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Abstract—The level of carboxyhemoglobin (CO-Hb) in the forensic blood sample is a critical evidence to the
conclusion that the fatality was related to CO poisoning or other reason causing death. In this study, we val-
idated the method for CO-Hb determination in blood using headspace gas chromatography—flame ionization
detector (HS-GC/FID) for further application to the analysis of forensic samples. The liberated CO from
CO-Hb was reduced to methane by a specific catalyst and then analyzed by GC—FID. The quantitative range
for CO-Hb was from 2.5 to 100% with the limit of detection down to 0.5%. The average recovery at different
levels of CO-Hb was from 96.8 to 98.5% with high repeatability and intermediate precision. The obtained
parameters presented that the method was highly sensitive and accurate for CO-Hb determination in blood
samples. The method was also applied to the analysis of 27 forensic samples that had the questionable cause
of death. Eighteen samples were related to CO poisoning with the level of CO-Hb exceeding 15%. All the
results demonstrated that this method could be applied for forensic diagnosis.
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Carbon monoxide is a chemical produced from
incomplete burning of natural gas or other products
containing carbon, including exhaust, faulty heaters,
fires, and factory emissions [1, 2]. This odorless gas is
the leading cause of poisoning deaths in many coun-
tries in the world [3, 4]. Carboxyhemoglobin (CO-Hb)
level in healthy non-smoking subjects is less than 2%
and less than 15% for smokers. At CO-Hb levels below
10%, no notable symptoms are observed. Neurologi-
cal symptoms such as nausea, headache, and dizziness
are observed at CO-HD levels over 10%. An increase in
respiratory and heart rates, syncope, motor paralysis,
and confusion are observed at CO-Hb levels of 30—
50%. CO-HbD levels exceeding 50% are considered as
life-threatening, and values in this range are central to
the diagnosis of CO poisoning [5—8]. Although for
almost all fatal cases caused by CO poisoning statistics
are obtained annually in most countries, some of them
were grossly reported without CO-Hb quantitation in
blood. Therefore, it is difficult to know the exact num-
ber of fatalities caused by CO poisoning.

The quantitation of CO-Hb in blood is an essential
step to confirm that CO poisoning or another reason
causes death. The concentration of CO-Hb would be
much higher than 15% if the death was related to CO
poisoning. Therefore, the determination of the exact

cause of death from CO poisoning is currently of con-
cern in forensic examination.

The spectrophotometric method is the most widely
used for the evaluation of CO-Hb presence. This
method is based on the changes in absorption spec-
trum [9—11]. However, the sensitively may still be the
limitation of this method. Some other methods have
also been applied for CO-Hb determination such as
detection tubes [12, 13], oximetry [14], or fluorescent
sensor [15]. Despite the successes of these methods,
their limited sensitivity and time-consuming analysis
may still be the drawbacks of these applications. Air-
tight gas syringe—gas chromatography—mass spec-
trometry (AGS—GC-MS) also requires expensive
instruments and is time consuming [16]. Recently, a
number of methods based on gas chromatography
have been reported to determine CO in blood. The
detectors used in these methods include thermal con-
ductivity detector [17, 18], barrier discharge ionization
detector (BID) [19], and flame ionization detector
[20, 21]. The most advantageous method currently
used is GC—FID. Focusing on this point, this study
aims to validate a sensitive method for CO-Hb deter-
mination in blood using headspace gas chromatogra-
phy—flame ionization detection (HS—-GC/FID) for
further application to the analysis of forensic samples.
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Table 1. HS—GC/FID operating conditions for carboxyhe-
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moglobin determination in blood

Instrument parameter Value
Agilent 8890 GC system

Autosampler Agilent 7697A Headspace
Sampler

Column Agilent HP-Molesieve
30 m %X 0.32 mm X 25 um
(19091P-MSS8)

Inlet mode Splitting ratio 20 : 1

Inlet temperature, °C
Purge flow, mL/min
Gas saver flow
Carrier gas

Oven temperature

250

44

20 mL/min at 2 min
Helium, 2.2 mL/min
80°C (5 min); 20°C/min

to 280°C (2 min);
post run 300°C (0.5 min)
Headspace condition

Temperature Oven: 100°C; loop: 100°C;
transfer line: 100°C
Time Vial equilibration: 45 min;

injection duration: 0.5 min

By using the specific catalytic reduction of released
CO from CO-Hb to methane and then detection by a
flame ionization detector [22], the method promises
high specificity and sensitivity in CO determination.
Furthermore, the merits of the method were observed
based on the real blood sample analysis, showing a
highly accurate method that can be applied for diag-
nostic and forensic examination.

EXPERIMENTAL

Materials and reagents. Saponin (lot #BCC3326)
and octanol (>99%) were purchased from Sigma-
Aldrich  (Singapore). CO (>99.99%) and N,
(>99.99%) were supplied from Viet Nguyen Technol-
ogy Service Trading Co. (Ho Chi Minh City, Viet-
nam). All other reagents of analytical grade used in
this work were purchased from Merck (Merck, Darm-
stadt, Germany). Lithium heparin tubes were supplied
from Hong Thien My Joint-stock Co. (Ho Chi Minh
City, Vietnam). All solutions were prepared using
ultra-pure water (with an electrical resistivity
>18.3 MQ cm) produced by a Millipore Milli Q sys-
tem (Billerica, MA, USA). The blank blood samples
used in this study were collected from the non-smok-
ing volunteers. The real samples were collected from
the Forensic Medicine Centre of Ho Chi Minh City
(Vietnam).

Calibration curve preparation and sample analysis.
The calibration curves and sample analysis were pre-
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pared as follows: the collected blood sample from vol-
unteers was anticoagulated and stored in lithium hep-
arin tubes. To 8 mL of blood, 100 uL of antifoaming
agent, n-butanol, were added and then purged with N,
at the flow rate of 5 mL/min for 5 min. The resulting
mixture was then rotated for 15—30 min. The final
obtained mixture was 0% CO-Hb blood standard. The
100% CO-HD blood standard was prepared similarly,
except purging with CO at 10 mL/min for 30 min
instead of N,. Both mixtures were stored at 4°C for
daily use.

Each standard point of the calibration curve was
prepared by mixing the 0 and 100% CO-Hb blood
standards with a certain volume ratio (the final volume
was 400 uL). CO from CO-Hb was liberated by incu-
bating this mixture with 800 uL of saponin—H,SO,
(7.5 g of saponin in 473 mL of H,O and 27 mL of 98%
H,S0O,) at 100°C for 45 min. The extracted CO was
then reduced to methane by nickel catalyst kit (part
number: G3478A) at 375°C with a hydrogen rich
atmosphere. The produced methane was later deter-
mined by GC-FID.

The real forensic blood samples were prepared by
the following CO liberating steps: 400 uL of fresh
blood was incubated with 800 uL of saponin in H,SO,
at 100°C for 45 min in the headspace vial. The released
CO was transformed into methane and was detected
by GC-FID under operating conditions shown in
Table 1.

RESULTS AND DISCUSSION

Specificity of the method. The accuracy of the
method for determining CO in blood was verified by
the specificity, linearity, limit of detection (LOD),
recovery, repeatability, intermediate precision, and
uncertainty measurement. These merits were vali-
dated according to the guidance in AOAC 2016,
ANSI/ASB 072-2019 [23—25]. The specificity of CO
detection was observed by analysis of blank matrix and
spiked samples. The chromatograms of the blank sam-
ple and samples spiked with CO-Hb at different levels
are shown in Fig. 1.

For the blank matrix, a small peak at the retention
time of 3.92 min was observed in the chromatogram.
The peak area was about 1.71 (Fig. 1a) demonstrating
that there was a small amount of CO-Hb in the blank
blood sample. In contrast, when analyzing the matrix
containing 1.5% CO-Hb, the signal obviously changed
for the peak at 3.92 min with a peak area of 11.27
(Fig. 1b). The signal ratio compared with the blank
sample was 6.61. To further confirm the specificity of
the CO-Hb peak, another spiked sample was analyzed
with CO-Hb amount of 20%. The obtained peak at
3.91 min had the peak area 0f 204.77 (Fig. 1¢), and the
area ratio to blank sample was 120.1. All these results
confirmed the high specificity of the signal in CO-Hb
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detection mediating the high specificity of CO-Hb
determination in the blood sample.

Linearity of the method. In order to minimize
matrix effect to the analytical signal, the matrix-
matched calibration was used to observe linearity of
the method. For each calibration curve, nine standard
points with various CO-Hb concentrations were
observed. The calibration curves were constructed for
three days with six repeated experiments (n = 6). As
shown in Table 2, CO-Hb in blood can be determined
in the range of 2.5 to 100% with the correlation coeffi-
cient (R?) of 0.999. The stability of calibration curves
is presented by the high correlation coefficient (0.999)
for three days. The observed linearity of the method
confirmed that this method could be applied for CO
determination in the blood sample.

Method detection limit and quantitation limit. As
there was a small peak of CO-Hb in the blank matrix
(Fig. 1a), the detection limit was evaluated based on
the analysis of the blank sample. Ten repetitive exper-
iments were carried out for three different blank sam-
ples. LOD of the method was calculated as the average
concentration of CO-Hb in the blank matrix plus
three times the standard deviation (SD), and the limit
of quantification (LOQ) was the average concentra-
tion plus ten times the SD [22]. LOD for CO-Hb
determination was 0.5%, and LOQ was 1.1% (Table 3).
According to the poisoning level of CO-Hb, the LOD
and LOQ values showed that the method was very sen-
sitive for CO-Hb determination in blood samples.

Accuracy and precision of the method. Due to the
lack of the certified reference materials, the trueness
was evaluated by method recovery (intra-laboratory
reproducibility). These three samples spiked with CO-
Hb at 25, 50, and 90% were analyzed on three different
days. The recovery of CO-Hb was from 93.8 to 98.5%
(Table 4). These recoveries had the same value of 100
at 95% confidence (one-sample #-test). The recovery
was stable on different days and with different analysts
with intermediate precision expressed as the relative
standard deviation (RSD) lower than 5.9%. The
method showed high repeatability in six repetitive
analyses of three spiked blood samples. At CO-Hb
concentration of 25, 50, and 90%, the relative stan-
dard deviations observed were 5.7, 4.8, and 4.2%,
respectively.

The measurement uncertainty of the method was
also validated based on “top-down” approach [26].
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Fig. 1. Chromatograms for the method specificity evalua-
tion: (a) blank sample, (b) blank sample spiked with 1.5%
carboxyhemoglobin, (c) blank sample spiked with 20%
carboxyhemoglobin.

The uncertainty was calculated from the calibration
curve, repeatability, intermediate precision, and bias
(percent recovery). The obtained measurement uncer-
tainty was 8.2%, confirming the high accuracy of CO-
Hb determination in blood samples.

Table 2. Calibration curves for the determination of carboxyhemoglobin in blood samples

Ti CO-Hb concentration Areagy = slope - [CO-Hb, %] + intercept Correlation coefficient
ime
range, % slope = SD intercept = SD (R
Day 1 (n = 6) 1.5-100 13274 0.5 550.3 + 48.8 0.999
Day 2 (1 = 6) 1.5-100 1328+ 1.0 532.7+28.7 0.999
Day 3 (n =6) 1.5—100 133.1 £2.8 572.3 £ 64.2 0.999
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Table 3. The detection and quantitation limits for carboxy-
hemoglobin determination in blood (n = 10)?

Blank |\ 1can, % | RSD, % | LOD, % | 1L0OQ, %
sample
Sample 1 0.24 0.09 0.5 1.1
Sample 2 0.27 0.08 0.5 1.1
Sample 3 0.22 0.09 0.5 1.1

3LOD and LOQ were calculated according to the equations of
LOD = Mean + 3SD and LOQ = Mean + 10SD.

Table 4. Method recovery and repeatability in the determi-
nation of carboxyhemoglobin (n = 6)

Standard Average
Sample spiked, % | recovery, % SD RSD, %
Sample 1 25 98.5 1.4 5.7
Sample 2 50 93.8 2.2 4.8
Sample 3 90 94.0 3.7 4.2

Practical application of the method. The validated
method was used to analyze 27 forensic blood samples
collected from the Forensic medicine Centre of Ho
Chi Minh City. The level of CO-Hb in blood samples
was in the range of 1-67%. The results were classified
by concentration and are presented in Fig. 2. In
27 analyzed samples, the number of samples with CO-
Hb concentration below 15%, 15—50%, and higher
than 50% CO-Hb was 9, 12, and 6, respectively. There
were 18 cases of CO poisoning with CO-Hb concen-
tration higher than 15% (equivalent to 67%). One-
third of the cases were heavy poisoning with CO-Hb
level exceeding 50%. The remain fatal cases, where the
concentration was lower than 15%, were not caused by
CO poisoning (equivalent to 33%). The results are
shown in Fig. 2.

11

1
st
I11
6k
4+
o
0

Fig. 2. Practical application of the method to real forensic
sample analysis: the samples with carboxyhemoglobin
concentrations (I) lower than 15%, (II) in the range of 15—
50%, and (I11) higher than 50%.
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CONCLUSIONS

An efficient method has been validated for the
quantification of CO-Hb in blood samples. The
method was based on the specific catalysis to reduce
released CO from CO-Hb to methane followed by
analysis using gas chromatography with a flame ion-
ization detector. The method expressed high specific-
ity and selectivity in CO-Hb determination in blood.
All evaluated merits proved that the method was suit-
able for quantitative analysis. The validated method
was applied to the analysis of 27 forensic blood sam-
ples. The results showed that there were 67% of sample
cases related to CO poisoning. This work supplied an
efficient method for CO-Hb determination in blood
samples with high accuracy and can be applied for
analyzing forensic samples.
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