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Abstract
AIM: To demonstrate the potential of using 2-aminothi-
azoline-4-carboxylic acid (ATCA) as a novel biomarker/
forensic biomarker for cyanide poisoning. 

METHODS: A sensitive method was developed and 
employed for the identification and quantification of 
ATCA in biological samples, where the sample extraction 
and clean up were achieved by solid phase extraction 
(SPE). After optimization of SPE procedures, ATCA was 
analyzed by high performance liquid chromatography-
tandem mass spectrometry. ATCA levels following the 
administration of different doses of potassium cyanide 
(KCN) to mice were measured and compared to endog-
enous ATCA levels in order to study the significance of 
using ATCA as a biomarker for cyanide poisoning.

RESULTS: A custom made analytical method was es-
tablished for a new (mice) model when animals were 
exposed to increasing KCN doses. The application of 
this method provided important new information on 
ATCA as a potential cyanide biomarker. ATCA concen-
tration in mice plasma samples were increased from 
189 ± 28 ng/mL (n  = 3) to 413 ± 66 ng/mL (n  = 3) 
following a 10 mg/kg body weight dose of KCN intro-
duced subcutaneously. The sensitivity of this analytical 
method proved to be a tool for measuring endogenous 
level of ATCA in mice organs as follows: 1.2 ± 0.1 μg/g 
for kidney samples, 1.6 ± 0.1 μg/g for brain samples, 
1.8 ± 0.2 μg/g for lung samples, 2.9 ± 0.1 μg/g for 
heart samples, and 3.6 ± 0.9 μg/g for liver samples. 

CONCLUSION: This finding suggests that ATCA has 
the potential to serve as a plasma biomarker / forensic 
biomarker for cyanide poisoning.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Cyanide is a swift and powerful poison. Suicidal, acciden-
tal, or homicidal death involving the determination of  
cyanide is encountered frequently in forensic toxicologi-
cal practice[1]. In crime scene investigations, two indica-
tors of  acute cyanide poisoning are (1) a “bitter almond” 
odor emanating from the victim; and (2) the presence 
of  pink lividity in the post mortem examination[2]. The 
presence of  cyanide can be confirmed chemically using 
a colorimetric test at the scene of  the crime, followed by 
a laboratory analysis using a gas chromatography-mass 
spectrometry (GC-MS). Samples, such as stomach con-
tents and whole blood are usually collected from victims 
and analyzed in order to confirm the cause of  death[3]. 
The determination of  the presence of  cyanide involves 
extraction of  hydrogen cyanide (HCN) from samples and 
the measurement of  cyanide from the extracts[4,5]. Bio-
logical fluids, such as blood or urine can be taken from 
the subject for analysis[6-9]. Due to the relatively short 
half-life of  cyanide (from minutes to hours depending on 
the matrix), direct analysis of  cyanide to confirm cyanide 
poisoning may only be feasible within the first few hours 
following exposure[10-12].

Natural dietary and pulmonary intake of  cyanide 
from the environment provides a nonzero cyanide back-
ground level in the body. Smoke inhalation in fires greatly 
increases background cyanide levels[13]. The volatility and 
reactivity of  cyanide leaves direct measurements highly 
susceptible to errors introduced during the sample col-
lection and separation step[14]. An alternative approach 
that can help to minimize false positive (no cyanide is 
involved but cyanide is detected) and false negative (cya-
nide is involved but cyanide is not detected) results, is to 
detect stable biomarkers of  cyanide, rather than cyanide 
itself. Thiocyanate (SCN-), 2-aminothiazoline-4-carboxylic 
acid (ATCA), and cyanide-protein adducts in biological 
fluids and tissues have been reported as alternative bio-
markers for cyanide exposure and poisoning[15,16]. SCN- is 
the major cyanide metabolite found in blood[17]. However, 
SCN-

 is also a natural metabolite of  non-cyanide medi-
ated pathways and thus is not a good marker for cyanide 
exposure[18].

Detoxification of  cyanide by cystine to produce 
ATCA in vivo was first reported by Wood and Cooley[19]. 
They found that the pathway producing ATCA repre-
sents approximately 20% of  cyanide metabolism, that the 
quantity of  ATCA produced is directly proportional to 
the amount of  cyanide metabolized, and that harvested 
ATCA is stable for months in the freezer[20]. Therefore, 
ATCA has been considered a promising candidate as a 
chemically stable biomarker for cyanide poisoning. More 
details of  human metabolism of  cyanide and detection 
of  its biomarkers can be found in a recent review pub-
lished by Logue et al[21]. Aside from the -cyanide mediated 
pathway, there are currently no other known pathway for 
endogenous ATCA production in the human body.

There are numerous analytical techniques to deter-
mine cyanide[22] and thiocyanate[23] or both[24,25] in biologi-

cal samples, but only a few techniques are available to 
measure ATCA. Quantitative analysis of  ATCA begins 
with extraction from biological samples followed by 
derivatization to produce a sample that is suitable for 
quantitative analysis with liquid chromatography or gas 
chromatography. Cation exchange solid-phase extraction 
(SPE) columns and individual pre-treatment steps for the 
extraction and analysis of  ATCA from biological samples 
have been reported[26,27]. Derivatization steps were needed 
in those studies due to the use of  either fluorometric 
detection or gas chromatography. Molecularly imprinted 
stir bar sorption extraction (MISBSE) of  ATCA was re-
ported by Jackson et al[28]. The MISBSE technique enables 
the selective extraction of  ATCA from urine samples fol-
lowed by direct detection of  ATCA (without derivatiza-
tion) by a tandem mass spectrometer. This technique 
may in the future provide rapid analytical method for the 
direct detection of  ATCA for forensic urine analysis, but 
at the moment, MISBSE is not competitive with stan-
dard SPE methods due to the low binding capacities and 
sample recoveries.

The purpose of  this study was to determine the opti-
mal conditions for the quantification of  ATCA in various 
biological fluids and organs using SPE, and high perfor-
mance liquid chromatography coupled to tandem mass 
spectrometry (LC-MS/MS). Conditions associated with 
SPE sample loading, washing and final elution, were stud-
ied and refined. The effect of  ATCA signal fluctuations 
arising from electrospray ionization (ESI) suppression 
was minimized by using a structural analogue of  ATCA 
(2-aminothiazole-4-carboxylic acid, ATZA) as an internal 
standard. Similar LC-MS/MS analysis was previously re-
ported and employed for different purposes with different 
experimental setups on different animal (rat) models[29,30]: 
Determining ATCA levels in plasma and various organs 
after a constant dose of  cyanide exposure [4 mg/kg po-
tassium cyanide (KCN)] indicated that the plasma ATCA 
level following cyanide exposure was not significantly el-
evated from the endogenous ATCA level. This suggested 
that ATCA might not be a good biomarker for cyanide 
intoxication[29]; however, this study also demonstrated 
that ATCA is a valuable forensic biomarker, since the 
ATCA level significantly increased in certain organs after 
a constant dose (4 mg/kg) of  KCN administration. To 
determine how long ATCA persists in the circulation, 
ATCA was injected to the bloodstream, and samples 
were taken at periodic time intervals, and analyzed by the 
LC-MS/MS method[30]. Results suggested that ATCA is 
a chemically stable metabolite, suitable as a forensic bio-
marker. This study also compared the two sample prepa-
ration methods of  SPE and MISBSE suggesting the pri-
ority of  SPE over MISBSE. Present studies are reporting 
ATCA levels after exposing mice to higher, increasing (6, 
6, 8 and 10 mg/kg) KCN doses. Exogenously elevated 
levels of  ATCA were compared to endogenous levels of  
ATCA present in the biological fluids and organs prior 
to challenge. This new method can be extended to future 
toxicokinetic studies of  ATCA in other animal models 
in order to confirm the significance of  using ATCA as a 
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biomarker from different biological matrices for human 
cyanide poisoning.

MATERIALS AND METHODS
Ethics
All animal procedures were conducted in accordance 
with the guidelines in The Guide for the Care and Use 
of  Laboratory Animals (National Academic Press, 1996). 
The research facility was accredited by AAALAC (Ameri-
can Association for the Assessment and Accreditation of  
Laboratory Animal Care, International) and this animal 
study was approved by the IACUC (Institutional Animal 
Care and Use Committee) at Sam Houston State Univer-
sity.

Chemicals and samples
Trifluoroacetic acid (TFA) was obtained from EMD 
Chemicals (Gibbstown, NJ, USA) and used to prepare 
0.5% (v/v) TFA in methanol (0.5% TFA/MeOH) as the 
mobile phase. All solvents were at least HPLC grade. 
ATCA was obtained from Chem-Impex International 
(Wood Dale, IL, USA). ATZA was obtained from Syn-
thonix (Wake Forest, NC, USA). Molecular structures 
of  ATCA and ATZA are shown in Figure 1. KCN was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
For in vivo study, serial dilutions were used to produce 
aqueous KCN solutions of  systematically decreasing con-
centration. KCN is acutely toxic. Ingestion of  KCN or 
exposure to its salt or its aqueous solutions by eye or skin 
contact can be fatal. Exposure to as little as 50-150 mg can 
cause immediate collapse and death. Working with cyanide-
containing compounds requires special care. Oasis® mixed 
mode cation exchange (MCX) cartridges were obtained 
from Waters Corporation (Milford, MA, USA). A 5% 
aqueous ammonium hydroxide/methanol solution (v/v) 
was prepared and used as the final elution solution. Mice 
liver, plasma, brain, heart and lung were used to evaluate 
the applicability of  the analytical method.

Instrumentation 
SPE was performed in a glass manifold equipped with 
Teflon needle inserts and evacuated with a Buchi V-700 
Vacuum Pump (Mallinckrodt Baker, Inc., Phillipsburg, 
NJ, USA). Homogenization was performed with ready-
to-use Precellys® lysing kits on a Precellys-24 tissue ho-
mogenizer (Bertin Technologies, France). Pierce Reacti-
Therm II Heating Module was used to stream air to 
borosilicate glass disposable culture tubes (13 mm × 
100 mm). A Shimadzu liquid chromatograph (LC-20AT, 
Shimadzu, Columbia, MD) coupled to a tandem mass 
spectrometer (API 3200 ESI/MS/MS system, Applied 
Biosystems, Foster City, CA) was employed for the LC-
MS/MS separation, detection and quantification of  
ATCA. A Luna CN column (3 micron, 100 mm × 2 mm; 
Phenomenx; Torrance, CA, USA) was used for the separa-
tion. A 5 μL aliquot was injected to the LC-MS/MS by an 
auto-sampler, and eluted isocratically at a 0.5 mL/min flow 

rate. Transition ions of  ATCA in positive mode (m/z 147 
→ 101) and ATZA (m/z 145 → 127) were generated us-
ing ESI and detected using multiple reaction monitoring 
(MRM). The source dependent conditions of  ESI were as 
follows: ionspray voltage: +5500 V, temperature: 450 ℃, 
curtain gas 350 kPa, gas 1: 480 kPa, gas 2: 140 kPa. The 
compound dependent parameters were as follows: colli-
sion gas (CAD): 41 kPa, collision cell entrance potential: 
14 V, and the collision cell exit potential: 4 V. More in-
strumentation details of  ESI/MS/MS for the detection 
of  ATCA can be found in our previous report[24]. 

Sample preparation and SPE procedure
ATCA standard solutions with concentrations ranging 
from 0-1000 ng/mL, were prepared from 330 μg/mL 
ATCA standard stock solutions by serial dilutions. Inter-
nal standard, 10 μg/mL of  ATZA, was prepared from a 
282 μg/mL ATZA standard stock solution. Both ATCA 
and ATZA stock solutions were prepared in mobile 
phase (0.5% TFA/MeOH). To construct the calibration 
curve, 200 μL of  each standard solution was mixed with 
20 μL of  internal standard. The standard solutions were 
sonicated for 5 min and then dried. They were recon-
stituted with 220 μL of  mobile phase, and then a 5 μL 
aliquot was injected to the LC-MS/MS for analysis. 

To prepare the ATCA spiked samples, known amounts 
of  ATCA were air-dried in the test tubes. Two hundred 
microliters of  sample (urine, plasma, and organ homog-
enates) and 20 μL internal standard were added to these 
test tubes and diluted with 800 μL of  10 mmol/L phos-
phate buffer (pH 7.4) before SPE. For organ homogeni-
zation, samples were thawed, chopped, and weighed in 
homogenizing tubes, and 0.1 mol/L HCl was added to 
make a concentration of  0.6 g organ mass/mL in each 
tube. The samples were homogenized for 3 min, 1 min 
per cycle with 3 cycles at 6000 r/min using the Precellys 
24. Homogenized mixtures of  samples were diluted with 
10 mmol/L phosphate buffer (pH 7.4) to obtain a final 
concentration of  organ homogenate of  0.15 g organ 
mass/mL buffer. The solution was vortexed and centri-
fuged for 10 min at 10 000 r/min and the supernatant 
was removed for the SPE extraction.

SPE was performed on a MCX cartridge prior to the 
LC-MS/MS analysis. The MCX cartridges were conditioned 
with 1 mL of  methanol and then 1 mL of  distilled water. 
The samples (1 mL total) were loaded into the conditioned 
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Figure 1  Molecular structures of 2-aminothiazoline-4-carboxylic acid and 
2-aminothiazole-4-carboxylic acid. 2-aminothiazole-4-carboxylic acid (ATZA) 
served as an internal standard. ATCA: 2-aminothiazoline-4-carboxylic acid.

Yu JCC et al . 2-Aminothiazoline-4-carboxylic acid as a forensic biomarker



cartridges employing vacuum as needed. After sample load-
ing, the cartridges were washed with 1 mL of  0.1 mol/L 
HCl first and then washed with 1 mL methanol. The 
cartridges were finally eluted with 1 mL of  5% (v/v) am-
monium hydroxide in methanol (5% NH4OH/MeOH). 
Note that teflon inserts and waste test tubes were re-
placed with clean inserts and glass test tubes before final 
elution. The eluates were air dried first, then reconstituted 
with 220 μL of  mobile phase. After sonication for 5 min, 
the reconstituted samples were transferred to LC-MS/
MS auto-sampler vials containing 250 μL glass inserts. 

Quantitative analysis of ATCA
Detection of  ATCA by ESI/MS/MS has been previ-
ously reported[24]. Briefly, 5 μg/mL ATCA and ATZA 
standard solutions were infused separately to the MS/MS 
at 10 μL/min in order to observe certain compound-de-
pendent parameters for MRM transitions. When ATCA 
standard solution was infused to the ESI source under 
optimal ESI conditions, the ATCA molecular ion at m/z 
147, corresponding to (M + H)+, was detected. ATCA 
product ion at m/z 101 was the most abundant product 
ion after the optimization of  compound-dependent pa-
rameters of  MRM, hence the transition ion m/z 147 → 
101 was selected for identification and quantification of  
ATCA. Similarly, ATZA molecular ion at m/z 145 was 
generated under the optimal ESI condition. Its product 
ion m/z 127 was the most abundant product ions after 
optimization of  compound-dependent parameters of  
MRM, hence the transition ion m/z 145 → 127 was 
selected for detection of  the internal standard (ATZA). 
An internal standard corrected calibration curve was 
constructed by plotting the ratio of  ATCA peak area to 
ATZA peak area vs ATCA concentrations. External cali-
bration curves were also constructed to examine matrix 
and ionization suppression effects.

Quality control
The quality control (QC) sample was a 200 μL, 500 ng/mL  
ATCA standard with 20 μL of  10 μg/mL internal stan-
dard. The QC was analyzed prior to each sample to 
ensure that the instrumentation was working properly. 
Additionally, a blank sample (mobile phase with the in-
ternal standard only) was also run between samples to 
check for any potential carryovers. The peak shape for 
the QC was confirmed first, and any deviation from the 
known peak shape was interpreted as an instrumentation 
error. Conditioning of  separation column and tubing was 
performed when high backpressure was noticed. Once 
QC was passed, samples were analyzed using LC-MS/MS 
with good confidence.

Animal studies
For animal studies, Charles River provided the 18 CD-1 
mice, all of  which were male and weighed about 20 g. The 
experimental animals were housed in room temperature 
and light controlled rooms (22 ℃ ± 2 ℃, 12-h light/dark 
cycle). They were furnished with water and Teklad Rodent 

Diet (W) 8604 (Teklad HSD, Inc., WI, USA) ad libitum. 
Plasma and organs (brain, lungs, heart, liver, and kidneys) 
of  the mice were collected after subcutaneous injection of  
KCN at different doses. Three sublethal doses (6, 8, and 
10 mg/kg-body-weight) were applied (3 mice/dose), and 
the injection solutions were prepared from a 4-mg/mL 
KCN stock solution. Each dose was injected with a 25 G 
× 1 1/2 needle. Mice were terminated 15 min after cya-
nide exposure and organs were collected. Blood samples 
were taken by pipetting. The average volume of  blood 
obtained was 0.25 mL, and the blood was placed into 
Eppendorf  tubes with 40 L of  10 mg/mL of  heparin in 
water. The Eppendorf  tubes were vortexed, then centri-
fuged at 13 000 r/min for 5 min. Plasma was collected, 
and organs were collected as well. Plasma and organ 
samples were placed into plastic 3 mL tubes and stored in 
the freezer until they were thawed for analysis. Note that 
longer exposure of  cyanide was not performed in this 
work. The toxicokinetic and half-life studies of  ATCA 
are separate research projects in our laboratory.

RESULTS
SPE procedure
The use of  MCX cartridge for the extraction of  ATCA 
from acidified urine samples has been previously re-
ported[20]. The ACTA was eluted from the cartridge by 
concentrated NH4OH and converted to the trimethyl-
silyl derivative through reaction with 30% N-methyl-
N-trimethylsilyltrifluoroacetamide (MSTFA) in hexane 
before analysis by GC-MS. In our work, we have modi-
fied and optimized the SPE procedure for LC-MS/MS 
instrumentation. ATCA was detected by ESI-MS/MS 
without chemical derivatization. The impact of  solvent 
composition on ATCA and ATZA ionization at the ESI 
source was tested first. Solvents of  three ATCA standard 
solutions (500 ng/mL with ATZA) were evaporated by 
air (air-dry) and argon (argon-dry) gases and the residues 
were reconstituted with a freshly prepared mobile phase. 
As shown in Figure 2, the MS/MS signals of  ATCA and 
ATZA were compared with and without air drying. The 
decreased peak areas of  ATCA and ATZA in reconsti-
tuted solutions following air or argon drying were attrib-
uted to the variations of  TFA concentration in the stock 
solution and the freshly prepared mobile phase. Solvent 
evaporation with argon had similar effects to that with 
air. Therefore, the use of  an inert gas was not needed 
for solvent evaporation. It has been known that TFA is 
a good organic additive in chromatography, but a poor 
reagent for MS/MS signal. In our method development, 
it was unfortunate that we could not avoid the need for 
evaporation of  samples and calibration standards.

Concentrated (28%-30%) aqueous ammonium hy-
droxide, 5% NH4OH/MeOH, 0.5% TFA/MeOH, and 
1% TFA/MeOH were next tested to determine the op-
timal final elution solution. Triplicates of  each solution 
were performed through SPE. The optimal final elution 
solution was also determined by using 2 different elution 
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volumes (1 and 2 mL) of  5% NH4OH/MeOH. Trip-
licates of  each volume were performed through SPE. 
These solutions yielded similar recoveries of  ATCA and 
ATZA. Because 5% NH4OH/MeOH was relative easy 
to air-dry, it was selected as the final elution solution for 
SPE.

Optimal SPE procedure for ATCA extraction
Various SPE procedures were tested and the best recov-
ery was obtained using the procedure below. Mice plasma 
or homogenized mice organs (200 μL) mixed with  
20 μL of  internal standard (ATZA) was diluted with  
800 μL of  10 mmol/L phosphate buffer (pH 7.4). ATCA 
and ATZA were then extracted with and eluted from 
the MCX cartridge. The samples eluted by the final elu-
tion solution were dried under gentle air streams. After 
air drying, the residues were reconstituted with 220 μL 
of  mobile phase. Standard solutions and samples were 
then sonicated for 5 min prior to LC-MS/MS analysis. 
With a volatile organic additive, such as TFA, in the mo-
bile phase, it is challenging to keep its concentration a 
constant from batch to batch. A precise control of  TFA 
concentration, or elimination of  matrix components 
could be investigated for method development, however, 
it is more applicable to just use an internal standard for 
calibration in our method.

Use of TFA as an additive in mobile phase
In our previous studies using ESI/MS/MS, a mobile 
phase of  0.5% acetic acid gave a good yield of  the MRM 
transition ion of  m/z 147 → 101 for the detection of  
ATCA. This mobile phase was found to be a poor elu-
ent of  ATZA. However, as shown in Figure 3, when 
TFA was added to the mobile phase a good sharp ATZA 
peak was detected. This result suggested that TFA was a 

more effective ion-paring reagent than acetic acid during 
the chromatography. Therefore, 0.5% TFA/MeOH was 
selected as the mobile phase, replacing the 0.5% acetic 
acid/MeOH mobile phase used in our prior work. 

Use of ATZA as the internal standard
ATCA standard solutions, ranging from 0-1000 ng/mL, 
were analyzed by LC-MS/MS with ATZA as the internal 
standard. External calibration curves were first con-
structed to show the relationship between ATCA con-
centrations and integrated ATCA LC-MS/MS peak areas. 
As shown in Figure 4A, the external standard calibration 
curves showed good linearity over the tested ATCA con-
centration range with average R2 = 0.999 in a between-
days experiment. The dashed lines show linear regression 
of  calibration in each day. These linear regression lines 
yielded an average calibration equation y = (199 ± 60) × 
(n = 4), relative standard deviation (RSD) of  calibration 
slopes = 30%. The high %RSD of  the slopes indicated a 
typical ionization suppression effect of  ESI. Internal cali-
bration curves were next prepared by plotting the ratio 
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of  ATCA to ATZA peak areas vs ATCA concentration. 
As shown in Figure 4B, ratioing to the internal standard 
peak area improved the reproducibility of  the calibra-
tion curves. The dashed lines show calibration curves 
obtained on different days. These internal standard com-
pensated calibration curves yielded an average calibration 
equation y = (0.018 ± 0.00007) × (n = 4), RSD = 4%. 
The decrease of  the RSD from 30% (external calibration) 
to 4% (internal standard calibration) demonstrated that 
the internal standard, ATZA, enables effective compen-
sation for ionization suppression and matrix effects, and 
substantially improves the precision with which ATCA 
can be quantified. The effect of  matrix components on 
MS/MS signals could be determined by comparing the 

slope of  internal standard calibration curves and matrix 
added calibration curves (e.g., standard addition). How-
ever, it could not eliminate matrix effect for the different 
biological samples. Note that the use of  an internal stan-
dard does not mean that the method is interference-free.

Endogenous level of ATCA in mice organs
The endogenous levels of  ATCA in different organs of  
mice were measured using the SPE procedure and LC-
MS/MS conditions outlined above. As showed in Figure 5, 
triplicate samples from healthy mice showed endogenous 
ATCA concentrations as follows: 1.2 ± 0.1 μg/g for kid-
ney samples, 1.6 ± 0.1 μg/g for brain samples, 1.8 ± 0.2 
μg/g for lung samples, 2.9 ± 0.1 μg/g for heart samples, 
and 3.6 ± 0.9 μg/g for liver samples. 

DISCUSSION
Mobile phase composition can impact the ESI ioniza-
tion of  analytes[27], The responses of  positive ions may 
be varied by changes in the electrolyte concentration, pH, 
and percent methanol at the ESI ionization source[28]. 
TFA has been known to suppress ESI[29]. For quantitative 
analysis, it is important to air-dry the ATCA and ATZA 
standard solutions so that all solutions can be redissolved 
in the same batch of  mobile phase (freshly prepare mo-
bile phase is recommended). This ensures reproducible 
ionization suppression from sample to sample. We found 
that this solvent reconstitution step increased the preci-
sion of  signal from replicate standard solutions (%RSD 
of  ATCA < 5% and %RSD of  ATZA < 8%). Note that 
the ring in ATCA may open under heat and basic condi-
tions[24]. The evaporation of  solvent should be performed 
under ambient temperature.

Matrix components in the sample could interfere with 
the detection of  ATCA in LC-MS/MS. SPE was used 
to isolate the analyte from the complex sample matrices. 
However, while SPE generally reduces matrix effects, it 
can under certain circumstances also magnify matrix ef-
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Figure 4  External calibration curves, without using 2-aminothiazole-4-car-
boxylic acid as the internal standard (A) and internal standard calibration 
curves constructed using 2-aminothiazole-4-carboxylic acid as the inter-
nal standard (B). A: The external standard calibration curves showed good lin-
earity over the tested 2-aminothiazoline-4-carboxylic acid (ATCA) concentration 
range with average R2 = 0.999 in a between-days experiment. The dashed lines 
show linear regression of calibration in each day. These linear regression lines 
yielded an average calibration equation y = (199 ± 60) × (n = 4), relative stan-
dard deviation (RSD) of calibration slopes = 30%. The high %RSD of the slopes 
indicated a typical ionization suppression effect of electrospray ionization. 
Internal calibration curves were next prepared by plotting the ratio of ATCA to 
2-aminothiazole-4-carboxylic acid (ATZA) peak areas vs ATCA concentration; B: 
Ratioing to the internal standard peak area improved the reproducibility of the 
calibration curves. The dashed lines show calibration curves obtained on differ-
ent days. These internal standard compensated calibration curves yielded an 
average calibration equation y = (0.018 ± 0.00007) × (n = 4), RSD = 4%. The 
decrease of the RSD from 30% (external calibration) to 4% (internal standard 
calibration) demonstrated that the internal standard, ATZA, enables effective 
compensation for ionization suppression and matrix effects, and substantially 
improves the precision with which ATCA can be quantified.
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Figure 5  Endogenous level of 2-aminothiazoline-4-carboxylic acid in mice 
organs. The endogenous levels of 2-aminothiazoline-4-carboxylic acid (ATCA) in 
different organs of mice were measured using the solid phase extraction proce-
dure and LC-MS/MS conditions outlined above. Triplicate samples from healthy 
mice showed endogenous ATCA concentrations as follows: 1.2 ± 0.1 μg/g for kid-
ney samples, 1.6 ± 0.1 μg/g for brain samples, 1.8 ± 0.2 μg/g for lung samples, 2.9 
± 0.1 μg/g for heart samples, and 3.6 ± 0.9 μg/g for liver samples.
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fects[30], an internal standard was needed to minimize this 
deviation of  calibration. Ideally, the choice of  deuterated 
ATCA as the internal standard has advantages chromato-
graphically and can eliminate limitations of  chemical 
properties in separation and detection method develop-
ment. Unfortunately, deuterated ATCA was not commer-
cially available. From this work, ATZA was selected and 
proved as to be a good alternative as an internal standard. 
The use of  ATZA as an internal standard successfully 
mitigated ESI suppression and matrix effects. Note that 
the difference in the chemical properties of  ATZA and 
ATCA has been shown by the difference in MS/MS frag-
mentation and the pKa of  ATZA is different from ATCA 
which potentially can be a problem in separation. Fortu-
nately, ATZA co-eluted with ATCA in our method. This 
is advantageous because ion suppression at the ESI source 
should then be more uniform for both ATCA and ATZA. 

It has been suggested in an in vivo study that the reac-
tion of  an oxidized disulfide with a sulfur nucleophile 
from glutathione could be a plausible origin for ATCA[27]. 
It is likely that endogenous levels of  ATCA in each organ 
reflect the availability of  disulfide and the concentration 
of  glutathione in those organs. Thus, endogenous ATCA 
levels may give an estimate of  each organs capacity for 
cyanide detoxification. For example, the preliminary 
results showing lower endogenous ATCA levels in the 
kidneys and brain may be consistent with lower capacity 
for cyanide detoxification in those organs. This lower ca-
pacity might be partially due to the absence of  rhodanese 
enzymes in the kidney and brain. 

Mice received three different sublethal doses (6, 8 and 
10 mg/kg) of  cyanide subcutaneously (3 mice/doses) 
and were terminated 15 min after cyanide exposure. As 
shown in Figure 6, a significant correlation of  cyanide 
dose vs ATCA concentration in plasma samples was ob-
served. ATCA concentration in mice plasma samples was 

increased from 189 ± 28 ng/mL (n = 3 mice) for endog-
enous level (0 mg/kg body weight dose of  KCN) to 413 
± 66 ng/mL (n = 3 mice) for 10 mg/kg body weight dose 
of  KCN. This data represents the first in vivo study of  
ATCA concentration levels in plasma samples following 
administration of  various controlled doses of  cyanide.

Present in vivo study confirmed that ATCA concentra-
tion in plasma samples rose significantly with increasing 
cyanide dose levels in a mice model. This finding sug-
gests that ATCA has the potential to serve as a plasma 
biomarker for cyanide poisoning. However, further 
studies for detecting ATCA in biological samples after 
exposure of  various cyanide doses employing various 
animal models are necessary to reaffirm that ATCA can 
be established as a suitable cyanide biomarker/forensic 
biomarker. Since it is previously proven that ATCA is a 
persistent, chemically stable metabolite[26], more over the 
formed ATCA concentrations are significantly enhanced 
in certain organs even after a lower dose of  cyanide ex-
posure[25], This method can also be readily applied to actual 
autopsy materials. It is important to develop this method 
into a complementary method to extend the detection 
time window for cyanide poisoning cases, especially for 
those autopsy samples that have been stored for a long 
time where cyanide poisoning was suspected. These stud-
ies are superior to the previously reported studies with a 
different animal model (rat)[25]: While the previous experi-
mental setup of  applying one single KCN dose (4 mg/kg) 
did not prove the potential importance of  ATCA as a 
plasma biomarker, present studies confirm that at higher 
doses of  KCN administration the plasma ATCA level is 
proportionally and significantly increasing with increasing 
KCN doses. Earlier studies indicated enhanced ATCA 
levels in the urine and plasma[20] of  smokers vs non smok-
ers, suggesting that ATCA has potential as a cyanide bio-
marker in human. Different cyanide metabolite baseline 
levels in smokers vs nonsmokers is a factor that needs to 
be accounted for in all methods, including ATCA based 
methods, that seek to differentiate between chronic and 
acute cyanide exposure. Present findings provide ad-
ditional evidence to the study by Logue et al[20], for the 
potential of  ATCA to serve as a plasma biomarker in 
mice and human, and confirm its utility as a forensic bio-
marker what was in agreement with the earlier investiga-
tion using a single lower dose of  KCN in a rat model[29]. 
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COMMENTS
Background
Cyanide (CN) is a potent poison, which people can be exposed to in a various 
ways. It has been widely recognized as a chemical warfare agent and is con-
sidered as a possible terrorist threat. It is important to determine cyanide itself, 
or its metabolites in biological matrices for forensic, clinical, military, research 
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Figure 6  2-aminothiazoline-4-carboxylic acid concentration in mice plas-
ma after different doses of potassium cyanide (endogenous level = 0 mg/
kg body weight dose of potassium cyanide). Mice received three different 
sublethal doses (6, 8 and 10 mg/kg) of cyanide subcutaneously (3 mice/doses) 
and were terminated 15 min after cyanide exposure. A significant correlation of 
cyanide dose vs 2-aminothiazoline-4-carboxylic acid (ATCA) concentration in 
plasma samples was observed. ATCA concentration in mice plasma samples 
was increased from 189 ± 28 ng/mL (n = 3 mice) for endogenous level [0 mg/kg 
body weight dose of potassium cyanide (KCN)] to 413 ± 66 ng/mL (n = 3 mice) 
for 10 mg/kg body weight dose of KCN. 
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and veterinary purposes. Common metabolites of cyanide include 2-aminothia-
zoline-4-carboxylic acid (ATCA) and thiocyanate. ATCA is formed when cyanide 
reacts with cysteine. 
Research frontiers
One of the most important frontiers in cyanide research to develop effective 
methods for forensic analysis of cyanide exposure, based on detection of CN 
and its metabolites (thiocyanate and ATCA). Since cyanide is present in the 
body in the volatile hydrogen cyanide form, it is rapidly depleted from blood 
(generally within the first 20 min of exposure) following exposure, leaving only 
metabolites as biomarkers. Important criteria for a biomarker include chemical 
stability, and biomarker concentration levels in biological matrices that correlate 
with the doses of exposure. Earlier studies proved that ATCA is a chemically 
stable cyanide metabolite. The present study indicates the cyanide dose vs 
ATCA blood concentration relation, therefore it suggests that ATCA might be 
established as a cyanide biomarker.
Innovations and breakthroughs
Logue et al (2005 and 2010) reported an analytical method gas chromatogra-
phy-mass spectrometry (GC-MS) to measure ATCA in biological matrices. Since 
ATCA is not volatile, it requires derivatization prior to measurement via GC-MS. 
The authors’ HPLC method detects ATCA without derivatization. For sample 
preparation before injecting the samples to the chromatography column (LC-MS/
MS method), Yu’s group at SHSU (Jackson et al, 2010) developed and reported 
a molecularly imprinted polymer stir bar sorption extraction for determining 
ATCA. The present study employs the LC-MS/MS method, and it compared the 
two extraction methods (molecularly imprinted polymer stir bar sorption extrac-
tion and SPE), and for further analysis it recommends the SPE extraction when 
determining ATCA by LC/MS/MS method. Employing the HPLC/MS/MS method 
with SPE extraction, this study confirmed that ATCA can serve as a biomarker 
for cyanide exposure. In an earlier study (Petrikovics et al, 2011) reported the 
possible establishment of ATCA as a forensic biomarker, since the post expo-
sure concentration of ATCA in organs was significantly elevated relative to the 
endogenous ATCA levels, especially in the liver in a rat model. Further inves-
tigations are being pursuedto determine endogenous cysteine/cystine levels 
in order to understand why certain organs contain more ATCA after a constant 
cyanide exposure. When a constant low dose of cyanide was administered, the 
plasma ATCA level was not elevated relative to the endogenous plasma ATCA. 
In the present study the authors report that when cyanide doses are higher, and 
more representative of acute exposure, the ATCA levels in the plasma are cor-
related with CN dose in a mice model.
Applications 
This results of this study suggest that ATCA holds promise as a forensic bio-
marker for CN. 
Peer review
The results of this study show that ATCA levels are strongly correlated with CN 
exposure levels in a mice model. These results are consistent with the hypothesis 
that ATCA might serve as a biomarker/ forensic biomarker for cyanide exposure. 
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