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Abstract: An original kinetic spectrophotometric procedure was developed for the determination of
hydrogen cyanide (HCN) in the whole blood of fire victims. Cyanide poisoning by smoke inhalation
is common in forensic medicine, but the blood HCN of fire victims has not been studied in detail
so far. In this research project, we developed a simple, fast, sensitive, and selective quantification
method for both free and metabolized HCN based on the kinetics of cyanide reaction with ninhydrin.
The method was linear in range, from 0.26 to 2.6 ug mL~1, with a coefficient of determination of
r = 0.994. A high molar absorptivity of 4.95 x 10° L mol~! cm~! was calculated under the reaction
conditions. The limit of quantification was 0.052 ug mL~!; the detection limit was 0.012 ug mL~! and
the standard error was £2.7%. This micro method proved to be accurate, sensitive, and selective and
has been successfully applied to the analysis of blood samples, allowing rapid monitoring of blood
cyanide in several fire victims.

Keywords: cyanide determination; forensic science; fire victims; blood samples; kinetics; ninhydrin;
Conway vial

1. Introduction

The extreme toxicity of cyanide and environmental concerns continue to generate
interest in rapid, sensitive, and selective methods for cyanide detection and quantification.
Toxicity of hydrogen cyanide (HCN) from inhalation of smoke from building fires has
received additional recognition in injuries and deaths [1-3]. Exposure to HCN can induce
heart attacks which are the leading cause of fire deaths [4]. When the body is exposed to
HCN by inhalation, it becomes deprived of oxygen, and mitochondria deteriorate rapidly
until death occurs unless exposure is quickly identified and treated immediately [5]. In
fact, the common cause of fire death is the inhalation of noxious gases such as HCN and
carbon monoxide (CO) rather than thermal injury [3,5-7]. HCN has the capacity to act and
can even be the cause of death [8]. However, it is assumed that HCN poisoning is still an
overlooked diagnosis in fire victims [9,10].

Hydrogen cyanide has a suffocating effect, causing the transition from aerobic to
anaerobic metabolism and lactic acidosis, which leads to neurological, respiratory, and
cardiovascular depression. Confusion and loss of consciousness, bradycardia, hypotension,
and respiratory and cardiac arrest have also been described [11-13]. Smoke interferes with
visibility, an important factor in the evacuation of people in the case of fire scenarios. It is
also possible that the incapacitating effect of HCN exposure will affect the efficiency of fire
evacuation, causing the victim to remain inside the room until exposure to heat or toxicity
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leads to injury or death [3,14]. During inhalation of smoke containing HCN, some of the
HCN is converted by rhodanese enzyme to thiocyanates (salts of HSCN) [15].

Evidence is now growing that blood HCN measurements may also be beneficial for
understanding fire fatalities [11,16]. Quantification of the unbound HCN blood concentra-
tion increases the information gained for those cases of fire fatalities [17]. Nevertheless,
numerous papers are already published regarding the methods for HCN determination
in blood [18-20]. A review summarized the literature since 2005 on cyanide determina-
tion in drinking water and wastewater, as well as cigarette smoke and biological fluids
such as blood, urine, and saliva [21]. The reviewed methods include naked eye visual
detection, spectrophotometry or colorimetry, capillary electrophoresis, fluorimetry, chemilu-
minescence, near-infrared cavity ring-down spectroscopy, atomic absorption spectrometry,
electrochemical methods, mass spectrometry, gas chromatography, and quartz crystal
mass monitors. An amperometry test was also developed [22]. Headspace gas chro-
matography associated with acidification with tartaric acid was developed for the analysis
of cyanide in whole blood [23]. Another method for the analysis of cyanide in human
whole blood involves the conversion of cyanide into hydrogen cyanide and its subsequent
headspace solid-phase microextraction and detection by gas chromatography—mass spec-
trometry (GC/MS) [24]. In addition, an automated procedure based on isotope-dilution
gas chromatography—mass spectrometry for the accurate and rapid determination of HCN
in whole blood was advanced [25]. The simultaneous derivatization and extraction of free
cyanide in biological samples using homemade hollow fiber-protected headspace liquid-
phase microextraction is followed by capillary electrophoresis (CE) determination [26].
A kinetic spectrophotometric determination of cyanide based on copper (catalyzed oxi-
dation of 3-hydroxybenzaldehyde azine (3-OHBAA)) by potassium peroxydisulfate was
previously proposed [27]. The calibration plot was linear in the range of 0.15-0.6 ug mL~!
cyanide and the detection limit was 0.050 g mL~!. Another method was based on the
decrease in absorbance at 612 nm [28]. However, all these methods require expensive
and sophisticated equipment. In addition, although intoxications with HCN via smoke
inhalation are frequently encountered in forensic medicine, its analysis was less studied
in detail.

Despite numerous studies on the determination of cyanide with ninhydrin [29-35],
only a few methods using ninhydrin have been published for HCN or HSCN in blood or
other biological samples [14,36,37].

Therefore, we present here, based on the reaction of cyanide with ninhydrin, a kinetic
spectrophotometric method for the quantitative determination of HCN in the blood of
fire victims, including HCN metabolized to thiocyanate. The originality of the micro
method proposed by us consists mainly in the study of the kinetics of the HCN reaction
released from the blood with phosphoric acid (H3POj); previously, the spectrophotometric
measurements were made only 15 min after the addition of the reagents [38]. In addition,
the optimization of HCN microdiffusion from blood samples using Conway dishes and the
performance of the method were discussed. We also emphasized the importance of adding
sodium fluoride during the sampling process, as other authors have suggested [39,40].

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals used were of analytical grade of purity. MilliQ grade (18.2 M(Q)-cm) water
(Millipore, Milford, MA, USA) was used in all experiments. Ninhydrin (2,2-dihydroxy-
1,3-indandione) was purchased from Serva (Heidelberg, Germany), whereas potassium
cyanide (KCN), K,COj3, and phosphoric acid (H3PO4) were obtained from Merck KGaA
(Darmstadt, Germany). Potassium hydroxide (KOH) was bought from Carl Roth GmbH
CoKG (Karlsruhe, Germany). Potassium thiocyanate was from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany). All chemicals and solvents were used without further
purification.
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The ninhydrin reagent (NR, 5 mg mL~! ninhydrin in 2% K,COj3) was carried out by
solving 250 mg of ninhydrin in 50 mL of 2% K,COj. A stock solution of 650 jtg mL~! KCN
in 0.1 N KOH was prepared weekly. The solution was stored at +4 °C. Working solutions
were prepared daily by dilution of appropriate aliquots from stock solution in 0.1 N KOH.

2.2. Instrumentation

Conway microdiffusion units, made of glass or plastic, were used for distilling and
capturing HCN in alkaline solutions and an electric heater with an automatic stirring
system (VMS C1; VWR™) to heat them at 40 °C. UV-vis spectra of the colored solutions
resulting from the reaction of cyanide with ninhydrin were recorded using a Libra S35 PC
spectrophotometer with thermostated cuvettes from Biochrom Ltd. (Cambridge, England)
and Acquire Application Software 1.03 in QS quartz cuvettes (10.00 mm). UV-vis spectra
were recorded in a range of 200-800 nm. However, after setting the maximum absorption
at 493 nm, plastic cuvettes were also used for the kinetic measurements at this wavelength.
The relationship between the slope values of the kinetic curves and HCN concentrations
(as KCN) was studied.

2.3. Sampling

This study was conducted with the approval of the Ethics Committee of Transilvania
University of Brasov (4/26.02.2020) and “Grigore T. Popa” University of Medicine and
Pharmacy of lasi, Romania (2182/27.01.2020). The biological samples were collected at
autopsy 24—48 h after death. Thus, 5 mL of femoral venous blood was collected in a test
tube with sodium fluoride as an anticoagulant and immediately frozen. Prior to the HCN
measurement, the frozen blood was thawed and stored at 4 °C.

2.4. Distillation (HCN Capture)

For the determination of unbound HCN in blood, 1 mL of blood, 1 mL of water, and
1 mL of 20% H3PO,4 were placed in the external chamber of the Conway unit. Then, 2 mL of
0.1 N KOH solution or 2% K;CO3 was pipetted in the internal chamber of the Conway vial
to capture the HCN released from the outer chamber. The insulating cap is immediately
placed on the Conway vial. Conway cells were then heated for 30 min at 40 °C on the
electric heater.

The absorbent solution containing HCN captured after its removal from the 1 mL
blood samples was recovered with a 1 mL automatic pipette and quickly transferred to
2 mL glass vials. The internal chamber was washed with water to remove the traces of
HCN, and the resulting solution was added to the solution found in the glass vial, adjusted
with water to 2 mL and stirred.

To determine total HCN, including that metabolized to thiocyanate ions, 1 mL of
blood, 1 mL of 20% H3POy4, and 1 mL of 7.5 mg mL 1 KMnQOy solution instead of 1 mL of
water was pipetted into the outer chamber to convert the thiocyanate ions to HCN. Then,
the Conway cell was heated at 40 °C for 30 min, and the absorbent solution was adjusted
to 2 mL as in the case of free HCN determination. In the presence of 1 mL of blood, the
permanganate magenta color did not disappear due to the permanganate reaction with
reducing agents present in the blood. Aliquots of 100 pL were taken from each absorbent
solution and treated with NR. The blank value was calculated using water instead of the
blood sample, which will be checked for HCN.

2.5. The Hydrogen Cyanide Determination

Volumes of 100 uL of absorbent and 1 mL of ninhydrin reagent were pipetted into the
quartz or plastic cuvette of the spectrophotometer. Immediately, the cuvette was covered
with parafilm and shaken vigorously by inverting several times. The absorbance values at
493 nm were measured kinetically spectrophotometrically for 30 min, immediately after
mixing the reagents. If the concentration of HCN in the blood is too high, the cyanide-
containing absorbent may be diluted before measurements. Separately, other absorption
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measurements were also performed at certain times, such as 5 min, 10 min, 20 min, 30 min,
and even 50 min. A reference solution was prepared each time by mixing 100 pL of
2% K,COj3 or 0.01 N KOH and 1 mL of 5 mg mL~! ninhydrin reagent directly in the
spectrophotometric cuvette. The kinetics of the color reaction between cyanide ions and
ninhydrin was followed against the reference solution at 493 nm in 1 cm? plastic cuvettes.

The calibration curves were plotted with known concentrations of HCN either by the
proposed kinetic spectrophotometric micro method or by the spectrophotometric reading
of the absorbance of the cyanide adduct with ninhydrin at 584 nm and at a fixed time
of 15 min [38]. In addition, the results of the proposed micro method with ninhydrin
were statistically compared with those obtained by the reference method using chloramine
T/barbituric acid-pyridine in pH 4.0 buffer solutions and at 30 °C [41]. The following
solutions were prepared: (i) 0.2 M acetate buffer of pH 4.0; (ii) 0.50% (w/v) chloramine-
T (Merck) in distilled water; and (iii) 0.150 M barbituric acid and 10% (v/v) pyridine
were mixed and diluted to the mark in a 100 mL volumetric flask. The absorbance was
read at 578 nm and 30 °C and compared with the slope values obtained by the proposed
micro method.

We studied method accuracy by measuring the HCN content of unfrozen whole blood
samples fortified with a known amount of KCN.

3. Results
3.1. Spectrophotometric Study of the Reaction between Ninhydrin and CN~

First, we established the suitable wavelength for kinetic measurements. Figure 1a
shows the absorption spectrum of the reagent with ninhydrin (100 uL of 2% K;CO3 + 1 mL
NR) against water, which reached absorbance maximum at 370 nm (A = 1.486 A.U., where
A means absorbance, and A.U. represents absorbance units). At 493 nm, a relatively low
value, A = 0.106 A.U., was found for the reference. The absorption spectrum of 100 uL of
2.6 ug mL~! treated with 1 mL of ninhydrin reagent (NR) against water reached absorbance
maximum at 470 nm (A = 1.993 A.U.). However, when the spectrum was read against
the NR and not water as the reference, the maximum moved to 493 nm (A = 1.800 A.U.).
Hence, 493 nm was selected for further studies. Then, we repeated the spectrophotometric
measurements using 100 pL of 1 pg mL~! potassium cyanide (KCN) solution (Figure 1b),
where a complicated polynomial equation was calculated. Here, it is important to observe
the high contribution of ninhydrin to the absorbance values in the UV range, as well as in
the range from 350 to 400 nm (yellow color in the presence of potassium carbonate). In
addition, part of ninhydrin is consumed in the reaction with cyanide, so the spectrum of
cyanide-ninhydrin adduct may become complicated and dependent on the concentration
of each reagent involved.
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Figure 1. Determination of the maximum absorption of KCN that reacts with the ninhydrin reagent.
The absorption spectrum was measured 20 min after mixing (a) 100 uL of 2.6 pug mL~! KCN and (b)
100 pL of 1 ug mL~! KCN with 1 mL of ninhydrin reagent at 25 °C in 1 cm quartz cuvettes.
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3.2. Analytical Performance

Volumes of 100 uL of KCN solutions with concentrations ranging from 0 to 2.6 pg mL~!
reacted with ninhydrin (1 mL of NR) in the spectrophotometer cuvettes for 60 min at 25 °C
(not shown). The reaction kinetics were measured at 493 nm against the reference made
with the reagents. Then, we plotted the calibration curve with the absorbance values
measured at 20 min after reagent mixing. The cyanide-ninhydrin system obeys Beer’s
law in the range from 0.26 pg mL~! to 2.6 ug mL~! KCN (R? = 0.9879) with molar ab-
sorptivity ¢ = 4.5 x 10* L mol~! em~! (Figure 2). However, keeping in mind that 100 uL
of cyanide solution was mixed with 1 mL of NR, the concentration of KCN in the re-
sulted solution becomes 0.236 pg mL~1and ¢ =4.95 x 10° L mol~! ecm~!; a value close to
that was found by other authors when cyanogen compounds were determined in plants
(e =14 x 10° Lmol~! em ™!, in the range from 0.020 pg mL~! to 0.800 ug mL~') [38].
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Figure 2. Calibration curve for cyanide determination: relationship between the absorbance of
ninhydrin reagent at 493 nm and the cyanide concentration.

Figure 2 shows the calibration curve for cyanide determination at 493 nm 20 min
after the start of the reaction. We reported the absorbance values of the cyanide-ninhydrin
adduct as a function of cyanide concentration.

At the beginning, we used an excel sheet to first calculate the HCN concentration (ex-
pressed as KCN) in absorbent solution, then in 0.5 mL of blood, then the HCN concentration
expressed as jtg mL~! HCN. In the meantime, we simplified the HCN calculation, using the
following formula: C = 2.0063 A493 + 0.5022, where C means HCN concentration in blood
and Ayo;3 is the absorbance value at 493 nm as measured against the reagents. In this case,
we recovered only 1.555 mL of absorbent from 2 mL initially introduced into the Conway
unit. Since the calibration curve is linear in the concentration range 0.1-2.6 ug mL~!, we
considered the lowest concentration to be accurately measured under the experimental
conditions of this method as 0.10 pug mL~! KCN. However, considering that HCN in 1 mL
of blood is captured in 2 mL of alkaline solutions and only 100 uL of absorbent is used
in the reaction with ninhydrin, the limit of quantification becomes much lower. Indeed,
the limit of quantification was 0.052 ug mL~!; the detection limit was 0.012 ug mL~! and
the standard error was £2.7%. However, concentrations higher than 0.1 pg mL~! are of
interest for HCN determination in blood samples. This value is sufficiently satisfactory
for the determination of HCN in the blood of fire victims and not for the very sensitive
determination of blood cyanide for other purposes. However, we sought to improve the
sensitivity of HCN determination by investigating the relationship between absorbance
values and a wider range of KCN concentrations (Figure 3). Although a calibration curve
of polynomial and not linear shape, in the range indicated in Figure 2, did not show a



Appl. Sci. 2022,12, 2329

60of 17

higher correlation coefficient r (r = 0.994 vs. r = 0.993; R% =0.9896 vs. R? = 0.9879), better
results were obtained with a calibration curve of polynomial shape in the concentration
range 0-2.6 ug mL~!. Thus, linear correlation and abscissa interception, with the regression
equation: y = 0.5071x, where y is the absorbance and x, the KCN concentration, led to a
lower correlation coefficient, r = 0.979 (R? = 0.9592). However, using the regression equation
y = —0.0786x3 + 0.3805x2 + 0.0796x, very low concentrations of KCN (below 28 ng mL™1)
and HCN (less than 12 ng mL~1) can be measured. Nevertheless, the Lambert-Beer law
cannot be applied to such low concentrations because the relationship between the ab-
sorbance values and concentrations is not linear. Separately, we added in each artificial
solution of cyanide, as well as in the reference solution without cyanide, a small amount of
cyanide solution (1 mL artificial solution + 0.02-0.1 mL of 2.6 ug mL~! KCN) so that the
calibration curve becomes linear.
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Figure 3. Linear and polynomial shape of the calibration curve: (a) linear calibration curve in the
range of 0.26 pg mL~! to 2.6 ug mL~1, which is of interest for the determination of HCN in the
blood; (b) better results with a calibration curve of the polynomial form in the concentration range of
0-2.6 ug mL~1.

For the new calibration curve obtained by adding 0.1 mL of 2.6 pg mL~! KCN,
including the reference solution, a standard deviation sy = 0.00593 was calculated. The limit
of detection (LOD) being three times higher: LOD = 3-s, = 0.177 ug mL~! KCN, which
means 0.074 pg mL~! HCN.

The colored product resulting from the cyanide reaction with ninhydrin was stable for
more than 60 min. The slope, intercept, and the correlation coefficient evaluated by least
squares regression analysis were also considered.

Because the HCN concentration in the blood sample of fire victim three (M.L.) was high
enough, we used duplicates of 0.5 mL of blood and not 1 mL (Tables 1 and 2). In addition,
we determined the total concentration of HCN in blood, including that metabolized to the
salts of thiocyanic acid. Therefore, in the outer chamber of the Conway unit, we pipetted
1 mL of water, 0.5 mL of blood, 1 mL of 20% H3PO,4 and 1 mL of 7.5 mg mL~! KMnOy.
The Conway units containing either 0.5 mL of blood plus the other reagents or 1 mL of
2.6 ug mL~! KCN solution (as standard) or 1 mL of water (reference) were kept on the
heater at 40 °C for 30 min. Then, 100 puL of absorbent from each Conway cell were mixed
with 1 mL of NR and the kinetics of the reaction was studied at 493 nm for 30 min. Only
data collected 20 min after reagent mixing was shown in Tables 1 and 2.
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Table 1. Data for plotting the calibration curve shown in Figure 2b and an example of the calculation
of the HCN concentration in the blood of a fire victim (M.L., D1, and D2 being duplicates 1 and 2).
* Potassium cyanide concentrations (1g mL~!) used to produce the absorbance values at 493 nm
after 20 min from reagent mixing; ** Concentration of KCN determined from the calibration curve,
according to the following equation: Cxcn = 1.5525 A + 0.3886, where A is the absorbance at 493 nm.

Sample KCN, * ug-mL~1 Absorbance 493 nm KCN, ** pg-mL~1
0 0.00 0.000 0.2676
1 0.26 0.090 0.4283
2 0.52 0.146 0.6152
3 0.78 0.219 0.7385
4 1.04 0.351 0.9535
5 1.30 0.587 1.2999
6 1.56 0.802 1.6233
7 1.82 0.992 1.8926
8 2.08 1.049 2.0617
9 2.34 1.213 2.2717
10 2.60 1.432 2.6117
Sample 3, D1 (M.L.) - 1.275 2.3680
Sample 3, D2 (M.L.) - 1.389 2.5450

Table 2. The HCN concentration in the blood of a fire victim (M.L., D1, and D2 being duplicates
1 and 2). ** Concentration of KCN determined from the calibration curve, according to the following
equation: Cxcn = 1.5525 A + 0.3886, where A is the absorbance at 493 nm; *** Quantity of KCN
in 0.5 mL of blood used in measurements; **** Quantity of HCN in 0.5 mL of blood; and *****
Concentration of HCN in blood.

Sample Absorbance KCN,**  KCN ug/0.5mL  HCN, ug/0.5mL  HCN, pg/mL

493 nm pg-mL-1 of Blood *** of Blood **** of Blood *****
Sample 3,
D1 (M.L) 1.275 2.3680 3.6836 1.5301 3.0602
Sample 3,
D2 (M.L) 1.389 2.5450 3.9589 1.6444 3.2890
Average 3.1746

3.3. Reproducibility

Reproducibility of the method was checked by six replicate analyses of the KCN
solution containing 1.0 pg mL~!. The standard deviation and relative standard deviation
were found to be £0.015 and 2.3%, respectively.

3.4. Headspace Extraction for Determination of Hydrogen Cyanide

We also combined headspace extraction to determine cyanide, as shown by Khatha
et al. [42] with the kinetic spectrophotometric determination of HCN in blood with nin-
hydrin, improving the method of determining cyanides at a fixed time of 15 min [38]. In
this case, an increase in sensitivity was observed due to the head-space extraction. Hy-
drogen cyanide (HCN) was generated through the addition of H3POy, and after a 30 min
incubation, 100 pL of the headspace was injected into the 1 mL of ninhydrin reagent.
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3.5. Hydrogen Cyanide Recovery

The recovery of HCN was determined by extracting and assaying HCN-free blood
samples fortified to contain 1.3 and 2.6 ug mL~! of KCN and by comparing the absorbencies
with those obtained by pouring directly equivalent loads of the KCN stock solution into
the inner well of the microdiffusion device (the outer well was kept empty). The results for
recovery rate (mean £ S.D.) of six replicates at this concentration were 84.4 & 6.6%, when
0.1 N KOH solution was used for capturing the HCN removed by the 20% phosphoric
solution, and 78% =+ 8.3% in the case of 2% K,COs3 absorbent solution. This recovery was
found to be satisfactory and quite similar to those obtained following a longer time period
(2-3 h) with conventional Conway units [43].

The HCN from blood samples was recovered in a proportion ranging from 75% to 85%,
determined by internal standards with known concentrations of KCN (1.3 pg mL~! and
2.6 ug mL~! KCN). When 1 mL of 1.3 ug mL~! KCN was added to each blood sample as
an internal standard, HCN in the blood was determined more accurately. A better recovery
of HCN was observed when the aqueous solutions of 1.3 ug mL~! and 2.6 ug mL~! KCN
were placed in the Conway external wall instead of cyanide-free blood with the addition
of KCN. Comparing the absorbance values for HCN in blood samples with those in a
calibration curve performed with aqueous KCN solutions in the range of concentrations
from 0 to 2.6 pg mL~1 ablood HCN concentration of 0.75 ug mL~1 and a total HCN of
1.37 ug mL~! were calculated for a specific blood sample taken from a fire victim. However,
a blood HCN concentration of 1.043 g mL~! and another one of 1.904 pg mL~! for total
hydrogen cyanide were determined if the calculation was made with the two internal
standards (1.3 pug mL~!and 2.6 ug mL~! KCN).

From Figure 4, for the absorbance value of 1.432 at 493 nm, which corresponds to a
concentration of 2.6 ug mL~! KCN or 1.08 ug mL~! HCN, a high molar absorptivity of
3.58 x 10° L mol~! cm™~! was calculated. Therefore, the sensitivity of this assay is compa-
rable with that of the fluorescence methods. A derivative of the absorbance spectra showed
a small variation in the absorbance values during the kinetic measurements. In general, the
reference sample had the absorbance values in a narrow range close to zero. On the con-
trary, in Figure 4a, a negative value was observed, probably due to the experimental errors.
However, the slope of the reference spectrum was very low (Slope 0.060), while its value
increased with the concentration of KCN or HCN (Slope 0.5029-0.5348 for 2.6 pg mL ™!
KCN in two different days). Since the absorbance values and slopes of kinetic spectra
slightly differ from one day to another, a standard with KCN is needed for each series of
determinations per day.

Head-space sampling of HCN demonstrated the high sensitivity of this method
(A4g93 > 2.3, at 30 min from the reagent mixing). On comparing the absorbance values
on the kinetic curve (A = 2.348 vs. A = 1.888, where A means the absorbance values at
493 nm, at t = 30 min for 2.6 pg mL~! KCN + 0.1 mL gas from the head-space vial vs. the
absorbance of the standard sample at a concentration of 2.6 pg mL~! KCN).

A close relationship between the slope of the kinetic curve and the cyanide concen-
tration was found (Figure 5). The concentration dependence on the slope values proved
to be linear in the range from 0.1 pg mL~! to 2.6 pg mL~! KCN. A regression equation
C = 3.0427-S + 0.1401, where C = KCN concentration and S = the corresponding slope
values, was calculated (r = 0.995; R? = 0.9918). The kinetic measurement of the cyanide
concentration has the advantage of quickly reading the values, without waiting for the
color development for 15 min.
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Figure 4. Kinetics of the reaction of cyanide with ninhydrin reagent at 493 nm: (a) reference: no
cyanide sample; (b) kinetics of KCN reaction with ninhydrin (0.1 mL of 2.6 ug mL~! KCN + 1 mL
of 5 mg mL™! ninhydrin reagent); (c) the same experiment as described in (b) but performed the
next day; and (d) head-space sampling of HCN: 0.1 mL of vapors containing HCN liberated in the
Conway vial at 40 °C for 30 min was bubbled in 100 L of 2.6 ug mL~! KCN solution, then 1 mL of

ninhydrin reagent was added.
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Figure 5. Relationship between the slope of the kinetic curve and the cyanide concentration
(ug mL~1 KCN).

3.6. The Determination HCN at Different Fixed Times

The content of HCN found in 100 pL artificial solutions with known concentrations
(0-1.5 ug mL~!) was determined kinetically spectrophotometrically and separately by
reading the absorbance at 493 nm in plastic cuvettes with a path length of 1 cm at 10 to
50 min, all at the same time (Table 3). In addition, the same concentrations were measured
at 15 min fixed time and 485 nm [38].
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Table 3. Data for plotting the calibration curves at different reaction time intervals.
Volume of KCN  KCN Concentration Read Time (min) and the Wavelength (nm)

Solution (kL) (ug mL~1) 10;493  20;493  30;493 50;493  15;485
10 0.15 0.004 —-0.009 —0.006 —0.002 —0.003
20 0.30 0.188 0.159 0.133 0.059 0.123
30 0.45 0.342 0.332 0.317 0.266 0.286
40 0.60 0.507 0.464 0.390 0.353 0.390
50 0.75 0.648 0.732 0.731 0.650 0.628
60 0.90 0.760 0.794 0.792 0.680 0.688
70 1.05 0.902 0.944 0.894 0.889 0.811
80 1.20 1.196 1.220 1.291 1.182 1.111
90 1.35 1.482 1.491 1.471 1.444 1.338
100 1.50 1.474 1.529 1.522 1.462 1.361

Table 3 shows the absorbance values determined at 493 nm after 10-50 min following
reagent mixing and those obtained by the reference method [38]. A close relationship
was found between the concentration values (0.15-1.50 pg mL~!) and the absorbance
at 493 nm. Thus, for the values measured at only 10 min, a regression equation was
calculated (y = 1.1255x — 0.1782, where y = absorbance at 493 nm and x = the concentration
of KCN; R? = 0.9836). This means it is possible to measure HCN concentration in the
first minutes of reaction. However, a better correlation was found at t = 20 min, where
R? = 0.989). A similar correlation was found between the values of the concentration of
the calibration solutions and those of the absorbance at 485 nm, which was measured
by the fixed-time spectrophotometric method (y = 1.06x — 0.2014; R? = 0.9842) [38]. We
then compared the absorbance values obtained at different times with those measured at
485 nm. On comparing the absorbance values at 493 nm and 20 min with those obtained
at 485 nm and 15 min time of reaction, a close relationship was also found (y = 0.8865x;
R%=0.9984;r = 0.999). We expected such a high correlation, as the correlation coefficient, r,
demonstrated, because the methods are rather similar. However, we compared the slope
values characteristic to kinetic spectrophotometric measurements with those of absorbance
at 485 nm. A close correlation was also noticed between the two series of values (R? = 0.981).

3.7. Chloramine-T/Barbituric Acid-Pyridine Method

The series of the standard solution was 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 ug mL~!
KCN, respectively, because the standard method with chloramine T was linear in this range
of concentrations. To plot the calibration curve of the proposed micro method, we prepared
solutions of KCN with the same concentrations. However, 0.1 mL of 0.20 pg mL~! KCN
was added in each cuvette before adding 0.1 mL of standard solution to obtain a linear
calibration curve. Then, we compared the two calibration curves (Figure 6).

A close relationship was noticed between the slope values in the kinetic spectrophoto-
metric method using ninhydrin and the absorbance of the complex of chloramine T with
barbituric acid and pyridine. A regression equation y = 9.7269x + 0.0353 was calculated
(R? > 0.999), where y = the absorbance values at 578 nm and x = the slope values.

We measured the absorbance of the cyanide adduct with ninhydrin at 493 nm in the
concentration range from 0.26 to 2.6 pg mL~! KCN and found that the slope values were
relatively low, although the absorbance values at 10-30 min were very high. However,
the absorbance increased slowly in the first 3 min and, therefore, the slope values are
proportional to higher concentrations than 2.6 pug mL~! KCN. We measured thus the
kinetic values from 0.26 to 6.5 ug mL~! KCN and obtained a linear calibration curve with
the slope values. A regression equation, y = 0.3259x — 0.0428 (R? = 0.9981), between
the slope values (y) and the concentration (x) was calculated. Thus, a value of 1.1 A.U.
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and another one of 2.11 A.U. were obtained for the 3.25 and 6.5 pg mL~! KCN solutions
(calculated: 1.0163 and 2.0755 pg mL~! KCN, respectively).

3 3 -
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9’25 R2=0.9987 2.5 R2=0.9991
/@-\ 2 @ Slope g 5
é B Abs578 e
§ 1.5 V15 A
~ (0]
ORI | g | -
Q o <
:g, y= 0.32457)( -0.0267 Jg
= 0.5 R?=10.9983 2 0.5 1
2 0 ; : . . . 0 . . .

0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3
Concentration of KCN (ug mL!) Slope (493 nm)
(a) (b)

Figure 6. Calibration curves in the cyanide determination by the spectrophotometric method with
chloramine T and by the kinetic spectrophotometric method with ninhydrin (a). The close correlation
relationship between the values for absorbance (standard method) and the slope in the kinetic
measurements (b).

4. Discussion
4.1. Basis of the Process

The kinetics of cyanide reaction with ninhydrin have not previously been fully investi-
gated. Here, we reported on the specificity of kinetic curves and reached the conclusion that
kinetic measurements may improve cyanide determination in blood. As a result, a kinetic-
spectrophotometric method for determining the concentration of hydrogen cyanide in the
blood of fire victims was developed based on the reaction between HCN and ninhydrin
with the measurement of absorbance at 493 nm. HCN is removed from blood samples with
20% H3PO4 and absorbed in a 2% potassium carbonate (K,COj3) solution or, better, 0.01 N
KOH. Other authors also reported that HCN derivatives in the blood can be decomposed
using a citrate/phosphoric acid mixture or phosphoric acid only at 40 °C, and the resulting
HCN is captured in an alkaline solution [44]. However, in our method, different amounts
of HCN trapped in the absorbent react with a ninhydrin reagent to form a red-dye complex,
which indicates the mass concentration of cyanide ions in the sample.

Determinations performed using the Conway vial and a ninhydrin-containing reagent
require less space, sample material (0.5-1 mL), reagents, and cleaning. Spectrophotometric
determination with ninhydrin prevents the user from having to deal with unpleasant
substances, such as pyridine and other bad smelling compounds. Finally, the selectivity of
both the cyanide reaction with ninhydrin and the HCN captured in an alkaline solution
make this method extremely specific and suitable for medico legal as well as clinical
applications.

The standard method is sensitive to cyanide but the complexation with chloramines-T
and barbituric acid—pyridine is difficult and expensive for the determination of cyanide in
blood [45]. The proposed method has similar specificity, accuracy, and limit of detection.
HCN from 0.5-1 mL of blood is captured in 2 mL of absorbent and 0.1 mL only was used
in the reaction with ninhydrin. Therefore, this micro method can be greatly improved for
use in forensic toxicology where analytical requirements are very high. We compared the
kinetic spectrophotometric determination of HCN in the blood samples of the fire victims
with the fixed-time spectrophotometric measurement. Furthermore, a comparison of this
method with the chloramine T spectrophotometric method showed a significant advantage
in terms of simplicity, less cost, and the use of common reagents and instruments.



Appl. Sci. 2022,12, 2329

12 of 17

Indeed, some methods are based on gas chromatography and measure cyanide as
cyanogen chloride after conversion with chloramine-T. Such a method involves a number of
chemical manipulations and requires an electron capture detector and a specific column [46].
On measuring cyanide with this method, Odoul et al. [18] found a linear detection response
from 0.005 to 1.0 pg mL~! cyanide. The blood cyanide was measured by isotope dilution
with a detection limit of 0.3 uM [47]. The addition of phosphoric acid liberates the cyanide
as HCN, which is determined by headspace gas chromatography coupled with by mass
spectrometry. A linear calibration graph over a wide concentration range of cyanide, and
the limit of determination of 1 ng mL~! was reported, when head-space capillary gas chro-
matography with nitrogen-phosphorus detection was applied [48]. However, thiocyanate
showed a positive interference. The results of this method agree with those obtained by
the microdiffusion spectrophotometric method for blood samples from fire victims [48].
Moreover, Gambaro et al. [49] compared the automated headspace gas chromatographic
method with a nitrogen—phosphorus detector with a standard spectrophotometric method.
The results obtained by the two procedures were not different and the authors concluded
that both methods are suitable for rapid diagnosis of cyanide in postmortem cases. The
conversion of cyanide into HCN and its subsequent headspace solid-phase microextrac-
tion and detection by gas chromatography/mass spectrometry (GC/MS) in selected ion
monitoring mode was proposed as well [24]. Cyanide in whole blood was also determined
using ion chromatography with amperometric detection [50]. This method shows good
linearity in the range of 0.002 to 0.05 ug mL~! cyanide. Although all these methods are fast
and sensitive enough for the rapid diagnosis of cyanide intoxication in clinical and forensic
toxicology, they need relatively expensive equipment. Spectrophotometric methods like
the proposed one require inexpensive reagents and instruments and can be applied to a
limited number of samples as found in small hospitals.

Nevertheless, the spectrophotometric methods are largely used in cyanide determina-
tion in blood [51]. However, a method using cobinamide showed reasonable agreement
when analyzed by linear regression, but not when analyzed by a standard error of the
estimate or paired t-test. It has a lower limit of quantification of 3.27 uM cyanide. On the
contrary, our proposed method is much more sensitive and specific.

Several kinetic spectrophotometric methods have been proposed [27,28,41]. For ex-
ample, a linear calibration plot in the range 0.15-0.60 pg mL~! cyanide and the detection
limit of 0.05 ug mL~! cyanide were reported by Velasco et al. [27]. Instead, our proposed
micro method was linear in the range 0.26-2.60 pg mL~! KCN if the measurements are
performed at 10 min, 15 min, and 20 min fixed time and in a larger range of concentrations
when the slope values are plotted against cyanide concentrations. In addition, the proposed
micro method can also be greatly improved by increasing the volume of absorbent and
decreasing that of the reagent or by increasing the reaction temperature above 25 °C.

4.2. Micromethod Performance

The proposed method provides a simple, sensitive, and selective determination of
blood cyanide. It is comparable with the very sensitive methods for HCN determination
in blood samples. For example, a limit of detection of 50 ng mL~! was achieved by
headspace gas chromatography [23]. Another headspace gas chromatography with dual-
column/dual-flame ionization detection method was validated, being linear in range, from
1to 50 pg mL 1. Its limit of quantification proved to be 1.0 pg mL~! and the detection limit
0.5 ug mL~! [52]. Blood cyanide concentrations more than 1.00 pg mL~! are considered
toxic, whereas those below 0.25 ug mL 1 are nontoxic [53]. HCN can be absorbed into
the body by inhalation, by ingestion, and through the skin, whereas the most susceptible
organs to cyanide are the central nervous system and the heart [2]. Cyanide determination
in biological samples is still important in terms of clinical and forensic toxicology [52]. The
kinetics of the reaction of cyanide with ninhydrin is in agreement with the mechanism of
this reaction, which was previously advanced [54].
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The effects of various cyanate and thiocyanate concentrations (up to 1 pg mL~1) on the
cyanide response were studied. Our results showed that cyanate and thiocyanate did not
interfere with HCN quantitation. However, the permanganate ion quantitatively converted
thiocyanate to cyanide, which was determined separately or together with free cyanide.

The amount of HCN from blood samples was recovered in the proportion ranging
from 75% to 85%, determined by internal standards with known concentrations of KCN
(1.3 pg mL~! and 2.6 pg mL~! KCN). This recovery was found to be satisfactory, and quite
similar to those obtained following a longer time period (2-3 h) with conventional Conway
units [43].

4.3. Applications for Real Samples

The proposed micro method was applied for the determination of HCN in several
blood samples. The results of the determinations were in good agreement with those made
with a well-known spectrophotometric method [55].

First, the HCN concentration was determined in post-mortem blood samples after its
removal with 20% H3POy4 and capture in a 2% potassium carbonate solution. The autopsy
and chemical analyses of a 51-year-old man were performed 24 h after death [14]. Free
HCN concentration was determined to be 1.043 ug mL~1, whereas the total HCN (free
HCN plus HCN metabolized to thiocyanate) was 1.904 g mL~!. In this case, the toxic
concentrations of HCN and total HCN were seen as a vital sign (suggesting that the victim
must have been still alive when the fire started), indicating a contributing effect of HCN in
the mechanism of death. Both HCN in the blood and thiocyanate resulting from the partial
metabolism of HCN (salts of thiocyanate acid, HSCN) were determined using 0.5-1 mL of
femoral blood. The cause of death was the severe second-degree burns on about 50% of the
body surface and acute alcohol intoxication. In addition, the amount of HCN metabolized
to HSCN salts could also have a contributing effect. Therefore, a cause of death with three
factors can be considered in the reported case [14].

The second case: an 80-year-old man with locomotor disabilities died due to an open
fire of vegetation debris and household waste in his yard [37]. Similarly, the HCN from
1 mL of femoral post-mortem blood was captured in 2 mL of 2% potassium carbonate
solution and the resulted solution was collected with an automatic pipette; the Conway
vial was rinsed, and the two solutions were transferred into a vial and completed with
2 mL of distilled water. Aliquots of 100 uL were taken and treated with 1 mL of 5 mg mL ™!
ninhydrin reagent. A toxic concentration of 1.3 pg mL~! HCN was found. Nevertheless,
the carboxyhemoglobin (COHD) level was lethal (73.7%). Despite extremely severe burns
and high levels of carbon monoxide, the additive effect of HCN in the mechanism of death
was also highlighted [37].

Preservation of blood samples with 1% sodium fluoride at postmortem collection has
been recommended [39]. Therefore, we collected the femoral venous blood in tubes with
sodium fluoride as an anticoagulant and froze it immediately. Prior to HCN measurement,
frozen blood was thawed and stored at 4 °C. In fact, no significant difference was observed
between cyanide concentrations in the blood of fire victims in samples treated with sodium
fluoride and control samples of at least 9 days [40]. However, the samples treated with
sodium fluoride were stable over a 25-day period when compared with the control samples,
which showed significant increases in HCN concentrations. The authors recommended
the addition of 2% sodium fluoride to blood samples from fire victims to reduce potential
instability due to bacteriological activity [40].

4.4. The Toxicity of HCN

Cyanide in blood is either free in plasma or bound to ferric hemoglobin [17]. Although
blood cyanide levels in healthy subjects are sub-micromolar, toxic or fatal blood concentra-
tions are higher than 1.08 pg mL~! but concentrations in survivors can exceed 5 ug mL~1,
while values exceeding 10 ug mL~! have been recorded from fatalities. Accidental cyanide
exposure contributes to 80% of fire-related deaths [53]. Within a few seconds of ignition of
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the fire, carbon monoxide and hydrogen cyanide concentrations may increase dramatically
while oxygen levels in the room decrease [56]. In numerous cases of smoke inhalation,
hydrogen cyanide has increasingly been recognized as an important toxicant [11,57,58].
Nevertheless, the diagnosis of cyanide poisoning is still difficult and failure to recognize it
can lead to misdiagnosis.

Kaita et al. (2018) reported that some fire victims had HCN concentrations above the
lethal dose of 3 ug mL~!, whereas two of three patients who had an HCN concentration
above the lethal level had COHb levels under 50%. These authors considered that cardiac
arrest might have been cyanide induced [13].

Stoll et al. (2017) reported concentrations of HCN between 0.5 pg mL~! and 2.0 ug mL 1,
while the COHDb levels of the blood samples of 12 fire victims were measured to be between
15-40% [8].

Medicines for HCN poisoning of fire victims should only be administered based on
clinical diagnosis [59]. Oxygen and a recommended antidote, such as hydroxycobalamin,
which has few side effects, should be administered immediately to reduce cellular hypoxia
and eliminate HCN [17,60].

5. Conclusions

Sample preparation and analysis of hydrogen cyanide in the blood samples of fire
victims based on the kinetics of the ninhydrin reaction in the presence of cyanide following
the microdistillation of free and metabolized cyanide was investigated. The cyanide ion cap-
tured in alkaline absorbent after distillation at 40 °C in the presence of 20% phosphoric acid
was determined spectrophotometrically at 493 nm. HCN metabolized to thiocyanate ions
was recovered using a potassium permanganate solution. The kinetics of cyanide reaction
with ninhydrin have not previously been fully investigated. We studied the specificity of
kinetic curves and reached the conclusion that kinetic measurements may improve cyanide
determination in blood. A close relationship between the slope of the kinetic curve and
the cyanide concentration in blood samples was calculated. The concentration dependence
on the slope values was linear in the range from 0.04 pg mL~! to 1.08 ug mL.~! HCN. A
relatively high recovery that varied between 75% and 85%, depending on the experimental
conditions, demonstrated the efficiency of microdistillation. The results obtained using
the slope values were in agreement with those of the method of determining cyanides at a
fixed time of 15 min as well as with those of the chloramine-T /barbituric acid-pyridine
method with no statistically significant difference at 95% confidence level. The developed
analytical method is simple, selective, and sensitive enough for the rapid determination of
blood HCN in clinical and forensic toxicology. This analytical protocol was used in clinical
studies for measuring HCN free and total concentrations.
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