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Abstract

Recently, a novel ninhydrin reaction with cyanide has opened new ways to detect this poison in the body fluids
and the environmental samples. Mainly, detection of cyanide with ninhydrin at a crime scene could be of prime
interest for forensic investigators. Besides, the reaction conditions are very common, except the need to avoid
oxygen and oxidizers. The ninhydrin-based assay proved to be highly sensitive and selective. Therefore, we

investigate in this review the possible forensic applications of ninhydrin-based cyanide assay.
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Introduction

The chemistry and applications of
ninhydrin reactions with a variety of
substrates has undergone and continue to
undergo major developments over the
course of nearly 100 years (Friedman,
2004). Following its discovery by Siegfried
Ruhemann in 1910, ninhydrin rapidly
became a practical analytical tool. In 1954
it was found to be an important reagent to
develop fingerprints on porous surfaces
(Drochioiu et al., 2011). Since its use in
forensic chemistry, many efforts have
focused on improving the reagent (Hansen
& Joullie, 2005). Ninhydrin was
successfully used for determining the
biogenic amines histamine (Friedman &
Noma, 1981), and phenylethylamine
(Friedman & Noma, 1986), lysine
(Friedman et al., 1984; Finley & Friedman,
1973), tryptophan (Friedman & Cugq, 1988;
Friedman & Finley, 1971), non-protein
amino acids (Bell, 2003), sulfur amino
acids (Friedman et al., 1979), etc.

Sanford Moore and Wiliam Stein
automate the amino acid chromatography in
1948 enabling rapid assays of all amino
acids in a protein hydrolysate at nanomole
levels (Moore, 1968). Ninhydrin is also
widely used with paper and silica gel plates
(Laskar et al., 2001). The complexation of
Ruhemann’s purple with certain metal ions
enhances the sensitivity of the analyses by
allowing estimation of the resulting
chromophore by fluorescent, luminescent,
phosphorescent, and laser techniques
(Friedman, 2004). The development of
fluorogenic ninhydrin reagents (Boppana &
Rhodes, 1990; Wimalasena et al., 2003) and
their use in forensic science (LaPorte &
Ramotowski, 2003; Schwarz & Frerichs,
2002). The ninhydrin reaction facilitated the
analysis, isolation, and characterization of
many antibiotics, bacterial toxins, and
microbial products containing ninhydrin-
reactive amino groups (Frutos et al., 2000;
Gallo-Martinez et al., 2002; Jeannotte et al.,
2003).
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So-called “nonclassical” ninhydrin
reactions do not involve formation of
Ruhemann’s purple and they are used to
measure cysteine, protein-bound
tryptophan, pipecolic acid, and sialic acid
(Friedman, 2004). Condensation of
ninhydrin with aldehydes and primary
amines affords highly fluorescent ternary
products (Samejima et al., 1971). Some
derivatives such as quinoxaline, guanide, or
dimethyldihydroresorcinol ~ ones  were
prepared  starting  from  ninhydrin
(MacFadyen, 1950). Cyanide also reacts
with ninhydrin in alkaline solution to form
a blue-colored product with a Any.x of 590
nm.

Cyanide poisoning

Cyanide poisoning presents one of
the most difficult challenges in disaster
medicine. However, although an efficient
poison, cyanide has limited capacity as a
toxicant (Zemlyak et al., 2009). Survival
following  cyanide  exposure  with
appropriate supportive treatment has been
reviewed (Baud, 2007). Cyanide is one of
the most lethal poisons known (Geddes et
al., 2005). The high toxicity of cyanide lies
in its ability to inhibit oxygen uptake by
cells, binding with the ferric iron in
cytochrome oxidase, blocking the oxidative
process of cells. While cyanide poisoning
is rare, it can occur from smoke inhalation
from both residential and industrial fires
(Ishii et al., 1998). Lethal cyanide blood
levels for fire victims in the cyanide
concentration range 23-26 puM(Geddes et
al., 2005).

Cyanide is well-absorbed in
animals and humans via digestive,
respiratory, and cutaneous routes. Cyanide
causes energy depletion in the cell and
destroys the cytoskeleton (Zemlyak et al.,
2009). Concomitant inhalation of hydrogen

This reaction can be used to measure
low levels of cyanide in industrial effluents
(Nagaraja et al.,, 2002). Nevertheless, the
process whereby the blue compound is
formed from ninhydrin has remained
obscure. A large body of research is still
needed to establish the reaction conditions
and sampling in order to use ninhydrin-
based cyanide assay in forensic sciences.

Therefore, this work deals with the
forensic applications of cyanide reaction
with ninhydrin and its mechanism. The
formation of a stable and separable
ninhydrin-cyanide compound has also been
discussed.

cyanide and carbon monoxide has also been
reported to be largely responsible for the
toxicity of fire smoke (Bhattacharya et al.
2002).

Cyanide toxicity is attributed to
inhibition of cytochrome ¢ oxidase
(Leavesley et al. 2008). Cytochrome c¢
oxidase is essential to respiration, providing
ATP from respiration that powers all
aerobic organisms (Collman et al., 2008).
Cyanide ions inhibit succinate
dehydrogenase (respiratory chain complex
IT) in the mitochondrial inner membrane
(Alexi et al. 1998) and cytochrome c
oxidase (complex IV), respectively.

There have been some cases of
cyanide toxicity following treatment with
sodium nitroprusside (Quinlan et al., 2008).
However, the treatment with sodium
thiosulphate, sodium nitrate and
haemodialysis results in the elimination of
cyanide from the circulation. Cyanide is
present as cyanogens in various plants such
as cassava and may induce toxicity in
humans and animals eating these foods
(Kaewkannetra et al., 2009).
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Cyanide determination

The extreme toxicity of cyanide
requires sensitive methods for its detection
and quantitation, especially in blood and
body fluids (Lindsay et al., 2004). Several
chemical and physicochemical methods for
the detection of cyanides, such as
potentiometric, chromatographic,
spectrophotometric, flow injection and
electrochemical analysis have been
proposed (Lu et al., 1995; Ng et al., 2000).
Generally, spectrophotometric methods for
the determination of cyanide in waste water
and biological fluid are preferred (Ansari et
al., 2008; Drochioiu et al., 2000). Cyanide
reacts with picric acid to form isopurpurin,
which can be determined
spectrophotometrically (Drochioiu et al.,
2000; 2003a). On adding resorcinol, the
sensitivity of the assay was increased
(Drochioiu et al., 2003a; 2003b). In fact,
cyanide reactions are quite unexpected
(Drochioiu et al., 2011a; 2011b). A method
describing determination of cyanide in
blood by head-space gas chromatography
with electron capture detector was reported
by Felby (2009). Free cyanide in drinking
water was  determined by  ion
chromatography with pulsed amperometric
detection (Christison & Rohrer, 2007).
Currently, a sensitive method based on
cyanide conversion to cyanogens chloride
by reacting with chloramine-T (Epstein,
1947) and the determination of the formed
cyanogens chloride by gas chromatography
with electron capture detection is used
(Valentour et al., 1974). Another method
involving headspace single-drop
microextraction (SDME) with in-drop
derivatization and CE was developed for the
preconcentration and determination of free
cyanide (Jermak et al., 2006). The main
advantage of this method is that sample
clean-up, preconcentration and derivatization
procedures can be completed in a single step.

http://www.ijci.eu  eISSN: 2247-0271

The isolation of cyanide from blood
is mostly performed by head-space
extraction (Maseda et al., 1989; Odoul et
al., 1994), or microdiffusion with
subsequent extraction with an organic
solvent has usually been used (Valentour et
al., 1974). However, classical Konig
method with its modifications is still in use
or the determination of hydrogen cyanide in
air (Pitschmann et al., 2010).

The reaction with chloramine-T can
take place during the extraction, after the
head-space sampling on a pre-column
packed with chloramine-T (Maseda et al.,
1989) or by reaction with chloramine-T
hold in a glass tube inside the head-space vial
before the head-space sampling (Odoul et al.,
1994). Using nitric acid instead of phosphoric
acid (Maseda et al., 1989) has the advantage of
releasing hydrogen cyanide from blood (Felby,
2009). Spectrophotometric determination of
trace concentrations of cyanide ions based on
the nucleophilic addition of cyanide to imine
group of the new reagent 4-hydroxy-3-(2-
oxoindolin-3-ylideneamino)-2-thioxo-2H-1,3-
thiazin-6(3H)-one was reported by Hamza et
al. (2010). An interesting spectrophotometric
determination of cyanide using cobalt (II)
phthalocyanine  tetracarboxylate as a
chromogen was proposed by El-Nemma et
al. (2010). A Raman method (Presmasiri et
al., 2001; Tessier et al., 2002) for selective
cyanide detection based on evaporated
cuprous iodide substrate was also developed
(Reddy et al., 2010). The trace amount of
cyanide can be determined with a kinetic
spectrophotometric procedure (Abbasi et al.,
2010). Another simpler method is based on
the use of p-aminoacetanilide (Parmar et al.,
2010). Cyanide was determined with a
method based on its reaction with
aquacyanocobyrinic acid heptamethyl ester
reagent at pH 9.5 to give dicyanocobester
(Hassan et al., 2007).
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The increase of the absorption bands
of the reaction product at 368 and 580 nm
and the decrease of the reagent band at 353
nm are linearly proportional to the cyanide
concentration. Cyanide can be determined
with a detector tube for phosgene,
hydrogen cyanide and cyanogen chloride
by tristimulus colorimetry (Pitschmann et
al., 2008). The inhibition of catalase
activity by cyanide was used to determine
the trace levels of this poison (Drochioiu et
al., 2004b). Enzymatic determination of
anions was reviewed by Yablotskii et al.
(2010). Badugu et al., (2005) reviewed
quinolinium based boronic acid in the
determination of anions, including cyanide,
and compared toxicities and method
feasibilities of various anions.

Cyanide reactions with ninhydrin

Cyanide reacts easily with various
compounds and metal ions such as iron,
nickel, copper etc. (Drochioiu et al., 2000;
Noorozifar, 2007). Cyanide ion reacts also
with ninhydrin (2,2-dihydroxy-1,3-
indanedione) to afford 2-cyano-1,2,3-
trihydroxy-2H indene, which is blue in
color at high pH and red-colored in the
presence of sodium carbonate. Besides,
hydrindantin seems to be an intermediary
of reaction. The influence of oxidizers such
as bromine, oxygen, iodine etc., and metal
salts such as those of copper, silver and
mercury on the reaction of ninhydrin with
cyanide has been investigated. These may
hinder it due probably to the degradation of
hydrindantin-like =~ compounds or the
formation of complexes with ninhydrin.

Ruhemann treated ninhydrin, 1, with
hydrogen cyanide, and obtained a deep red
intermediary, which was readily decomposed
to afford brown needles of 2. No red
intermediate was isolated. Besides, a red
color of ninhydrin appears on heating it to
120 °C or solving ninhydrin in concentrated
sulfuric acid (MacFadyen, 1950).

The selective sensing of cyanide anions in
water has been studied using a hybrid
biomaterial composed of a mesoporous
TiO, film of crystalline nanoparticles and
the protein hemoglobin (Poland et al.,
2006).

Preliminary work on a headspace
method for HCN revealed very poor
sensitivity due to adsorption of the HCN
onto instrument surfaces (Turner & Shuker,
2006). Therefore, thisapproach should be
abandoned in favour of the colorimetric
procedure. In the case of cyanogens in
cassava, the sample is extracted into acidic
medium, buffered and the glycosidic
cyanogens hydrolysed enzymatically to
cyanohydrins.

The red color was assigned an indene
structure.

Compound 2 decomposes at 148 °C
with evolution of hydrocyanic acid to give
o-carboxyphenylglyoxal, 3. Ninhydrin, on
standing at room temperature in alkaline
solutions also gives 3 or even o-
carboxymandelic acid, 4, at higher pH
values (Figure 1).

The conversion of ninhydrin to
hydrindantin, 5, has previously been
reported to be catalyzed by cyanide ion
(Bruice & Richards, 1958). Also, 5 proved
to be wunstable with increasing pH
converting to 1,3-dihydroxy-2H indene-2-
one, 6 and ninhydrin, 1 (MacFadyen, 1950).
In addition, the red color of 6 was assigned
to the monovalent anion, and the blue color
to the divalent anion, 7. Therefore, it was
considered that 6, which is deep red in
color, reacts with cyanide to afford 2.
Nevertheless, only the indene structure of 6
was accepted so far, and no indication about
the indene derivative with CN group in the
molecule has been found (Ruhemann,
1910).
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OH CN OH OH
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7 (Blue)

Fig. 1. Ninhydrin reaction with cyanide.

Hydrindantin formation

Cyanide reacts with ninhydrin under
alkaline conditions to form a colored
compound, which is very stable in the
absence of oxygen and the other
oxidizers.""'*! On the other hand, small
amounts of cyanide are supposed to
catalyze the formation of hydrindantin.'®'®
In order to prove the correct mechanism of
hydrindantin formation, 1 mmole of
ninhydrin was treated with 1 mmole of
KCN, the equivalent amount of cyanide, in
the presence of sodium carbonate
(Drochioiu et al., 2004a). The both red
colored solutions were diluted accordingly
and their absorbance was read in the wave
range from 400 nm to 600 nm. In addition,
the reaction of ascorbic acid with ninhydrin

to afford hydrindantin was also performed.
The three spectra were compared with
each other. Both solutions of hydrindantin
and of the cyanide-ninhydrin 1:1 adduct
showed a maximum absorbance at 485 nm.
Nevertheless, the second solution showed a
shoulder at 460 nm. Its size was 94 % of the
intensity of the 485 nm peak. Although
another compound seemed to be also
formed when ninhydrin reacted 1:1 with
cyanide, we concluded that cyanide reacted
stoichiometrically with ninhydrin to form
hydrindantin as the major product. The
intermediate compounds 8 — 10, which are
shown in the reaction sequence, proved to
be not separable from the reaction mixture

(Fig. 2).

—
0 KO CN oK
_ o
0~ +KCN — 0
on——— OH - OCN™
1 8 10

Fig. 2. Possible mechanism of cyanide reaction with ninhydrin under alkaline conditions.
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On using the 2:1 molar ratio of
cyanide and ninhydrin, the absorbance at
485 nm increased 2.12 times and that at
460 nm 2.98 times as compared to the 1:1
molar ratio. That clearly proved that
hydrindantin is not the sole product of the
reaction and hydrindantin, once formed,
reacts with another molecule of cyanide to
afford a novel compound. To identify it,
the following reaction was performed: 1.78
g (10 mM) of ninhydrin, 1, was added to
1.3 g of KCN (20 mM) solved in a 2%
solution of sodium carbonate. The reaction
took place under nitrogen. The white
powder of ninhydrin dissolved immediately
to form a deep red colored solution. Upon
adding a hydrochloric acid solution, white-
pink crystals separated (compound 12).
The suspension was filtered and the
precipitate washed out several times with
twice distilled water directly on the filter
paper and dried at room temperature.

The crystals thus obtained melted at
124 — 126 °C. The structure of the product
12 as well as that of the other compounds in
the reaction sequence was established by
elemental and spectral (MS, IR, 'H NMR)

analyses. The compound 12 was also
dissolved in the solutions of sodium
carbonate and  sodium  hydroxide,

respectively, with color changing to red
(Amax 485 nm) and blue (Anax 590 nm).
Upon evaporating the solvent under
vacuum, the colored compounds were
obtained in crystalline form. A solution of
11 was bubbled with air when Ruhemann’s
adduct 2 separated. Upon evaporating a
solution of 11 in hot air stream, 2-(2-cyano-
2-hydroxy-acetyl)-benzoic acid, 13, was
obtained. A reaction mechanism was
proposed according to the experimental data
and the Ruhemann’s reaction sequence
reconsidered (Figure 3).

OH
+KCN
+H,0
0o—2=> OH +HQ OH [0]
(e Qe s O s
CN —KCl CN
10
11 12
H
[0 \?\
H
~ KOH
Q NC— 4 | 0
|
O
0 .
(O] OH +H,0 .\ Ol
CN g oH —
C/O _HCN CHO
o) I
0
2 13°

Fig. 3. Decomposition of cyanide adduct with ninhydrin.

Because the compound 12 may be
both red- and blue-colored at various pH
values, it was considered that the colors are
due to the anions of 2-cyano-1,2,3-
trihydroxy-2H indene. The transformation
of hydrindantin, 9, into its 2H indene form,
10, which is much more stable, would
allow for two ionizable groups.

Therefore, the red color is attributable

218

to the monovalent anion, the blue color to
the divalent anion.

The ease of oxidation on exposure to
air and oxidizers is consistent with the
indene structure of 10 — 12. Also, the rapid
formation of acetoxy derivative 14 in the
solution of sodium carbonate showed that
the ionizable hydroxyl group is very
reactive.
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+
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+
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+
-0
~ C4 \C'

OH OH

134 =189 - HCOCN

104 =M - (H + HCN + CO +'CHO) 104 =M - (H + HCN + CO +CHO)

Fig. 4. The fragmentation schema for the resulted compound 2-cyano-1,2,3,-trihydroxy-2H indene.

The fragmentation schema was also
in the best agreement with the proposed
structure for 12. The molecular weight of
12 of 189 Da was determined by mass
spectrometry  (Figure 4). The main
fragments were found to be at 104, 188, 76,
133, 134, and 106 units, respectively. In
addition, all the properties of 12 supported
its structure, which was confirmed
spectroscopically.

Thus, the red color of 11, which is an
anion form of 12, vanished on shaking air
into its solution, particularly on heating.
The compound 12 proved to be a powerful
reducer due to its HO groups in the
positions 1 and 3, which remind us the
similar behavior of the two HO enolic
groups in ascorbic acid. Moreover, the
compound 12 was quite stable in solid state
or at low pH value. The solution changed
color from red to blue with increasing pH.
The color turned again to yellow if the pH
decreased. Under anaerobic reaction
conditions, the red color was stable
indefinitely even at 100°C. Also, under
more alkaline conditions, the reaction gave
a blue solution, which was stable for weeks
in the absence of air. Upon adding
hydrochloric acid, the blue color turned to

http://www.ijci.eu  eISSN: 2247-0271

red and then to white-pink. Bromine,
chlorine and other oxidizers destroyed the
colored compound to form HCI and HBr.
Silver, mercury, and copper salts hindered
the investigated reaction. Under alkaline
conditions, ninhydrin reacted with these
ions to give precipitates or colored
solutions. Hydroxylamine may be used to
mask the mercury and silver ions. Copper
formed a greenish 1:2 molar complex with
ninhydrin, which was unable to react with
cyanide. Nevertheless, when the ninhydrin
was present in large excess the reaction with
cyanide was again possible. The stability of
the coloration was much enhanced in the
presence of the reducers such as ascorbic
acid. Nevertheless, large amounts of
ascorbic acid reacted with ninhydrin to form
hydrindantin, which masked the formation
of red colored salts of 12. Therefore,
cyanide reduced ninhydrin, 1, to form
hydrindantin, 10, which reacted with
another cyanide molecule to afford a
stabilized 2H indene, 11. This one is stable
under anaerobic conditions, but can be
easily oxidized to Ruhemann’s compound 1
and give 13 with increasing pH.
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The mechanism of reaction

The experimental data demonstrated
that cyanide ion attacks nucleophylically
the C=0 group at position 1 of ninhydrin,
1. Then, the negative charged oxygen at
position 2 (due to alkaline medium) attacks
the carbon atom of the cyano group to
release cyanate ion OCN, and to afford 1,2-
dihydroxy-3-keto-3H indene. This one
turns into the 2H indene isomer, which is
more stable. The process whereby
ninhydrin is rapid dissolved in a solution of
KCN with the formation of a purple
solution was thus explained by the 2H
indene structure with the two ionizable HO
groups in the positions 1 and 3. Following
that, cyanide ion reacts again with the
C=0 group at position 2 to form 2-cyano-
1,2,3-trihydroxy-2H indene or its anions
according to the pH value.

If one of the HO groups in the position
2 of ninhydrin, 1, is blocked with urea or
alcohol, or changed by another group, the
reaction between cyanide and ninhydrin is
hindered. Thus, Ruhemann's compound 2
cannot form 2-cyano-1,2,3-trihydroxy-2H
indene, and the reaction pathway was
completely different. Also, a solution of
ninhydrin containing sodium carbonate
cannot afford 2-cyano-1,2,3-trihydroxy-2H
indene if previously treated with an alcohol
or urea that block one of the HO groups at
position 2. To prove the fact that cyanate
ion is really released as a by-product, we
identified it in the solution as ammonia after
hydrolysis with sulfuric acid and distillation
with  32%  sodium  hydroxide as
recommended by Deepa’s group. Thus, the
possibility of other reaction mechanisms has
been excluded.

Cyanide detection and determination with ninhydrin

Cyanide also reacts with ninhydrin in
alkaline solution to form a red- or blue-
colored product with a A, of 485 or 590
nm, depending on the solution pH value
(Drochioiu, 2002a; Drochioiu, 2002b). This
reaction can be used to measure low levels
of cyanide in industrial effluents (Nagaraja
et al., 2002). Nevertheless, the process
whereby the colored compounds are
formed from ninhydrin remained obscure.

Therefore, all the compounds
involved in cyanide reaction with ninhydrin
were synthesized, isolated and
characterized and a new mechanism of
reaction was advanced (Drochioiu et al.,
2004a; 2005). The reaction was proposed also
for cyanide determination in blood and other
body fluids (Drochioiu & Mangalagiu, 2002).
A review on cyanide determination refers to
the forensic usage of ninhydrin (Drochioiu et
al., 2007). However, there is no review on the
application of ninhydrin to cyanide detection.

Micelli (2005) improved cyanide
determination with ninhydrin to analyze
waste water in oil indusrey by flow injection
during a Ph.D. investigation. By adopting an
on-line standard addition protocol, the
sensitivity of the proposed method was
enhanced drastically, without affecting the
determination range (Themelis et al., 2009).
The assay was validated in terms of linearity
(up to 200 pg L™, limit of detection
(ct=2.5pgL™"), limit of quantitation
(cq=7.5ug L"), precision (s;<2.5% at
100 ug L") and selectivity. High tolerance
against critical species such as sulfides and
thiocyanates was achieved. The
applicability of the method was
demonstrated by analyzing tap and mineral
water samples at levels below the limits
established by international E.U. and U.S.
organizations.

Chueachot et al. (2007) determined
trace amounts of cyanide in wine sample.
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Headspace single-drop
microextraction and cuvetteless
microspectrophotometry for the selective
determination of free and total cyanide
involving reaction with ninhydrin was
investigated (Jain et al., 2010).

We used the ninhydrin-based cyanide
assay in blood samples (Drochioiu &
Mangalagiu, 2002). The method needs
further improvements due to its sensitivity
toward oxygen and other oxidizers.

It is also of great interest the
following poison transformation within the
body and searching for its metabolites
(Zbancioc et al., 2011).

According to Santelli et al. (2006),
the ninhydrin-based cyanide assay takes
advantages of the reaction of cyanide ions
with ninhydrin in basic medium in a flow
injection system.

Conclusions

Although ninhydrin is most useful in
fingerprint process, it could be a valuable
forensic tool for detecting and determining
cyanide poisons. This work revealed
several novel properties of the newly
proposed ninhydrin containing reagents.
Ninhydrin reagent can be used to detect
cyanide either as separated and purified
compound or as a component in a mixture.
Some properties of ninhydrin could be of
interest in selective identification of
cyanide ions.

Acknowledgments

These authors reported a linear range
of 0.01 to 0.04 pg/mL with a detection limit
of 1.5 ng/mL by using 500 pl sample
injection. Regarding to interferences,
cyanide could be determined in the

presence of 100 mg/L of thyocianate
and sulfide, both species normally found in
industrial effluents. For total cyanide
determination strong acid distillation was
recommended due to the presence of cyano-
metallic complexes in the refinery effluents.
The more significant advantage of the
proposed method is the lack of use of
carcinogenic reagent such as pyridine and
psychotropic compound such as barbituric
acid, both wused in the recommended
methods. Therefore, the ninhydrin-based
method is really a friendly analytical
procedure.

Evidence for a an indene structure of
the compound 2-cyano-1,2,3-trihydroxy-2H
indene, which occurs in the reaction
sequence of ninhydrin with cyanide has
been brought. Forensic applications of the
above-mentioned reaction consist of
cyanide ion identification in air, water and
biological fluids, cyanide determination in
blood samples of fired or killed people,
cyanide analysis of smokers, etc.

Financial support by European Union and Romanian Government through the European
Social Fund POS DRU 2007-2013, Contract POSDRU/86/1.2/S/62307 is gratefully

acknowledged.
References

Abbasi, S., Valinezhad, R., Khani, H. A
novel  kinetic  spectrophotometric
method for the  determination of
ultra trace amount of cyanide.
Spectrochim. Acta A, 77, 112-116,
2010.

http://www.ijci.eu  eISSN: 2247-0271

Alexi, T., Hughes, P. E., Faull, R. L.,
Williams, C. E. 3-Nitropropionic acid’s
lethal triplet: cooperative pathways of

neurodegeneration.  Neuroreport, 9,
R57-R64, 1998.

221

Published in Articles section of www.manupatra.com



NINHYDRIN-BASED FORENSIC INVESTIGATIONS: II. CYANIDE ANALYTICAL TOXICOLOGY.

Ansari, A., Amlathe, S., Gupta, V. K.
Trace level extraction and
spectrophotometric
determination of cyanide in waste water
and biological fluid. Indian J. Chem.
Technol., 15, 301-305, 2008.

Badugu, R., Lakowicz, J. R., Geddes, C. D.
Anion sensing using quinolinium based
boronic acid probes. Curr. Anal.
Chem., 1, 157-170, 2005.

Baud, F. J. Cyanide: critical issues in
diagnosis and treatment. Hum. Exp.
Toxicol., 26, 191-201, 2007.

Bell, E. A. Nonprotein amino acids of
plants: significance in medicine,
nutrition, and agriculture. J. Agric.
Food Chem., 51, 2854-2865, 2003.

Bhattacharya, R., Rao, P. V.,
Vijayaraghavan, R. In vitro and in vivo
attenuation of experimental cyanide
poisoning by  alphaketoglutarate.
Toxicol. Lett., 128, 185—-195, 2002.

Boppana, V. K., Rhodes, G. R. High-
performance liquid chromatographic
determination of an arginine-containing
octapeptide antagonist of vasopressin in
human plasma by means of a selective
postcolumn reaction with fluorescence
detection. J. Chromatogr., 507, 79-84,
1990.

Bruice, T. C., Richards, F. M. J. Org.
Chem., 23, 145-146, 1958.

Chueachot, R., Ruangviriyachai, C.,
Chanthai, S. Development and
validation of method for
trace analysis of free and bound
cyanide in  wine sample Dby
spectrophotometry. The 33rd
Congress on Science & Technology,
Thailand  (STT33), Science and
Technology for Global Sustainability,
2007.

Collman, J. P., Dey, A., Decreau, R. A,
Yang, Y., Hosseini, A., Solomon, E. L.,
Eberspacher, T. A. Interaction of nitric
oxide with a functional model of
cytochrome ¢ oxidase. Proc.

Natl. Acad. Sci. USA, 105, 9892-9896,
2008.

Christison, T. T., Rohrer, J. S. Direct
determination of free cyanide in
drinking water by ion chromatography
with pulsed amperometric detection. J.
Chromatogr. A, 1155, 31-39,

2007.
Drochioiu, G., Mangalagiu, 1., Tataru, V.
Specific spectrophotometric

determination of hydrocyanic acid in the
environment. Analyst, 125, 939-941,
2000.

Drochioiu, G., Mangalagiu, I. Assay of
cyanide in biological materials using
2,2-dihydroxy-1,3-indanedione.Pakistan
J. Appl. Sci., 2, 658 — 660, 2002.

Drochioiu, G. Fast and highly selective
determination of cyanide with 2,2-
dihydroxy-1,3- indanedione. Talanta,
56, 1163 — 1165, 2002a.

Drochioiu, G. Highly selective and sensitive
reaction of cyanide with 2,2-dihydroxy-
1,3-indanedione. Anal. Bioanal. Chem.,
372,744 — 747, 2002b.

Drochioiu, G., Pui, A., Danac, R., Basu, C.,
Murariu M. Improved
spectrophotometric assay of cyanide
with picric acid. Rev. Roum. Chim., 48,
601-606, 2003a.

Drochioiu, G., Oniscu, C., Sunel, V., Popa,
K., Cozma, D. Cyanide assay based on
its novel reaction with resorcinol and
picric acid. Eur. J. Min. Proc. Environ.
Prot., 3, 291-296, 2003b.

Drochioiu, G., Mangalagiu, 1., Avram, E.,
Popa, K., Dirtu, A. C., Druta, I. Cyanide
reaction with ninhydrin: Evaluation of
interference and mechanisms. Anal.
Sci.,20, 1443 — 1447, 2004a.

Drochioiu, G., Sunel, V., Grebinisan, D.,
Vlahovici, A., Saiz, V., Murariu, M.
Dosage des ions cyanure totaux par
I’inhibition de [I’activité catalasique.
Rev. Roum. Chim., 49, 121-125, 2004b.

Drochioiu, G., Mangalagiu, 1., Popa, K.,
Avram, Ecaterina, Molnar, Ramona,
Druta, 1. Novel reactions of cyanide
with 2,2-dihydroxy-1,3-indanedione.
Rev. roum. Chim., 50, 53 — 59, 2005a.

222 International Journal of Criminal Investigation, 1, 4, 2011, 213-226

Published in Articles section of www.manupatra.com



G. DROCHIOIU et al.

Drochioiu, G., Popa, K., Humelnicu, D.,
Murariu, M., Sandu, 1., Cecal, A.
Comparison of various sensitive and
selective spectrophotometric assays of
environmental cyanide. Toxicol.
Environ. Chem., 90, 221 — 235, 2007.

Drochioiu, G., Sandu, I., Olteanu, G. I.,

Mangalagiu, 1. Review article:
Ninhydrin-based forensic
investigations. L. Fingerprints.

International Journal of Criminal
Investigation, 1, 37-58, 2011a.

Drochioiu, G., Deleanu, C., Rusu, E.,
Mangalagiu, I. Saccharin reaction with
cyanide. Lett. Org. Chem., 8, 315-319,
2011b.

El-Nemma, E. M., Abd-Rabboh, H. S. M.,
Hassan, S. S. M. A4 novel
spectrophotometric method for
determination of cyanide using cobalt
(1) phthalocyanine tetracarboxylate as
a chromogen. International Journal of
Environmental Analytical Chemistry,
90, 148 — 158, 2010.

Epstein J. Estimation of micro quantities of
cyanide. Anal. Chem., 19, 272-274,
1947.

Felby, S. Determination of cyanide in
blood by reaction head-space gas
chromatography.

Forensic Sci. Med. Pathol., 5, 39-43,
2009.

Finley, J. W., Friedman, M. Chemical
methods for available lysine. Cereal
Sci., 50, 101-105, 1973.

Friedman, M. Applications of the
ninhydrin reaction for analysis of
amino acids, peptides, and
proteins to agricultural and biomedical
sciences. J. Agric. Food Chem., 52,
385-406, 2004.

Friedman, M., Finley, J. W. Methods of
tryptophan analysis. J. Agric. Food
Chem., 19, 626-631, 1971.

Friedman, M., Cuq, J. L. Chemistry,
analysis, nutritional  value, and
toxicology of tryptophan in food. A
review. J. Agric. Food Chem., 36,
1079-1093, 1988.

http://www.ijci.eu  eISSN: 2247-0271

Friedman, M., Noma, A. T. Histamine
analysis on a simple column amino acid
analyzer. J. Chromatogr., 219, 343-348,
1981.

Friedman, M., Noma, A. T. Formation and
analysis of ((phenyethyl)amino)alanine
in food proteins. J. Agric. Food Chem.,
34, 497-502, 1986.

Friedman, M., Noma, A. T., Wagner, J. R.
Ion-exchange chromatography of sulfur
amino acids on a single-column amino
acid analyzer. Anal. Biochem., 98, 293-
304, 1979.

Friedman, M., Pang, J., Smith, G. A.
Ninhydrin-reactive lysine in food
proteins. J. Food Sci.,

49, 10-20, 1984.

Frutos, P., Torrado, S., Perez-Lorenzo, M.
E., Frutos, G. A. A \validated
quantitative  colorimetric assay for
gentamicin. J. Pharm. Biomed. Anal.,
21, 1149-1159, 2000.

Gallo-Martinez, L., Campins-Falco, P.,
Sevillano-Cabeza, A Comparison of
several methods use for the
determination of cephalosporin.
Analysis of cephalexin in
pharmaceutical samples. J. Pharm.
Biomed. Anal. 29, 405-423, 2002.

Geddes, C. D. Badugu, R., Lakowitz, J. R.
Cyanide sensing compounds and uses
thereof. US
Patent WO/2005/029033, 2005.

Hamza, A., Bashammakh, A.S., Al-Sibaai,
A.A., Al-Saidi, H.M., El-Shahawi, M.S.
Dual-wavelength [-correction
spectrophotometric ~ determination  of
trace concentrations of cyanide ions
based on the nucleophilic addition of
cyanide to imine group of the new
reagent  4-hydroxy-3-(2-oxoindolin-3-
ylideneamino)-2-thioxo-2H-1,3-thiazin-
6(3H)-one.

Hansen, D. B., Joullie M. M. The
development of novel ninhydrin
analogues. Chem. Soc. Rev., 34, 408-
417, 2005.

223

Published in Articles section of www.manupatra.com



NINHYDRIN-BASED FORENSIC INVESTIGATIONS: II. CYANIDE ANALYTICAL TOXICOLOGY.

Jain, A., Pillai, A. K. K. V., Sharma, N.,
Verma, K. K. Headspace single-drop
microextraction and cuvetteless
microspectrophotometry for the
selective determination of free and total
cyanide involving reaction with
ninhydrin. Talanta, 82, 758-765, 2010.

Hassan, S. S.M., Hamza, M. S.A.,. Kelany,
A. E. A novel spectrophotometric
method for batch and flow injection
determination of  cyanide in
electroplating wastewater. Talanta, 71,
1088-1095, 2007.

Ishii, A., Seno, H., Watanabe-Suzuki, K.,
Suzuki, 0., Kumazawa, T.
Determination of cyanide in whole
blood by capillary gas chromatography
with cryogenic oven trapping. Anal.
Chem., 70, 4873-4876, 1998.

Jeannotte, M. E., Abul-Milh, M., Dubreuil,
J. D., Jacques, M. Binding of
Actinobacillus  pleuropneumoniae to
phosphatidylethanolamine. Infect.
Immun., 71, 4657-4663, 2003.

Jermak, S., Pranaityte, B., Padarauskas, A.
Headspace single-drop microextraction
with  in-drop  derivatization and
capillary electrophoretic determination
for free cyanide analysis.
Electrophoresis 27 (22), 4538-4544,
2006.

Kurzawa, J., Janowicz, K., Krzyminska, A.
The iodine-azide reaction as a tool for
estimation of adsorptive properties
of cigarette filters. Chem.
ANALITYCZNA, 46, 523-527, 2001.

Kaewkannetra, P., Imai, T., Garcia-Garcia,
F.J., Chiu, T. Y. Cyanide removal from
cassava mill waste water using
Azotobactor vinelandii TISTR 1094
with mixed microorganisms in
activated sludge treatment system. J.
Hazard. Mater., 172, 224-228, 2009.

LaPorte, G. M., Ramotowski, R. S. The
effects of latent print processing on
questioned documents produced by
office machine systems utilizing injet
technology and toner systems. J.
Forensic Sci., 48, 658-663, 2003.

Laskar, S. Sinnhababu, A. Harza, K. M. A
modified spray reagent for the detection
of amino acids on thin-layer
chromatography plates. Amino Acids,
21, 201-204, 2001.

Leavesley, H. B., Li, L., Prabhakaran, K.,
Borowitz, J. L., Isom, G. E. Interaction
of cyanide and nitric oxide with
cytochrome ¢ oxidase: implications for
acute cyanide toxicity. Toxicol.Sci., 101,
101-111, 2008.

Lindsay, A. E., Greenbaum, A. R., O’Hare,
D. Analytical techniques for cyanide in
blood and published blood cyanide
concentrations from healthy subjects
and fire victims. Anal.

Chim. Acta, 511, 185-195, 2004.

Lu,J. Z., Qin, W., Zhang, J. Z., Feng, M. L.,
Wang, Y. J. A flow-injection type
chemiluminescence-based sensor for
cyanide. Anal. Chim. Acta, 304, 369-
373, 1995.

MacFadyen, D. A. On the mechanism of the
reaction of ninhydrin with o-amino
acids. J. Biol. Chem., 186, 1-12, 1950.

Maseda, C., Matsubara, K., Shiono, H.
Improved gas chromatography with
electron-capture detection using a
reaction pre-column for the
determination of blood cyanide: a higher
content in the left ventricle of fire
victims. J. Chromatogr. A, 490, 319—
327, 1989.

Micelli, A. S. Ph.D. Thesis: Avaliagao de
método espectrofotométrico
automatizado para a determinacao de
cianeto total em amostras de efluentes
industriais.  (Supervisor  Prof.  Dr.
Santelli, R. E.) Nitero6i, Brazilia, 2005.

Mihaescu, I. M., Drochioiu, G. Cyanide
reaction with ninhydrin: the effect of pH
changes and UV-Vis radiation upon the
analytical results. Rev. Roum. Chim., 54,
841-845, 2009.

Moore, S. Amino acid analysis: dimethyl
sulfoxide as a solvent for the ninhydrin
reaction. J. Biol. Chem., 243, 6281-
6283, 1968.

224 International Journal of Criminal Investigation, 1, 4, 2011, 213-226

Published in Articles section of www.manupatra.com



G. DROCHIOIU et al.

Nagaraja, P., Hemantha Kumar, M. S,
Yathirajan, H. S., Prakash, J. S. Novel
sensitive spectrophotometric method
for the trace determination of cyanide
in industrial effluents. 4Anal. Sci., 18,
1027-1030, 2002.

Ng, B. W., Lenigk, R., Wong, Y. L., Wu,
X. Z.,, Yu, N. T., Renneberg, R.
Poisoning influence of cyanide on the
catalytical oxygen reduction by cobalt
(IItetra(3-methoxy-4-hydroxylphenyl)
porphyrin  modified electrode. J.
Electrochem. Soc., 147, 2350-2354,
2000.

Noorozifar, M. Cyanides. in Handbuch of
water analysis, Chap. 9, pp. 253-
267,2" ed., (Leo M. L. Nollet,
Ed.) CRC Press, Tailor & Francis
Group, 2007.

Odoul, M., Fouillet, B., Nouri, B.,
Chambon, R., Chambon, P. Specific
determination of cyanide in blood by
headspace gas chromatography. J.
Anal. Toxicol., 18, 205-207, 1994.

Parmar, P., Pillai, A. K., Gupta, V. K.
Cyanide using p-aminoacetanilide in
various samples. J. Korean Chem.
Soc., 54, 165-168, 2010.

Pitschmann, V., Kobliha, Z., Halamek, E.,
et al. New detector tube for phosgene,

hydrogen cyanide and cyanogen
chloride and its evaluation by
tristimulus colorimetry. Chem.

Analityczna, 53, 47-57, 2008.

Pitschmann, V., TuSarova, 1., Halamek, E.,
Kobliha, Z. The use of tristimulus
colorimetry for the determination of
hydrogen cyanide in air by a modified
Konig method. J. Serb. Chem. Soc. 75,
1-10, 2010.

Poland, K., Topoglidis, E., Durrant, J.R.,
Palomares, E. Optical sensing of cyanide
using hybrid biomolecular films. /norg.
Chem. Commun., 9, 1239-1242, 2006.

Presmasiri, W. R., Clarke, R. H., Londhe, S.,
Womble, M. E. Determination of
cyanide in waste water by low-resolution
surface enhanced Raman spectroscopy
on solegel substrates. J. Raman
Spectrosc., 32,919-922, 2001.

http://www.ijci.eu  eISSN: 2247-0271

Quinlan, C., Gill, D., Waldron, M., Awan,
A. Cyanide poisoning in the post-
transplantation
patient-a  cautionary tale.
Nephrol., 23, 2273-2275, 2008.

Reddy, C. V. G., Yan, F., Zhang, Y., Vo-
Dinh, T. A highly sensitive Raman
method for selective cyanide detection
based on evaporated cuprous iodide
substrate. Anal. Methods, 2, 458-460,
2010.

Ruhemann, S. Triketohydrindene hydrate.
Trans. Chem. Soc., 97, 2025-2031,
1910.

Samejima, K., Dairman, W., Udenfriend, S.
Condensation ~ of ninhydrin  with
aldehydes and
primary amines to yield highly
fluorescent ternary products. Anal.
Biochem., 42,

222-236, 1971.

Santelli, R. E., Micelli, A. S., de Carvalho,
M. D. B. Automated flow injection
method for
monitoring total cyanide concentration
in petroleum refinery effluents using
ninhydrin as
color reagent. Spectrosc. Lett., 39, 605-
618, 2006.

Schwarz, L., Frerichs, I. Advanced solvent-
free application of ninhydrin for
detection of latent
fingerprints on termal paper and other
surfaces. J. Forensic Sci., 47, 1274-
1277, 2002.

Tessier, P. M., Christesen, S. D., Ong, K.
K., Clemente, E. M., Lenhoff, A. M.,
Kaler, E. W, et al. On-line
spectroscopic characterization of sodium
cyanide with nanostructured gold
surfaceenhanced Raman spectroscopy
substrates. Appl. Spectrosc., 56, 1524-
1530, 2002.

Themelis, D. G., Karastogianni, S. C.,
Tzanavaras, P. D. Selective
determination of cyanides by gas
diffusion-stopped flow-sequential
injection analysis and an on-line
standard addition approach. Anal. Chim.
Acta, 632, 93-100, 2009.

Pediatr.

225

Published in Articles section of www.manupatra.com



NINHYDRIN-BASED FORENSIC INVESTIGATIONS: II. CYANIDE ANALYTICAL TOXICOLOGY.

Turner, J. S., Shuker, D. E. G. Review of
methods of analysis for biologically
active
principles (A01041) Food Standards
Agency pp.32-37, 2006.

Valentour, J. C., Aggarwal, V., Sunshine, 1.
Sensitive gas chromatographic
determination of
cyanide. Anal Chem., 46, 924-925,
1974,

Wimalasena, R., Audus, K. L., Stobaugh, J.

F. Rapid optimization of the
postcolumn  fluorogenic  ninhydrin
reaction  for the  HPLC-based

determination of bradykinin and related
fragments. Biomed. Chromatogr., 17,
165-171, 2003.

Yablotskii, K. V., Shekhovtsova, T. N.
Enzymatic determination of anions. J.
Anal. Chem., 65, 660-673, 2010.

Zbancioc, G., Moldoveanu, C., Gradinaru,
R., Drochioiu, G., Olteanu, G.,
Mangalagiu, I. I.

The metabolism of drugs/toxics in the
body. Case study: BZP. Intern. J.
Criminal Invest.,

1, 3-10, 2011.

Zemlyak, 1., Sapolsky, R., Illana Gozes, I.
NAP protects against cyanide-related
microtubule
destruction. J. Neural. Transm., 116,
1411-1416, 2009.

226 International Journal of Criminal Investigation, 1, 4, 2011, 213-226

Published in Articles section of www.manupatra.com



