyze a-KgCN in the
plasma of cyanide-exposed swine.,

36, a-KgON as o marker of cyanide exposire

The suggested use ol oa-KgON as a cyanide biomarker was
confirmed with the observation of «-KgCN m the plasma of

cyanide-exposed swine after exposure (Fig. 3), The major advan-
tage of using a-KgCN as a blomarker is that it was not detected
endogenously in the plasma, The disadvantages of using a-KgCN as
acyanide marker are poor recovery and limited stability in plasma.
Although the stability of t-KgCN was poor under most conditions,
it was shown to be stable for at leasc 30 days at —B0 *C, which is sig-
nificantly better than cyanide and thiocyanate in plasma (found to
be stable for 2 and 5 days, respectively |34]) but worse than ATCA
(found to be stable for at least 3 months under a variety of stor-
age conditions | 7)), Further studies on the toxicokinetic behavior
of c-KgCN were undertaken in order to further evaluate its use as
a marker of cyanide poisoning [35].

4. Conclusions

An analytical method for the determination of n-KgCN, a poten-
nal alternative marker of cyanide exposure, was created and
validated. This method shows the ability to detert o KgON in swihe
plasma at low concentrations, as indicated by an LOD of 200 nM.
Furthermore, a-KgCN can be quantified accurately and precisely
in swine plasma, at sub-puM concentrations. The mathod allows
w-KgCN to serve as a biological marker for cyanide exposure and
should aid in studies of therapeutic treatment of cyanide exposure
with a-Kg. Future work will include the applicanon of the method
to analyze a-KgCN from the plasma of cyanide-exposed swine and
investigations pertaining to the low recovery of a-KgCN from swine
plasma. To our knowledge, the method developed here is the first
reported analytical method for detecting the cyanide detoxification
product, a-KgCN, in any matrix.
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* The roxicokinetic behavior of n-KgCN in swine was investigared.
* Measuring plasma i-KgCN provides definitive confirmarion of cyanide exposure.
* Treatment of cyanide poisoning wirh cobinamide renders o-KgCN an ineffective diagnostic marier,
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Poisoming by cyanide can be verified by analysis of the cyamide detoxification product, a-ketoglutarate
cyanohydrin (o-KeCN), which s produced from the reaction ol cyamde and endogenous a-ketoglutarate.
Although a-KeCN can potentially be used to verify cyanide exposure, limited toxicokimetic data i
cyanide-poisoned animals are available, We, therefore, studied the toxicokinetics of w-KgCN and com-
pared its behavior to other cyanide mietabolites, thiocyanate and 2-amine-2-thiazoline-4-carboxylic
acid (ATCA), in the plasma of 21 Yorkshire pigs that received KON (4 mg/mL) intravenously {IV)
(0,17 miglkg/min}, a-KgCN concentrations rose rapidly during KCN administration until the anset of
apnea, and then decreased over time in all grovps with a half-life of 15 min, The maximum concentrations
of a-KgCN and cyanide were 2,35 and 30,18 pM, respectively, suggesting that only a small fraction of
the administered cyanide s converted o a-KgCN, Although this is the case, the w-KgCM concentration
increased =100-fold over endogenous concentrations compared to only a three-fold increase for cyanide
and ATCA, The plasima profile of «-KgCN was similar to that of cyanide, ATCA, and thiocyanate. The
results of this study suggest that the use of a-KgCN as a biomarker for cyanide exposure is best suited
imnmediarely following exposure for instances of acute, high-dose cyanide poisoning,

© 2013 Elsevier Ireland Ltd, All rights reserved,

1. Introduction

produces roxic effects by binding to the iron and copper in the
active site of cytochrome ¢ oxidase, thereby inhibiting the enzyme

Cyanide can be found in food (Vertter, 2000), smoke from fires
(Becker, 1985; Brenner el al., 20104; Purser et al., 1984), and
cigarettes (Xu et al,, 2011, 2012), and industrial facilities (Ma and
Dasgupta, 2010; Smith et al,, 2010; Zdrojewicz et al, 1996), It is
easily procured and could be used as a weapon of mass destruc-
tion (Viswanath and Ghosh, 2010). Human exposure to cyanide

Abbreviarions: w-KgCN, « vn-Kg o
* Corresponding author at: Department of Chemistry and Biochemistry, South
Diakora State University. Box 2202, Brookings, 5D 57007, LISA, Tel.: <1605 G688 G698:
fux; *1 GD5 GBB 6364,
Ecmall address; briandogued@sdstate edu (BA, Logue).

0378-4274/8 —see front matter © 20113 Elsevier Ireland Lid. All rights reserved.
heep:f [dx.doiorg/ 10,1016/ foxler. 2013.07 008

(Baskin et al., 2004). Depending on the dose, this can result in his-
rotoxic anoxia (Baskin et al., 2004), cellular hypoxia (Conn, 1978),
respiratory failure (Conn, 1978; Fasco et al,, 2007; Way, 1984), and
eventual death. Because cyanide is a rapidly acting poison, and
cyanide exposure is relevant to both the military and public sec-
tors, toxicokinetic information on cyanide and its detoxification
products is important for understanding the behavior of cyanide
following exposure. Cyanide can be metabolized and detoxified
through a number of routes, including those outlined in Fig. 1,
The two major routes of cyanide detoxification are conversion to
thiocyanate in the presence of a sulfur donor (Ansell and Lewis,
1970; Baskin et al., 2004) and production of 2-amino-2-thiazoline-
4-carboxylic acid (ATCA) from reaction with cystine {Ansell and
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Lewis, 1970; Nagasawa et al., 2004). As an alternative detoxifica-
tion pathway, cyanide can react with endogenous «-ketoglutarate
(-Kg) to form a-ketoglutarate cyanohydrin (c-KgCN) (Baskin
et al,, 2004; Baskin and Brewer, 1997) in animals. This detoxi-
fication pathway is likely important when the thiocyanate and
ATCA pathways are overwhelmed, and will be investigated in this
study.

Evaluation of the toxicokinetic behavior of cyanide and its
hreakdown products provides insight into the best marker for ver-
ification of cyanide exposure. Such studies have been conducted
for cyanide (Dirikolu et al., 2003; Leuschner et al,, 1991; Sousa
et al. 2003) and its major detoxification products, thiocyanate
(Leuschner et al., 1991; Sousa et al., 2003) and ATCA (Petrikovics
et al, 2012), in various animal models. The results of these studies
are presented in Table 1. Leuschner et al. (1991) investigated the
toxicokinetics of cyanide in rats following acute potassium cyanide
exposure by gavage at 1.0mg KCN/kg body weight, The time of
peak concentration (Tmay ), 2 min, suggests that cyanide is rapidly
distributed with this mode of exposure. Leuschner et al. [ 1991 ) also
performed achronic cyanide exposure study over a 13-week period.
In that study, the blood cyanide concentrations ranged from 16.0 to
25.5 pM and the thiocyanate plasma concentrations ranged from
341 to 877 pM forrats given IKCN at 160 mg/kg body weight per day
in drinking water. The results of the 13-week study suggested that

Tabile 1

Toxicokinetic parameters for cyanide, thiocyanate, and ATCA in rais and swing. G,
Tine anth £y ave designated as the peak blood or plasima concentration, pedk Gme,
and climination hall-fife, respectively,

Species Analyre! Car (1M} Tinan [min) Ty (rmin}

Rats Cyanide 6.2, 89.0° 29,155 147, 38°
Thiocyanate 581 60 348°
ATCA 18.5¢ 1200 1507

Swine Cyanide 57,5 30F 32
Thiocyanate 42.8 3600 297

* Cyanide was analyzed from whaole blood, and thiocyanate and ATCA were ana-
Iyzed from plasma.

B Leuschoer eral, (1997),

< Sousa et al, {2003 )

U Petrikovics et al (2012

chronic cyanide exposure at the dose used does not lead to satu-
ration of cyanide detoxification pathways [Leuschner et al., 1991,
Sousa et al, (2003) evaluated the toxicokinetics of blood cyanide
and plasma thiocyanate in rats and pigs following oral potassium
cyanide exposure at 3.0 mg KCNfkg body weight; overa 24 h period,
blood cyanide concentrations ranged from 0.5 to 89.0 pM and 1.0 to
57.5 wM, and thiocyanate plasma concentrations ranged from 19.0
to 58.1 uM and 18,0 to 42.8 uM, in rats and pigs respectively, The
results of this study suggest that about 65-75% of absorbed cyvanide
is converted to thiocyanate, which is in close agreement with the
B0% predicted by Ansell and Lewis (1970). Petrikovics er al. (2012)
studied the toxicokinetics of ATCA n rats following intravenous (V)
injection of ATCA at 100 mg/kg body weight, Although this study
did not address the in vive generation of ATCA from cyanide expo-
sure, it is one of the first studies to address the distribution and
elimination of ATCA. The plasma ATCA ranged from 0.96 to 18.5 M,
and showed a consistent 5-fold increase over endogenous concen-
trations between 2.5 and 48h post-exposure (Petrikovics et al.,
2012). These findings suggest that the use of ATCA as a biomarker
is promising, but further evaluation of the toxicokinetics of ATCA
following cyanide exposure should be undertaken.

Recently, Mitchell et al, (2013} established an analytical method
to quantify the cyanide detoxification product, a-KgCN, but a tox-
icokinetic profile of w-KgCN following cyanide exposure has not
been performed. Knowledge of «-KgCN's toxicokinetic profile will
provide a better understanding of cyanide's absorption and elimi-
nation by this alternative pathway and might show thata-KgCN has
advantages over other markers of cyanide exposure for verification
of cyanide exposure. Therefore, we completed a toxicokinetic anal-
yais o a-KgON in porassium cyanide-exposed swine and compared
it with data for cyanide and its other detoxification products. We
also studied the behavior of cyanide and its detoxification products
duning administration of cobinamide, a next-generation treatment
for cyanide exposure (Brenner et al., 2010a,b; Broderick et al., 2006;
Chan et al,, 2010, 2011; Zou et al,, 2012). Furthermore, «-Kg has
been suggested as a cyanide antidote (Bhattacharya et al,, 2002;
Bhattacharya and Vijayaraghavan, 1991, 2002; Hume et al,, 1995;
Mathangi et al,, 2011; Norris et al,, 1990; Tulsawani et al,, 2005),
and the results of this study may be important for a-Kg therapeutic
studies.
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2. Experimental
2.1, Reagents amd materials

Ml reagents and materials were at least HPLE grade. a-KpCN and - KgCN-dy
were synthesized as previowsly reported (Mitchell et al, 2013), Labeled thiocyante
(NaSYCY N and eyanide (Na''CUN ) were acguived from Isutech [Mi hurg, OH).
Labeled ATCA-d; was synthesized in the lab of Dr. Nagasawa at the Depariment of
Veterans Affalrs Medical Center (Minneapols, MN). Aquohydroxocobinamide was
synthesized as described previously, and converted to a dinitro derivative by adding
twe molar equivalents of sadium pitrite (Chan et al,, 2010, 20017, Sedinm cyanide,
sodium terrabiorare decahyvdrate, sedium hydroxide, and Millex¥ -GV syringe filters
(0.22 uM) were purchased from Fisher Scientific(Fair Lawn, N] 1. Sediym thiocyanate
was obtained from Acros Organies (Morrs Plaing, N Formic acid (LC/MS grade ) and
pentafluorobenzyl bromide (PFB-Br) were abtained from Thermo Scentific (Rock-
foord, IL). Tetrabutylammonium sulfate (TBAS) was purchased from Sigma-Aldrich
(5t Louis, MO). ATCA was obtained from Chem-lmpex International | Wood Dale, IL).
Dasis mixed-mode cationic exchange {MCX) columns were acquired from Waters
Corporation (Milford, MA). N-methyl-N- laylsiiyl-trifluoroac idde {MSTFA)
was acquired from Flerce Chemical Company (Rockford, IL)

22 Animal studies

The animal studies were conducted at Wilford Hall Medical Center | Lackland
Alr Force Base, TX) in accordance with The Guide for the Care and Use of Laboratory
Animals, and were approved by the Wilford Hall Clinical Research Division Institu-
tiomal Animal Care and Use Commities; Wilford Hall 15 accredited by the Amenican
Assoclation for Laboratory Animal Science, A total of 31 Yorkshire pigs (~50kg)
were sedated, intubated, and 1 with isofl KCN was inj }intra-
venously ar 0,17 mgfka/min until apnes occurred, Ar one minute post-apuea, the
animals received cither saline by IV injection (cantrol group, N=111or 125 mg/lig
cohiparmide by IV (M= 10) or intraosseous (10) (N = 10} inection, Arternal blood was
sampled prior to cyanide exposure, 5 min after the start of cyanide infusion, at apoea,
anel ar 2,4, 6,810, 20,30, 40, 50, and 60min post-apnea, EDTA was added o an
aliquot of blood, and the plasma was separated from the red bloud cells by cen-
trifugation and shipped on ice 1o South Dakota State University, Upon receipt, the
EDTA-trealed plasma was frozen and stored al —80° C until used.

2.3 Prepuration amd analysis of swine plasima for e-KeCN

Plagma was prispared apd analyzed for re-KeCN according to.a previously csrab-
lished method (Mitchell ef al, 2003 Briefly. 1% formic acid in acetonitrile was
added o the plasma, and the precipitate was removed by centrifugation. The result-
ing supernatant was concentrated by drying under Na(g] and then reconstituted
in aqueous formic acid, The reconstituted sample was analyzed using wlivahigh-
performance liguid chromatography tandent mass spectrometsy, and o-KgCn was
quantihied by monitoning the 1720 to 1451 myz transiion,

2.4 Prepararion and apafvsis of swine plasiia for cyanide and thiocyanare

Cyanlede and thivcyanate were ously according to Bt i
e al. (2012 Briefly, retrabutyl ammonium sulfaie and pentafludrobenzyl bromide
(PFB-Br) werne added to plasma, followed by vorlesang for 2min, and heating at
T0°C for 11 Samples were then centrifuged at 9300 « g for 4 min, and the organic
layerwas analyzed by chemical ionizgation gas-chromatography mass-spectromerry
[GE=-MS) with (ons 208 and 290 my/z selected lor quantification of PFB-CN and PFR-
SCN, respectively,

25 Preparation and onolysis of swine plasmao for ATCA

Masmi was analyzed for ATCA according to Logue et al, (2005} Brieflly, proteins
were precipltated trom the plasma by addition of 1% HCHm acetone (viv], The super-
natant was diluted with 0.1 M HCl and applied to a mixed-mode cation exchange
solid plase extraction column, Afrer washing the columm, ATCA was eluted using
NHOH:CHLOHH0 (25:50:25) in 0.1 M KO, and the samples were dried at 40°C
MSTFA in hexane (30% /v was added to the dried samples, and they were heated
at 30 Clor 1h to chemically modify ATCA to ATCA-(TMS), far GC-MS analysis with
jom 362 mfz used for quantification.

26 Toxicokmetc and data analysis

Toxicokinetic paramerers were determined according to methods described by
the World Health Orgamzation ( 1986 and Shargel et al. (20051, Analysis of o-KgCh
was completed with a one-compartment model, with Cuu, T, b5 and ¢limina-
tion constants (K, obtained from the concentration=time curves. Area under the
curve (JAUCT) after apnea was also determined from the concentration-time curve
using the trapezoidal rule (Shargel et al., 2005 ). Cru/Chuetine Was determined by
dividing the i plasma con ion by the baseline concentration, The
w-KgCM data for the cobinamide and contral ammals were anafyzed with a one-
way analysls of variance and Bartlert's test for equal varances, wiich showed a

8 —e—cantrel
===V cobnamide-treated

4 |0 cobinamide-reated

Concentratian (M)
e =
o

Concentration (uM)

a 5 10 15 20
Time {min)

E 10 15 20 25 30 35 40 45 50 55 80
Time (min}

Fig. 2. Toxicokinetic profile of w-KgCN i contyol, IV cobinamide-treated, and 10
cobinamide-treated swine. Apnea, pre-exposure and 5min infusion sample points
are devignated as “time 0. =10, and =5", respectively. The plasma sampled at time
2010 Wwas diawn pror to treatment, the —10 time point was obtained before mfu-
sion and the -5 time point was collected 5 min after exposure, Ermor bars denote
standard error of the mean (SEM]. Inser: “zoomed” representation of the plasma
concentrations from 2 to 20 min post-apnea.

significance difference among the three groops, Therefore, two-talled upparred (-
tests with Welch's correction were applied to each fime point to evaluate statistical
differences between the groups.

3. Results
3.1. Behavior of w-KgCN after cyanide expositre

The plasma «-KgCN concentration similarly increased in all
three experimental groups during cyanide infusion, but decreased
with different kinetics after cyanide was stopped (at the onset of
apnea) and cobinamide was injected (Fig. 2). In the control saline-
treated group (solid line), the w-KgCN concentration showed a
typical exponential decrease for the duration of the experiment.
In the group treated with IV cobinamide (dashed ling), o-KgCN
concentrations showed a more rapid decrease compared to the con-
trol group, In the group treated with 10 cobinamide {dotted line),
the a-KgCN concentrations fell at a similar rate to the 1V-treated
aroup, but the concentrations did not fall quite as low and were
still well above baseline up to 10 min post-apnea. Significant differ-
ences between the control and IV cobinamide-treated groups were
ohserved al all points except -5 and 0 min, Significant differences
between control and 10 cobinamide-treated groups were observed
4t —10, =5, 20, 30, and 50 min, In contrast, significant differences
between the IV and 10 cobinamide-treated groups were only found
pre-apnea.

3.2, Comparison of the toxicokinetic profile of o-KeCN, cyvanide,
thiecyanate, and ATCA

The toxicokinetic profile of w-KgCN, ATCA, and cyanide in
control animals were generally similar, with the exception that
plasma cyanide concentrations were considerably higher com-
pared to ATCA and «-KgCN (Fig, 3). Also to be noted is that plasma
ATCA did not decrease as rapidly as a-KgCN, likely because ATCA
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Fig. 3. Toxicokinetic profile of w-KeCN, cyanide, thiocyanate, and ATCA in control
swine. Apned, pre-sxposine and Smin [nfusion sample points are designated a5
“time 0, <10, and ~5", respectively, The plasma sampled at ome z2ero was drawn
prior to rrearment, the —10 dime point was obtained before infusion and the -5 time
point was collected 5 min after exposire, Ermor bars depote SEM,

formation is not an equilibrium reaction, as is production of o-
KgCM. Thiocyanate behaved quite differently compared to the other
cyanide exposure markers, decreasing directly after apnea (2 and
4 min) and then rising gradually for the duration of the experiment
(Fig. 3).

In the animals treated with 1V cobinamide, cyanide, thio-
cyanate, ATCA and o-KgCN showed the typical increase in
concentration prior to apnea as cyanide was being absorbed and
distributed (Fig. 4). However, cyanide concentrations increased
sharply at 2 min post-apnea and then decreased. ATCA concentra-
tions increased until 4 min post-apnea, before starting to decrease.
Thiocyanate and «-KgCN concentrations both decreased immedi-
ately following apnea, but thiocyanate then gradually increased
starting at 2 min post-apnea.

—a-Kgth
o0 10
~—Cyarige
80
kS Thinoyiraie
7a 'I~

i i

Concentration (uM)

pHH—1

100

|
|
|
|
g

1 a .- . - = =
0 5 0 5 10 1S 20 25 30 35 40 45 50 55 BO
Time (min)

Fig. 4, Toxicokinetic profile of w-KgCN, cvanide, thiocyanate, and ATCA in 1V
cobinamide-treated swine, Apnea, pre-exy and 5min i ion sample points
are designated as “time 0, - 10, and -57, respectively, The plasma sampled at time
zero was drawn pror to rreatment, the — 10 fime point wasobtained before infusion
and the —3 tme point was collected 5 min after exposure. Ermor bars denote SEM.

Table 2
Toxicokinetic parameters for a-KgCM, cyanide, and ATCA in control animals follw.
ing IV-infusion of KCN (0,17 mg/kelmin} until apnea.

Coix (M) Bz (min) Ko

TAUCT (oM miin) o [t

Analyte

w-Kplh 235 15 n.0as2 156 1022

Cyanide* 3018 27 0.O258 4744 31
473 14 00489 754 34

ATCA

* The toxicokinetic data for cyanide andd ATCA in swine plasma will be reported
by Bhandari et al.

3.3. Toxicokinetics of w-KgCN, cyanide, and ATCA

Toxicokinetic parameters for «-KgCN, cyanide and ATCA in con-
trol animals are presented in Table 2; values for thiocyanate could
not be determined due to the increasing concentrations ohserved
after apnea, A one-compartment model best represents the toxi-
cokinetic behavior of a-KgCN post-apnea, similar to Bhandari et al.
(Publication pending) for cyanide and ATCA. w-KgCN, cyanide, and
ATCA all exhibited Ty at apnea (Omin). Among all the mark-
ers, cyanide provided the highest ty;; and Cyax values (although
both could not be determined for thiocyanate ). w-KgCN and ATCA
produced similar toxicokinetic values.

4. Discussion

The increase in plasma w-KgCN concentrations before apnea,
when cyanide is being infused, shows that a portion of the cyanide
administered is quickly converted to a-KgCN, After apnea, when
the cyanide infusion is stopped, the metabolism and distribution of
cyanide dominates and a-KgCN concentrations rapidly decrease.
Because w-KgCN formation is an equilibrium reaction (Fig. 1),
the rapid decrease in cyanide rapidly consumes w-KeCN as the
eqiiilibrium favers the reactants. The sudden decrease in a-KgCN
levels in the 1V and [0 cobinamide-treated animals post-apnea was
expected considering that cobinamide was administered just alter
apnea. Cobinamide has a high affinity for two cyanide ions (Brenner
el al.. 2010b), and, therefore, free cyanide in the plasma is rapidly
sequestered after treatment, causing a decrease in free cyanide,
which leads to the consumption of a-KgCN as the equilibrium shifts
toward the production of «-Kg and cyanide (Fig. 1).

Comparing the cobinamide-treared groups to the control ani-
mals, the main difference occurs immediately lollowing apnea,
when plasma cyanide sharply increases and o-KgCN sharply
decreases. The increase in cyanide and decrease of a-KgCN in the
treated animals is likely the result of rapid cyanide extraction from
the red blood cells into the plasma through cobinamide sequestra-
tion of cyanide (Math et al,, 2013}, This phenomenon would result
in less free cyanide in the plasma even though the total (free and
sequestered) cyanide concentration increases. The sequestration of
cyanide causes a sudden decrease in a-KgCN concentrations. ATCA
also showed an increase in concentration until about 4 min post-
apnea, which could be explained by conversion of small amounts
of free cyanide released by dicyano cobinamide or aquocyanocobi-
namide (Blackledge et al,, 2010).

Thiocyanate also showed interesting behavior in the contral and
cobinamide-treated animals. The increase in thiocyanate concen-
trations, as cyanide is infused into the animal, is expected hecause
of the large fraction of cyanide converted to thiocyanate as the
major detoxification pathway of cyanide (Ansell and Lewis, 1970;
Baskin et al,, 2004, Sousa etal,, 2003 ), After the infusion is stopped, a
sudden decrease in the thiocyanate concentration occurs, because
less free cyanide is available and the combination of thiocyanate
distribution and elimination is more rapid than the conveérsion
of cyanide to thiocyanate, Over time, the rate of conversion af
cyanide to thiocyanate increases as rhodanese’s activily increases
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(rhodanese is the enzyme mainly responsible for enzymatic conver-
sion of cyanide to thiocyanata) (Wraobel and Frendo, 1992; Wrohel
et al, 2004), Afier 2-4min, thiocyanate elimination is not fast
enough to match the rate of conversion of cyanide to thiocyanate,
causing a buildup of thiocyanate in the plasma (Wrobel and Frendo,
1992; Wrobel et al, 2004), Chan et al. (2010) also observed an
increase in plasma thiocyanate concentrations as cyanide was
released from red blocd cells and comverted to thiocyanate.

‘We found a statistical difference between the «-KgCN concen-
trations of the control and cobinamide-treated animals, suggesting
that a-KgCN is eliminated from the plasma at a faster rate
when cobinamide is administered. Animals receiving IV cobi-
namide showed the fastest elimination of o-KgCN from the
plasma, but it was certainly comparable to that in animals receiv-
ing 10 cobinamide, suggesting the two routes of administration
allowed similar distribution profiles for cobinamide, Previous stud-
ies conducted in Gottingen minipigs have shown that 10- and
[V-administration of the cyanide antidote, hydroxocobalamin, to
non-cyanide-poisoned animals produce similar distribution pro-
files (Murray et al., 2012), Significant differences were also seen
pre-apnea in all groups, which can be explained due to interanimal
variability.

Comparison of the toxicokinetic parameters of a-KgCN to those
of cyanide and ATCA (Table 2), shows that a-KgCN behaves simi-
larly to ATCA, although ATCA had the largest K, value, suggesting it
is eliminated faster from the plasma than cyanide or a-KgCN. Com-
parison of the [AUC] values, establishes that «-KgCN had the lowest
overall plasma concentrations throughout the study, supported by
1ts fast rate of elimination, low Cax concentrations, and low base-
line concentrations. We will present a more detailed description of
the toxicokinetic behavior of cyanide, thiocyanate and ATCA in a
future publication.

Plasma concentrations of a-KgCN were reladvely low in all ani-
mals compared to cyanide and thiocyanate because a relatively
low amount of cyanide was detoxified by the a-KgCN pathway.
It has been suggested that about 80% of cyanide is converted
to thiocyanate in the presence of a sulfur donor (Ansell and
Lewis, 1970; Baskin et al., 2004; Sousa et al, 2003) and another
15-20% of cyanide is metabolized by L-cystine to produce ATCA
(Ansell and Lewis, 1970). This would suggest that only a small
percentage of cyanide is converted to other detoxification prod-
ucts in non-treated (control) animals, including cyanocobalamin
(Astier and Baud, 1995; Butte et al,, 1982; Chatzimichalakis et al.,
2004) and cyanide-protein adducts (Fasco et al, 2007; Youso
et al, 2010, 2012), which is consistent with the low plasma
concentrations of a-KgCN. Based on the measured a-KgCN con-
centrations and detexification of cyanide by the thiocyanate and
ATCA pathways, we estimate that about 0.1-1.7% of the cyanide
dose was converted to o-KgCN. This estimation was done by
dividing the maximum concentrations of «-KgCN by the total max-
imum concentrations of cyanide, thiocyanate, ATCA and a-KgCN of
cobinamide-treated and control animals after factoring in the dis-
tribution of cyanide between red blood cells and plasma (70-96% of
blood cyanide resides in the red blood cells {Baar, 1966; Lundquist
et al,, 1985). The percentage of cyanide in plasma increases as
the cyanide dose increases, because the red blood cells become
saturated with cyanide (Lundquist et al,, 1985). Further studies
(i.e., radioisotope experiments) would have to be undertaken to
accurately calculate how much cyanide participates in the a-KgCN
pathway,

This study suggests that wse of a-Kg(IW as a bigmarker for
cyanide exposure would be most applicable in instances of acute,
high-dose cyanide poisoning soon after exposure. The major
advantage of using o-KgCN as a marker for cyanide exposure is
the low, if not undetectable, levels of endogenous a-KgCN in the
plasma, making cyanide exposure easy to detect from elevated

o-KgCN  concentrations, Comparing the maximum cyanide,
thincyanate, ATCA and a-KgCN plasma concentrations to their
endogenous {baseline) concentrations, shows that a-KgCN has
a much higher Cmax[Chaseline. SUggesting that measuring plasma
o-KgCN can provide a definitive confirmation of cyanide exposure.
Although there are several potential advantages of a-KgCN as a
cyanide exposure marker, its rapid elimination, especially in the
presence of cobinamide, may limit its use.

To our knowledge, this work provides the first reported toxi-
cokinetic profile of a-KgCN in any animal. The ability to measure
a-KgCN in plasma would be beneficial in studies using a-Kg as
a cyanide antidote (Bhattacharya et al., 2002; Bhattacharya and
Vijayaraghavan, 1991, 2002; Hume et al., 1995; Mathangi et al,,
2011; Tulsawani et al., 2005). The equilibrium constant for the
formation of c-KgCN (K geen) Was estimated by assuming the
reaction was at equilibrium at apnea, The a-KgCN concentration
(2.35 pM) wasdivided by the remaining cyanide concentration (i.e,,
30,18 WM~ 2,35 puM=27.83 wM) and the remaining endogenous
o-Kg concentration (ie, 23.95 uM—2.35 pM=21.60 M (Dabek
et al, 2005)). Based on the calculated equilibrium constant
(Kso-kgen =39 x 16-3), the conversion of a-Kg into o-KgCN is not
favorable. Therefore, the use of a-Kg as a therapeutic may not be
very effective, but further studies would have to be undertaken to
determine oe-KgCIV's efficacy in minimizing the lethality of cyanide
following exposure.

Future work should address the absorption, distribution, and
elimination of a-KgCN in other animals to determine the most
appropriate animal model for evaluating the behavior of a-KgCN
in humans following cyanide exposure. Rigorously determin-
ing the Ky xgen, and the amount of cyanide that participates
in the «-KgCN pathway, would produce a clear picture of the
role of x-Kg In cvanide detoxification, both naturally and as a
therapeutic.
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Accidental or intentional cyanide poisoning 1s a senious health risk. The current suite of FDA approved
antdotes, including hydroxocobalamn, sodivm nitrite, and sodium thiosulfare s effective, but each anti-
dote has specific major hmitations, such as large elfective dosage or delayved onset of action. Thergfore,
next generation cyanide antidotes are being investigated to mitigate these limitations, One such antl-
dote, 3-mercaptopyruvate (3-MP), detoxifies cyanide by acting as a sulfur donor to convert cyanide into
thiocvanate, a relatively nontoxic cyanide metabolite, An analytical method capabile of detecting 3-MPin

f:i :.::: .:'n!ldmu bivlagical Muds is essential for the development of 2-MP as 4 potential antidote, Therefore, a igh per-
3-Mercaptopyruvate farmance liquid chromatography tandem mass spectrometry { HPLC-MS-MS) method was established to
Sulfaneget analyze 3-MP from rabbit plasma. Sample preparation consisted of spiking the plasma with an internal
Liquid chromatography-tandem mass standard (7' Cy-3-MP), precipitation of plasma proteins, and reaction with monobromobimane ta inhibit
spectrometry the charactenstic dimenzation of 3-MP. The method produced a limit of detection of 0.1 pM, a linear

dynarme range of 0.5-100 uM, along with excellent linearity (R* = 0.999), accuracy (9% of the nominal
concentration) and precision (<7% relative standard deviation ). The optimized HPLC-MS-M5 method was
capable of detecting 3-MP in rabhits that were administered sulfanegen, a prodiug of 3-MP, following
cyanide exposure. Considering the excellent performance of this method, it will be utilized for further
investigations of this promising cyanide antidore,

2014 Elsevier BM. All rights reserved.

1. Introduction

Humans are exposed to cyanide (LDsy, human=1.1 mg/flkg) | 1.2]
in a variety of ways, such as ingestion of some edible plants
(spinach or cassava), industrial operations, smoke inhalation from
fires and/or cigarettes, and terrorist activities | J,4], Once cyanide
is absorbed, ir inhibits the enzyme cytochrome ¢ oxidase in the
electron transport system, thereby disrupting aerobic metabolism,
There are currently three U.S, Food and Drug Administration (FDA)
approved cyanide treatments: hydroxocobalamin, sodium nitrite,
and sodium thipsulfate |2 5-7].

Hydroxocobalamin (vitamin Bya,) is a large molecular-weight
cyanide antidote that detoxifies cyanide by sequestration, it forms
a very strong bond with cyanide because of the high affin-
ity of eyanide for the central cobalt atom (Ky=102M-1) [8).
Cyanide binds to cobalt to produce cyanocobalamin (vitamin By )
|9-11], which resides in the plasma and is excreted in uripe. The

* Corresponding author. Tel.: +1 605 688 66Y8; fax: +1 605 688 6364,
E-migil address: briantngueFsdsiaseedo (BAL Logue)

1570-0232(5 - see front matier © 2014 Elsevier BV, All rights reserved.
Doutynyg fel s b e ged D00 VDRG] ) el bevsi 1 2001 4 051 05

potential adverse effects of hydroxocobalamin are generally mild
and include elevated blood pressure, decreased heart rate, rashes.
and red coloring of the skin, tears, urine and sweat |12,13]. The
recommended dose of hydroxocobalamin is 5 g {administered over
15 min). Because af the high dose needed for optimum therapeu-
tic effect, hydroxocobalamin must be administered intravenously
| 2,141, limiting the applicability of hydroxocobalamin in mass casu-
alty sitvations.

Similar (o hydroxocobalamin, the mechanism of action of

sodium nitrite is to sequester cyanide from cytochrome © oxidase.
However, the sequestration of cyanide is indirect. Sodium nitrite
causes the conversion of hemaoglobin to methemeglobin, which has
a high affinity towards cyanide | 14.15]. Recently, another mecha-
nism of action of sodium nitrite was proposed as the prominent
method of detoxification in which nitrite is converted o nitric
oxide, which subsequently displaces cyanide bound to the active
site of cytochvome coxidase | 16,17 |. Although sodium nitrite works
well to detoxify cyanide, it is toxic at large concentrations |5,15]
and has a small therapeutic window, Sodium nitrite is especially

toxic when smoke inhalation has occurred, due to the conversion of

hemaglobin to methemoglobin, which reduces the axygen carrying
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capacity of the blood [18], Due to its limited therapeutic efficacy,
sodium nitrite is typically administered in tandem with sodium
thiosulfate.

Sodium thiosulfate detoxifies cyanide by donating a sulfur to
convert cyanide to the much less toxic thiocyanate [18-20]. There-
fore, sodium thiosulfate belongs to a class of cyanide therapeutics
known as sulfur donors, which utilize sulfurtransferase enzymes
as catalysts. Sodium thiosulfate utilizes rhodanese, which is mainly
found in the liver and kidneys [14,19], leaving the heart and central
nervous system less protected and the main locations of cyanide
toxicity [14]. It also has a slow onset of action, attributed to slow
entry into cells and the mitochondria [5]. This necessitates its use
in combination with faster acting therapeutics, typically sedium
nitrite.

Considering that current cyanide antidotes each have major
limitations, alternative cyanide antidotes are being investigated
[5.8.21]. One such alternate antidote is 3-mercaptopyruvate
{3-MP). Similar to sodium thiosulfate, 3-MP acts as a sul-
fur donor to produce thiocyanate but is instead catalyzed by
3-mercaptopyruvate sulfurtransferase (3-MST) [19.21,22]. Sulfa-
negen, a prodrug of 3-MP (i.e,, sulfanegen converts to 3-MP upon
administration), has been found to be highly effective in reversing
cyanide toxicity [14,20,21,23,24]. Although a method for the detec-
tion of 3-MP by HPLC from mouse tissue has been proposed [25],a
multisiep, lengthy (>80 min), and high temperature (95 °C) modi-
fication of 3-MP is necessary. Therefore, the abjective of this study
was to develop a simple and sensitive analytical method for the
analysis of 3-MP from rabbit plasma to facilitate further develop-
ment of 3-MP as a cyanide antidote,

2. Experimental
2.1. Reagents and standards

All solvents were LC-MS grade unless otherwise noted. Ammo-
nium formate and 3-mercaptopyruvate (3-MP; HSCH2COCQOH)
were purchased from Sigma-Aldrich (St Louis, MO, USA), Ace-
tone {HPLC grade, 99.5%) was purchased from Alfa Aesar (Ward
Hill, MA, USA). Isotopically-labelad 3-MP (H5"3CH; 3C0'3C00H)
was synthesized and provided by the Center for Drug Design,
University of Minnesota (Minneapolis, MN, USA) [21]. Millax
tetrafluoropolyethylene syringe filters {0.22 wm, 4mm, Billerica,
MA, USA) were obtained through Fisher Scientific (Pittsburgh, PA,
USA). Monobromobimane (MBB) was obtained from Fluka Analyt-
ical (Buchs, Switzetland) and a standard solution (500 pM) was
prepared in LC-MS grade water and stored at 4°C, 3-MP calibra-
tion standards and quality controls (QCs) were prepared from a
5 mM stock solution by serial dilution with rabbit plasma. The inter-
nal standard solution was prepared from a stock solution of 1 mM
isotopically-labeled 3-MP in LC-MS grade water and stored at4°C.

2.2, Biological fluids

Rabbit plasma was obtained from two sources, a commercial
vendor and a study used to evaluate effectiveness of sulfanegen in
cyanide-exposed rabbits. For method development and validation,
rabhit plasma (EDTA anti-coagulated) was purchased from Pel-
Freeze Biological (Rogers, AR, USA) and stored at —80°C until used,
Rabbit plasma from sulfanegen efficacy studies was gathered at
the Beckman Laser Institute at the University of California-Irvine.
Rabbits were intramuscularly anesthetized, intubated and placed
on isoflurane, Cyanide was administered at 0.47 mg/min intra-
venously untl apnea (13 min), sulfanegen deanol (0.4 mmol) was
then administered intraosseoussly at apnea. Blood was drawn from
the rabbits at baseline (i.e., before cyanide exposure), 5 min after

the start of cyanide infusion, at apnea, then 2.5, 5, 7.5, 11, 15 and
30min after apnea, Blood was drawn into heparin collection tubes
and plasma was immediately separated from blood. Flasma sam-
ples were then shipped on dry ice to South Dakota State University
for analysis, Upon arrival, the plasma samples were stored at —80°C
until analyzed.

2.3. Sample preparation

Plasma (100 L, 3-MP spiked or nonspiked) was added toa2mL
centrifuge tube along with an internal standard (100 pL of 15 pM
3-MP-13C3). Protein from the plasma was precipitated by addi-
tion of acetone {300 wl) and the samples were cold-centrifuged
{Thermo Scientific Legend Micro 21R centrifuge, Waltham, MA,
USA) at 8°C for 30min at 13,100 rpm (16,500 xg). An aliquot
{100 1) of the supernatant was then transferred into a 4 ml glass
vial and dried under N;. (Note: Glass vials were used in our labo-
ratory mainly because of practical limitatiens of the N3 drier.) The
samples were reconstituted with 5mM ammoenium formate in 9:1
water:methanol (100 uL). Underivatized 3-MP initially produced
unacceptable chromatographic behavior under all conditions eval-
uated because of the characteristic dimerization of 3-MP [26-28].
Therefore, MBB (100 uL, 500 nM) was added to prohibit 3-MP
dimerization by converting the thiol group, which is necessary for
dimerization, to a sulfide. The samples were heated on a black
heater (VWR I[nternational, Radnor, PA, USA) at 70°C for 15min
to produce a 3-MP-bimane {3-MPB) complex (Fig. 1). The reacted
samples were then filtered with a 0.22 pm tetrafluoropolyethylene
membrane syringe filter into autosampler vials fitted with 150 pL
deactivated glass inserts for HPLC-MS-MS analysis. [t should be
noted that when the number of samples were above the maximum
limit of the sample apparatus {eg., the centrifuge), the samples
that were not being actively prepared were stored in a standard
refrigerator (4 °C) to impede degradation of the analyte,

24. HPLC-MS-MS analysis of 3-MPB

A Shimadzu UHEPLC (LC 20A Prominence, Kyoto, Japan) coupled
to a 5500 Q-Trap mass spectrometer (AB Sciex, Framingham, MA,
USA) along with an electrospray ion source was used for HPLC-MS-
MS analysis, Separation was performed on a Phenomenex Synergy
Fusion RP column (50 x 2.0mm, 4 um 80 A) with an injection vol-
ume of 10 pL from samples stored in a cooled autosampler (15°C).
Mobile phase solutions consisted of 5 mM aqueous ammonium for-
mate with 10% methanol (Mobile Phase A) and 5mM ammonium
formate in 90%¥ methanol {Mobile Phase B). A gradient of 0-100% B
was applied over 3 min, held constant for 0.5 min, then reduced to
0% B over 1.5 min. The total run-time was 5.1 min with a flow rate
of 0.25 mLjmin, and a 3-MFB retention time of about 2.75 min. The
electrospray interface was kept at 500 °C with zero air nebulization
at 90 psiin positive ionization mode with drying and curtain gasses
held at 60 psi each. The ion-spray voltage, declustering potential,
collision cell exit potential, and channel electron multiplier voltage
were 4500, 121, 10, and 2600V, respectively, Multiple-reaction-
monitoring (MRM) transitions of 311 > 223.1 and 311 > 1922 m{z
for 3-MPB and 314+ 223.1 and 314 —+ 1922 mjz for the internal
standard-bimane cornplex were used with collision energies of 30.5
and 25V, respectively. The dwell time was 100 ms for both transi-
tions, Analyst software (Applied Biosystems version 1.5.2) was used
for data acquisition and analysis,

25. Calibration, quantification and limit of detection
For validation of the analytical method, we generally followed

the FDA bioanalytical method validation guidelines [29]. The lower
limit of quantification (LLOQ) and upper limit of quantification
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Fig. 1. 3-MPin equilibrium with itsdimer and its reaction with MBB to form a stable 3-MPB complex.

(ULOQ) were defined using the following inclusion criteria: 1)
calibrator precision of =15%RS0, and 2) accuracy of + 15%of the
nominal calibrator concentration back-calculated from the cal-
ibration curve. The initial calibration curve was prepared with
0.2-500 oM calibration standards (02, 05, 1, 2, 5, 10, 20, 50,
100, 200, and 500 M) in plasma to determine the linear range,
with the range later decreased to 0 5-100 M for the optimized
method. A calibration curve was also prepared in agueous solution
and compared to the plasma calibration curve to assess potential
matrix effects. For all other experiments, calibration standards and
QCs were prepared in rabbit plasma. QCs (N=5) were prepared at
three concentrations not included in the calibration curve: 15 uM
(low QC}, 7 5 uM (medium QC) and 35 uM (high QC). The internal
standard w as prepared daily and added to each sample, calibration
standard and QC during sample preparation. QCs were prepared
fresh each day in quintuplicate during intra-assay (daily) and inter-
assay (over three separate days, within six calendar days) analyses
and were used to cal culate intra-assay and inter-assay accuracy and
precision.

The limit of detection (LOD) was determined by analyzing mul-
tiple concentrations of 3-MP below the LLOQ and determining the
lowest 3-MP conceniration that reproducibly produced a signal-
to-noise ratio of 3, with noise measured as the peak-to-peak noise
directly adjacent to the 3-MPpeak. t should be noted that 3-MPis
inherently present in plasmaof mammals[19 22] and was typically
seenin rabbit plasmaat concentrations below the limit of detection
in this study.

26. Sability and recovery

To evaluate the stability of 3-MP, low and high QCs were stored
at various temperatures (room temperature (RT),4°C,—20°C, and
—B0-C) and analyzed over multiple storage times. When storage
stability samples were analyzed, internal standard was added as
theQCswere prepared for analysis. Stability of 3-MPwas calculated
as a percentage of the initial concentration (“time zero™), with 3-
MP considered stable if the concentration of a stored sample was
within 10%of time zero. Long-term stability wasconducied at three
storage conditions (4, —20, and — 80" C). Thesam pleswere analyzed
in triplicate after 1,2, 8, 15, 30, and 45 days. Autosam pler stability
of 3-MPB was determined after typical preparation of low and high
C1Cs and storage in the autosampler for approximately 2,4, 8, 12,
and 24 h. For freeze-thaw stability of 3-MP, each set of low and
high QCs was prepared in triplicate. Initially, one set of QCs (low
and high) wasanalyzed. The other standardswerestored at -80°C
for 24 h. All standards were then thaw ed unassisted at RT and one

sei of QCs was analyzed. The remaining QCs were replaced in the
—80° Cfreezer_Thisprocess was repeated twice more for threetotal
freeze-thaw cycles.

For recovery, five agueous low, medium and high QCs were
prepared, analyzed, and com pared with equivalent concentrations
of plasma QCs. Recovery of 3-MP was calculated as a percentage
by dividing the analyie plasma concentration with the calculated
aqueous QC concentration.

3. Results and discussion
3.1. HPLGC-MSMS analysis of 3-MP from rabbit plasma

Under biological conditions, 3-MP is in rapid equilibrium
with its dimer [30]. This equilibrium is difficult to control and
results in poor chromatographic behavior. Because MBB reacts
with the thiol group of 3-MP [2627], which is essential for
dimerization, a single 3-MPB complex is created (Fg. 1), which
produced excellent chromatographic behavior. Fig. 2 shows rep-
resentative chromatograms of spiked and nonspiked 3-MPB in

I-MP piked rabbi plosmia

Perspihed slasma

ABUn ARG farnieEry un i)

5 spiked abbilplasae

Measoiked 15 rabsil plasna

1 < | 4 y
Tire {min|

Fig. 2. Representative chromatograms of 3-MP spiked {20 pM) and nonspiked
rabbit plasma, monitoring the 311 — 223.1 miz transition. The internal standard
314 — 2231 m/z spiked and nonspiked in rabbit plasma is also shown. 3-MPB
elutes at approximately 2.75 min. A small endogenous concentration of 3-MP can
be observed in the nonspiked rabbit plasma.
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Fig. 3. The mass spectrum of the 3-MPB complex with tentative identification of
the abundant ions. The 3-MPB ion at 311 miz corresponds to [M-H] -

plasma, with 3-MPB eluting at approximately 275min. The
method shows good selectivity for 3-MPB with no co-eluting
peaks (Rz=3.07 from the nearest peak at 3 3min), although
the nonspiked rabbit sample shows a small endogenous 3-MP
concentration [19.212224]. Considering the rabbii plasma ana-
lyzed for thisstudy in aggregate, it isestim ated that the endogenous
concentration of 3-MPin rabbils is between 005 and 0.1 uM. The
endogenous concentration of 3-MP has noi been previously esti-
mated due to rapid metabolism in vivo [21-23 31] and the lack of
a sensitive analytical technigue.

The mass spectrum of 3-MPB, with tentative abundant
jon assignments, is displayed in Fg. 3. The 311—2231 and
311 - 192 2 transitions were selected as the quantification and
identification transitions, respectively. The corresponding transi-
tions for theinternal standard, 314 — 2231 and 314 — 192 2, were
also monitored to correct for multiple sources of potential analysis
efror.

The smple sample preparation and short chromatographic
analysis time for the method presented here permit rapid analysis
of numerous plasma samples, The analysis of an individual sample
using this method typically lasted approximately 1h and 10min,
including 1h for sample preparation and 7min for chromato-
graphic analysis (including eguilibration time). Using conservative
estimates, approximately 90 paraliel samples could be prepared
and analyzed in a 24 h period.

32, Unear range, limit of detection, and sensitivity

Calibration curves of 3-MP were constructed in the range
of 02-500 4M in rabbit plasma. The signal ratio of each sam-
ple, defined as the peak area for each calibrator divided by
its corresponding internal standard peak area was used as the

correcled signal. Upon analysis of the calibration standards using
non-weighted and weighied (1/x and 1/x2) calibration curves, 0 2,
200, and 500 uM standards were excluded because they did not
meet the accuracy and/or precision indusion criteria. The linear
range for the method was 05-100uM for 3-MP when using a
1/x2 weighted linear regression of the calibrators with a correla-
tion coefficient (R?) >0 999. The LOD was 0.1 uM and the LLOQ and
ULOQ of the method were 05 and 100 uM, respectively . Moderate
matrix effects were observed for 3-MP analysis with the siope of
the calibration curve in plasma reduced as compared to aqueous.
Attempts were made to reduce the matrix effects using solid-phase
extraction (ie, weak, strong, and mixed-mode anion exchange
stationary phases were tested for 3-MP, and C18-type stationary
phases were tested for 3-MPB) with no reduction observed. There-
fore, it is necessary to prepare all calibration standards in rabbit
plasma to determine accurate concentrations of 3-MP.

3.3. Accuracy and precision

Accuracy and precision were determined by quintuplicate anal-
ysis of the low, medium, and high QCs (15, 75, and 35uM,
respectively) on three different days (within 6 calendar days;
Table 1). The intra-assay accuracy (+99% and precision (<7%RSD)
and the inter-assay accuracy (+5% and precision (<6%RSD) for the
method were excellent relative to the typical precision and accu-
racy of analytical methodsfor the quantification of small molecules
from plasma samples

34 Sability and recovery

Long-term storage stability of 3-M Pin spiked plasmawas eva-
uated at 4, -20 and - 80" C, with short-term stability evaluated at
RT_Autosampler (2, 4, 8, 12 and 24 h) and freeze-thaw stability (3
cycies) were also evaluated. While 3-MP was stable at —80-Cfor
at least 45 days, it was quickly removed from plasma at RT, 4, and
-20"C{ie, <1 day) and during freeze-thaw cycles (ie, 3 MPwas
stable for only one freeze-thaw cycle). Lower storage temperatures
generally increased the stability of 3-MP, likely due to a decrease
in enzymatic activity. In the autosampler, 3-MPB was stable for at
least 24 h (i.e, the measured concentrations were within 10%of
theinitial concentrations). The results from the stability study sug-
gest thal if storage is necessary, plasma samples should be frozen
immediately and stored at —80° C. Samplesshould then be prepared
immediately after thawing, but can be stored on an autosampler for
at least 24 h after preparation.

The recavery of 3-MP for low , medium and high QCswas 81,75,
and 75%respectively. These recoveries were below 90% but were
very consistent. Incomplete recovery can be explained by facile
enzyme catalyzed conversion of 3-MPin theplasma[19 22 30] and
may be an area for further improvement of the method.

3.5. Analyss of sulfanegen-exposed rabbits

The validated HPLC-M5-MS method was applied to the analy-
sis of plasma from rabbils exposed to cyanide and subseguently
treated with sulfanegen [14.20 21 24]. The HPLC-MS-M S analysis

Tabie 1
The y and pr on of 3-mer andysis in spiked rabbit plasma by HALG-MSMS
‘Concentration (M} Intra-assay accuracy® Intra-asay precsion® Inter-aesry aocuracy” Inter-asay precsion®
5 102 68T 103 513
75 o8 239 100 274
38 tToe 297 105 285

* QC mathod validation (N=5) for Day 1.
® OC mean from three different days of method validation (N=15).
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Fg. 4. HALGMSMS chrom atograms of 3-MP spiked rabbit plasma, plasma from
a sulfanegen treated rabbit and plasma from the same rabbit prior to sulfanegen
treatment. The 3-MP signal in the sulfanegen treated rabbits corresponds to 18 pM.

of the plasm a of sulfanegen treated and untreated rabbitsis shown
in Fig. 4, alongside a chromatogram of 3-MP spiked rabbit plasma.
Sulfanegen treated rabbits showed greatly elevated 3-MP concen-
trations compared tountreated rabbits. Overall, Fig 4 confirmsthat
the method presented here hasthe ability to detect elevated 3-MP
concentrations from sulfanegen treated rabbitsand may beapplied
to future studies of thisnext generation cyanide therapeutic. A full
pharmacokinetic analysis of sulfanegen in rabbits by the described
method will be reported in the near future.

4. Conclusion

An HFLC-MS-M S method for the detection of 3-MP was devel-
oped w hich features simple sample preparation, excellent accuracy
and precision, an excellent detection limit, and hasalinear range of
over 2 ordersof magnitude. While Ogasawaraet al.[25] reporied an
HPLC-fluorescence method for the analysisof 3-MPin mouse tissue,
the method presented here featured simple and low-tem perature
sam ple preparation (i.e,, 3-MP is highly unstable at high temper-
atures), rapid analysis, a reduced lower limit of quantification, a
wider linear dynamic range, and the ability to analyze 3-MP from
plasmaof sulfanegen treated rabbits, which will facilitate the study
of 3-MP prodrugs (e g., sulfanegen) as treatm ents for cyanide poi-
soning.
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