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Abstract

Carbon monoxide (CO) can be used to treat fresh meat and fish in order to retain its ‘fresh’ red colour appearance for a longer period
of time. In fact, upon aging, myoglobin is oxidized to met-myoglobin with the concomitant blue-shift and broadening of the Soret max-
imum, which brings about a change in the colour of the fish, revealing that it is no longer fresh. The use of carbon monoxide, which reacts
with the oxy-myoglobin to form a fairly stable cherry red carboxy-myoglobin complex may mask spoilage, because the CO-complex can
be stable beyond the microbiological shelf life of the meat. The presence of CO in tuna fish has been investigated by optical spectroscopy
as the formation of the CO adduct can be easily detected by the combined analysis of electronic absorption spectra in their normal and
second derivative modes, monitoring the intense Soret band at 420 nm. The presence of met- and oxy-myoglobin can obscure the pres-
ence of small amounts of the CO adduct; however, it can be revealed by chemically reducing the met- and oxy-forms to the deoxy-form in
an anaerobic environment. This spectroscopic method provides a qualitatively rapid laboratory screening procedure for food control to
unmask the presence of CO in frozen or fresh fish.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The freshness of tuna meat and more generally of any
kind of meat, is normally judged by its bright red colour.
The desirable bright red colour is due to the presence of
oxygenated myoglobin, which is present in the red muscle
fibres. Myoglobin (Mb) is a heme enzyme essential for
the storage of oxygen in the muscles of live animals. How-
ever, the amount of Mb varies as a function of the tuna’s
age, physical activity and species as well as the way the
meat is treated (Giddings, 1974; Livingston & Brown,
1981). When the fish is cut up, oxygen comes into contact
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with Mb in the exposed tuna meat surface. The oxygen is
absorbed and reacts with the myoglobin to form a bright
red pigment (oxy-myoglobin) which brings about the
attractive red colour of fresh tuna meat. However, with
storage over a period of time and continued exposure to
oxygen, the red colour of the meat gradually changes into
various shades of brown due to oxidation and conversion
of the oxy-myoglobin (Fe2+–O2) to the brown ferric
(Fe3+) met-myoglobin (Tajima & Shikama, 1987).

Colour is the most important sensory attribute for con-
sumer decisions on the purchase of fresh meat. In order to
retain its ‘fresh’ red colour for a longer period of time, car-
bon monoxide (CO) gas has been used to treat meat in the
modified atmosphere packaging (MAP) system. The car-
bon monoxide reacts with the oxy-myoglobin to form a
very stable carboxy-myoglobin complex (CO-Mb) as the
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partition coefficient for CO is about 50-fold higher than
that of oxygen (Antonini & Brunori, 1971). Many reports
have been published on the use of the MAP technique to
prolong the microbiological shelf life of meat and to main-
tain its attractive red colour (Lunõ, Roncales, Djenane, &
Beltrán, 2000). Due to the high stability of the CO-Mb
complex, only relatively low levels of CO (<1%) are needed
in order to maintain the red colour of meat (Sørheim, Nis-
sen, & Nesbakken, 1999). However, CO may mask spoil-
age, because the stable cherry red colour can last beyond
the microbiological shelf life of the meat. For this reason
the use of CO in MAP is not allowed in the USA and
EU. Recently, frozen yellowfin tuna loins (Thunnus Albac-

ares) of Indonesia provenience, with the characteristic
cherry red colour due to treatment with CO, have been
introduced in the EU market. In accordance to the EU
Regulation No. 178/2002 a rapid alert system has been
notified on those products, due to the risk related to the
presence of CO.

There are no direct health implications from eating
CO-treated tuna. However, since CO treatment makes
tuna appear fresh, CO-treated tuna can obscure the col-
our changes, which normally follow aging of the fish, so
the real health risk is due to the lack of freshness of the
product. In this respect, it has to be considered that tuna
fish, like other Scombroid fishes, is most commonly asso-
ciated with incidents of histamine intoxication. Histamine
can be formed by oxidative decarboxylation of histidine,
and such fishes contain in the red muscles a high quan-
tity of histidine from 1 g/Kg in herring to 15 g/Kg in
tuna. This process, associated with decarboxylase-positive
microorganisms, can be fast if the storage conditions are
inadequate (Shalaby, 1997; Silla Santos, 1996). More-
over, secondary amines, such as cadaverine and putresce-
ine, can be produced in the catabolism of histamine,
which can react with nitrite to form heterocyclic carcin-
ogenic nitrosamines. Although histamine is the most
toxic amine detected in food, the toxicological effect
depends on histamine intake concentration, the presence
of other amines and individual characteristics, like
aminooxidase activity. The level of 1000 mg/kg is consid-
ered dangerous for health. The European Union, with
the Directive 91/493/CEE, has established that the aver-
age content of histamine, for some fish species, should
not exceed 10–20 mg/100 g of fish.

A variety of methods are available for the analysis of
CO in food materials and in blood, particularly in the field
of forensic science, including spectrophotometric methods
(Bylkas & Andersson, 1997; Cruz, López-Rivadulla, Sán-
chez, Bermejo, & Fernández, 1993; Sano & Hashimoto,
1958; Wolfe, Watts, & Brown, 1978), infrared analysis
and gas chromatography (Lewis, Johnson, & Canfield,
2004; Oritani et al., 2000). Commonly in forensic science
(Beutler & West, 1984; Levine, D’Nicuola, Kunsman,
Smith, & Stahl, 1996) a spectrophotometric method is used
to determine the presence of CO-hemoglobin. However, it
is considered essential to confirm the result with a second
technique based on a different analytical principle, like
gas chromatography. Recently, a simple, confirmative
method for quantitative determination of carbon monox-
ide in commercially treated tuna and mahi–mahi tissues
has been reported using gas chromatography/mass spec-
trometry, following chemical liberation of CO (Anderson
& Wu, 2005). The official laboratories of food control need
not only confirmatory methods but also rapid low cost
screening methods for everyday activity. Therefore, the
aim of the present study was to develop a rapid, simple
spectrophotometric method to detect the presence of car-
bon monoxide in CO-treated tuna fish, which might be use-
ful as a screening method for determining the presence of
CO in food products, which are not labelled as such. An
effective procedure has been established based on the com-
bined analysis of electronic absorption spectra in their nor-
mal and second derivative modes, allowing us to
discriminate between treated and non-CO-treated
(untreated) samples, and to calculate the fraction of CO-
Mb in meat drip.
2. Materials and methods

2.1. Purification of myoglobin

Mb was purified according to a procedure described pre-
viously (Wittenberg & Wittenberg, 1981). A slice of tuna
meat of about 150 g was homogenized in 2 volumes of
physiological solution 0.7% NaCl and then centrifuged at
1700 r.p.m. for 20 min (at T = 10 �C) using a Megafuge
1.0 R. The cloudy red supernatant was saved, diluted in 3
volumes of washing solution (155 mM NH4Cl, 10 mM
Na2CO3, and 0.1 mM EDTA) and centrifuged again at
10,000 r.p.m. for 30 min (at T = 10 �C) to remove any
residual solids.

The separation of Mb from hemoglobin (Hb) was then
achieved using gel filtration chromatography with a Sepha-
dex G-100 superfine column (2.5 cm · 1 m, with a bed vol-
ume of about 300 ml), equilibrated and eluted with
potassium phosphate buffer 50 mM, pH 7.4. 10 ml of
Hb–Mb solution were diluted in 20 ml of potassium phos-
phate buffer 50 mM, pH 7, sodium dithionite was added to
a concentration of 1 mg/ml, then the sample was poured on
top of the column, which was eluted at a flow rate of 1 ml/
min. 3.5 ml fractions were collected and assayed spectro-
photometrically from 350 to 600 nm using a Jasco V-530
spectrophotometer. Hb should elute first followed by Mb,
but in our case no detectable protein was observed besides
Mb and from the chromatographic pattern the Hb concen-
tration was lower than 3% of the total sample.

The Mb-containing fractions were pooled and concen-
trated to 5–10 ml over a YM-10 membrane (Amicon) and
stored at 4 �C. The Mb obtained was pure, as indicated
by the absorption spectrum, which showed a A414/A280

ratio (purity index) of about 0.8. Protein concentration
was obtained by measuring the absorbance at 414 nm using
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Fig. 1. Absorption and second derivative spectra of the met-, oxy-, CO-,
and deoxy-myoglobin purified from tuna fish. The 475–700 nm region has
been expanded 7-fold.
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the extinction coefficient of 128 mM�1 cm�1 (Antonini &
Brunori, 1971).

2.2. Sample preparation

Reference sample. Reference samples were obtained as
previously reported (Verde et al., 2004). The oxy- deriva-
tive of Mb was prepared by reducing purified Mb with
5 ll of (20 mg/ml) freshly prepared solution of sodium
dithionite (Sigma) for 2 ml of Mb solution and then filter-
ing through a Biogel P6DG (Bio-Rad) column equilibrated
with phosphate buffer, pH 7.0. The ferric met-Mb deriva-
tive was prepared by oxidation of the oxy-Mb with an
approximately 3-fold excess of potassium ferricyanide
(Sigma), followed by gel filtration on a Biogel P6DG col-
umn equilibrated with the phosphate buffer to remove the
oxidant. The deoxy-Mb was prepared by adding 5 ll of
sodium dithionite (20 mg/ml) to 2 ml of deoxygenated buf-
fered solution of met-Mb. CO-Mb was prepared by flush-
ing met-Mb with nitrogen, then with CO (Rivoira) and
reducing the protein as described above.

Fortified samples. Three different portions of meat drip
from fresh tuna fish fillet were flushed with CO for a few
seconds and then reduced with dithionite to obtain a par-
tial CO-complexed Mb.

Routine samples. To avoid significant loss of CO, frozen
yellowfin tuna loins (Thunnus albacares), imported from
Indonesia and under EU alert notification for suspect car-
bon monoxide treatment, were defrosted in the sealed
package. The meat drip was collected by using a gastight
syringe, placed in a 1 cm path quartz cuvette and then
diluted to 2 ml with deoxygenated 100 mM phosphate buf-
fer pH 7.0. Electronic absorption spectra were collected on
the raw materials and after addition of 5–10 ll of sodium
dithionite (20 mg/ml).

Spectra of non-CO-treated meat drip from fresh yellow-
fin tuna loins fished in the Mediterranean sea along the
Sardinia coast (Italy) were also collected for comparison.
2.3. Spectroscopy

Electronic absorption spectra of the various Mb samples
were measured with a Cary 5 spectrophotometer. The spec-
tra were recorded from 300 to 700 nm at the scanning rate
of 100 nm/min. The spectra were baseline corrected when
necessary second derivative spectra were obtained using
the Lab Calc program (Galactic Industries Corp.). For
the derivatization process, the Savitzky–Golay method
was applied using 15 data points. No changes in the wave-
number or in the bandwidth were observed when the num-
ber of points was increased or decreased.
3. Quantitative analysis

The UV–Vis spectra of the reference samples (r) of tuna
Mb in their deoxy- and CO-bound forms are reported in
Fig. 1. According to the Lambert–Beer law, for the same
Mb solution, at any wavelength (k) the absorbance values
of the deoxy- (Ar

deoxy) and CO-bound (Ar
CO) forms of the ref-

erence spectra are correlated by Eq. (I):

Ar
COðkÞ

Ar
deoxyðkÞ

¼ eCOðkÞ
edeoxyðkÞ

ðIÞ

In general, as previously shown (Beutler & West, 1984), for
a solution containing two absorbing forms, the absorbance
at any wavelength can be expressed by the following
relationship:

AðkÞ ¼ AdeoxyðkÞ � ð1� vCOÞ þ ACOðkÞ � vCO ðIIÞ
where A(k) is the absorbance at a given wavelength,
Adeoxy(k) = edeoxy(k) Æ b Æ C is the absorbance of a deoxy-
genated solution of total concentration C at a given
wavelength, ACO(k) = eCO(k) Æ b Æ C is the absorbance of a
CO-Mb solution of total concentration C at a given
wavelength, b is the path-length. vCO is the relative amount
of CO-Mb, defined as follows:

vCO ¼
CCO

CCO þ Cdeoxy

ðIIIÞ

where CCO and Cdeoxy are the concentration of CO-bound
and deoxy-Mb, respectively, with C = CCO + Cdeoxy.

Measuring the absorbance at two different wave-
lengths (at 420 and 431 nm in the present case, corre-
sponding to the absorption maxima of the CO-Mb and
deoxy-Mb, respectively) it is possible to calculate the rel-
ative amount of CO-Mb (vCO) in the presence of deoxy-
Mb Eq. (IV):



vCO ¼
Að420ÞAr

deoxyð431Þ � Að431ÞAr
deoxyð420Þ

Að420Þ½Ar
deoxyð431Þ � Ar

COð431Þ� þ Að431Þ½Ar
COð420Þ � Ar

deoxyð420Þ� ðIVÞ
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Substituting the measured absorbances of the reference
spectra, we obtain the relative amount of CO-Mb vCO

Eq. (V)

vCO ¼
Að420Þ � 0:78� Að431Þ � 0:67

Að420Þ � 0:32þ Að431Þ � 0:55
ðVÞ
4. Results and discussion

The chromophore and active site of Mb is the heme
group which gives rise to two p! p* electronic transitions
at about 400 nm (Soret or B band) which is very intense
(with an extinction coefficient of about 104 M�1 cm�1)
and at 500–600 nm (Q bands). Since the wavelength max-
ima vary according to the oxidation, spin, and coordination
states of the heme iron, the spectra of oxy-myoglobin,
deoxy-myoglobin, met-myoglobin and CO-myoglobin can
be distinguished by their peak positions and relative inten-
sities (Adar, 1994). The electronic absorption spectra
(Fig. 1) of met- (406, 502, and 631 nm), oxy- (414, 542,
and 577 nm), CO- (420, 538, and 568 nm), and deoxy-
(431 and 556 nm) myoglobin purified from tuna fish clearly
indicate that the Soret band red-shifts in the order met–
oxy–CO–deoxy. Moreover, in the visible region the distinc-
tive wavelengths of the peaks enable us to distinguish the
various Mb forms.

Fig. 2 shows the Soret band (top) and the corresponding
second derivative (bottom) spectra for the various forms.
The second derivative approach is usually applied in order
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Fig. 2. Absorption and second derivative spectra in the Soret region of the
met- (- - -), oxy- (� � �), CO- (—), and deoxy-myoglobin (-Æ-Æ-Æ) purified from
tuna fish. The arrow indicates the shoulder at 424 nm.
to better resolve broad bands (Vincieri, Coran, Bam-
bagiotti-Alberti, Smulevich, & Marzocchi, 1986). Deriva-
tive spectrophotometry consists in the differentiation of
the electronic absorption spectrum and allows one to
improve the resolution of mixtures, because it enhances
the detectability of minor spectral features. In fact, it
reveals subtle spectral features by presenting them in a
new and visually more accessible way, allowing the resolu-
tion of multi-component elements, and reducing the effect
of spectral background interference (Ojeda & Rojas,
2004, and references therein). It consists of calculating
and plotting the second mathematical derivative of an elec-
tronic absorption spectral curve. The most characteristic
feature of the second-order derivative is a negative band
with the minimum corresponding to the maximum of the
electronic absorption spectrum. From Fig. 2, it can be seen
that a minimum is observed at a wavelength corresponding
to the Soret maximum, at 407 nm (met-Mb), 416 nm (oxy-
Mb), 420 nm (CO-Mb), and 435 nm (deoxy-Mb), respec-
tively. In general, the Soret band is a very sharp band.
The only exception is represented by the deoxy-form which
shows a second minimum at 424 nm.

Fig. 3 compares the Soret region in the UV–Vis (panel
A) and the second derivative (panel B) spectra obtained
for meat drip collected from nine different samples of
defrosted yellowfin tuna loins. The Soret maxima (Fig. 3,
panel A) vary among the various samples between 412
(sample 4) and 420 nm (sample 8). In addition, the elec-
tronic absorption bands are very broad suggesting the pres-
ence of various species, which can be resolved by the
second derivative spectra (panel B). In particular, sample
4 reveals the presence of both the met-form (407 nm) and
the CO ligated form (420 nm), whereas samples 1, 3, and
6 do not give a clear indication of the presence of Mb-
CO since they are characterized by a broad band centred
at 416–419 nm. On the contrary, samples 2, 5, 7, 8, and 9
show an intense main peak between around 420 nm, char-
acteristic of Mb-CO complex. These data clearly indicate
that the tuna fish meat has been previously treated with
CO, despite that it was not labelled as such. The different
amount of CO found in the various samples can be cer-
tainly related to the variable exposure of the specimens to
air, which slowly removes CO-bound to myoglobin, replac-
ing it with oxygen and eventually forming the met-form.

To identify unambiguously the CO-Mb and to calculate
the relative amount of CO-Mb, expressed as the percentage
vCO (%), we chemically reduced the solution under anaero-
bic conditions (see Section 2). In this manner the ferric met-
Mb is reduced to ferrous deoxy-Mb with the concomitant
red-shift of the Soret band from 406 to 431 nm (Fig. 1),
whereas the CO-Mb adduct content is not expected to vary.
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Fig. 3. Absorption and second derivative spectra of meat drip from nine samples of defrosted tuna fish loins diluted in deoxygenated phosphate buffer.
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Fig. 4 compares the UV–Vis and the second derivative
spectra of the nine samples after reduction by dithionite.
As expected, the ferric and the oxy-forms disappear and
are replaced by the ferrous species resulting in a red-shift
of the Soret band. These changes are particularly evident
in the second derivative spectra where the minimum at
407 nm (met-Mb, Fig. 3, panel B) disappears and it is
replaced by a new minimum at 435 nm (deoxy-Mb,
Fig. 4, panel B). Before and after the reduction, a minimum
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at 420 nm, due to the CO-Mb adduct, is clearly observed in
the majority of the samples, allowing us to confirm that the
fish meat has been treated with carbon monoxide gas.
However, the spectra clearly indicate that the samples 1
and 3 have lost the CO content since the UV–Vis are typ-
ical of deoxy-Mb (see Fig. 1 for comparison). The quanti-
tative analysis (Table 1) confirmed this conclusion.
Moreover, from the reference spectra (on 10 replicate sam-
plings) of the deoxy- (0% of CO-Mb) and CO-bound form
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Table 1
Absorbances at 420 nm [A(420)] and 431 nm [A(431)] of the reference
samples (see Fig. 1) and of tuna fish meat drip (see Figs. 4 and 5), their
ratio, and relative amount of CO-Mb expressed as the percentage vCO (%)

A(420) A(431) Að420Þ
Að431Þ

vCO

(%)

Deoxy-Mb
(reference, from Fig. 1)

0.67 0.78 0.86 ± 0.01 0

CO-Mb (reference, Fig. 1) 1.22 0.46 2.65 ± 0.01 100
Untreated-sample (from Fig. 5) 1.32 1.50 0.88 2.0
Treated sample 1 (from Fig. 4) 0.23 0.26 0.88 2.4
Treated sample 2 (from Fig. 4) 2.00 1.08 1.85 67.8
Treated sample 3 (from Fig. 4) 1.42 1.61 0.88 2.2
Treated sample 4 (from Fig. 4) 0.79 0.56 1.41 43.0
Treated sample 5 (from Fig. 4) 0.21 0.21 1.00 12.6
Treated sample 6 (from Fig. 4) 1.15 1.24 0.93 6.3
Treated sample 7 (from Fig. 4) 1.21 1.06 1.14 24.1
Treated sample 8 (from Fig. 4) 0.99 0.65 1.52 49.9
Treated sample 9 (from Fig. 4) 1.45 1.20 1.21 29.1
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Fig. 5. Lower trace: absorption and second derivative spectra (- - - - -, in
the Soret region) of meat drip from fresh tuna fish loins diluted in
deoxygenated phosphate buffer. Upper trace: absorption and second
derivative pectra (- - - - -, in the Soret region) of meat drip from fresh tuna
fish loins diluted in deoxygenated phosphate buffer in the presence of
dithionite as reducing agent. The 475–700 nm region has been expanded 5-
fold.
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(100% of CO-Mb) of tuna Mb we can calculate the A(420)/
A(431) average ratio. In the absence of CO, the ratio is
0.86 ± 0.01. For a fully bound CO-Mb sample the
A(420)/A(431) ratio is 2.65 ± 0.01. The level of confidence
was calculated with a probability p = 95% in both cases.

To evaluate the validity of the proposed method, 10 rep-
licates of three different series of treated (fortified) and non-
CO-treated samples (untreated) have been tested; the
results are reported in Table 2. The precision has been eval-
uated by the relative standard deviation (RSD) of CO con-
centration. Our RSD values are of the same order of
magnitude as those reported by Anderson and Wu
(2005), obtained on the basis of the gas chromatography/
mass spectrometry method. According to the IUPAC def-
inition, the detection limit (LOD) is given by
yB ¼

Að420Þ
Að431Þ þ 3s, which, for the untreated sample, is 0.89.

Therefore, in agreement with previous findings (Beutler &
West, 1984), the % of CO-Mb can be calculated directly
from the ratio of the absorbance values at 420 and
431 nm. We conclude that any ratio >0.89 indicates that
the product has been exposed to CO.

Fig. 5 shows the electronic absorption spectra obtained
for meat drip collected from fresh yellowfin tuna loins, that
have not been CO-treated, fished close to Sardinia (Italy)
and kept in the refrigerator for 36 h. The second derivative
spectrum of the Soret band is also shown (dashed line). The
Table 2
Average yB ¼ Að420Þ

Að431Þ between 10 replicate samplings of the ratio of the
absorbance value at 420 nm [A(420)] and 431 nm [A(431)] for untreated
and three different fortified samples (see text)

Samples A(420) A(431) yB ¼
Að420Þ
Að431Þ

s vCO

(%)
sv

(%)
RSD
(%)

Untreated 0.80 0.93 0.86 0.01 0 – –
CO-fortified 1 0.35 0.34 1.03 0.01 15.1 1.1 7.3
CO-fortified 2 0.95 0.80 1.19 0.03 27.6 2.1 7.6
CO-fortified 3 0.77 0.62 1.24 0.06 31.5 3.9 12.4

s is the standard deviation, vCO (%) is the relative amount of CO-Mb
expressed as the percentage, sv is its standard deviation, and RSD is the
relative standard deviation.
wavelength maximum of the Soret band at 410 nm suggests
the presence of a mixture of oxy- and met-forms. This is
confirmed by the visible region where bands at 540 and
576 nm are indicative of the oxy-form and the weak bands
at 502 and 631 nm confirm the presence of the met-form
(see Fig. 1). Accordingly, no CO-Mb has been detected
by the quantitative analysis (Að420Þ

Að431Þ = 0.88) upon reducing
the sample (Table 1).

5. Conclusions

CO-treated tuna fish is characterized by an abnormal
cherry colour. Visual inspection and electronic absorption
spectra can provide immediately information about the
presence of CO-Mb complexes. Moreover, the subsequent
combined analysis of the electronic absorption spectra in
their normal and second derivative modes gives an
unequivocal determination of the presence of CO in the
defrosted meat drip of tuna loins. A characteristic maxi-
mum at 420 nm, corresponding to a minimum in the sec-
ond derivative spectrum at the same wavelength, is
observed due to the Soret band of the CO-Mb adduct.

Small amounts of CO adduct, in the presence of met-Mb
and oxy-Mb, can be clearly revealed by chemically con-
verting the met- and oxy-forms to the deoxy-form in an
anaerobic environment. In this way the Soret bands of
the met- and oxy-forms, which overlap to some extent with
the Soret of the CO complex, are red-shifted upon reduc-
tion of the protein to the deoxy-form. As a consequence



G. Smulevich et al. / Food Chemistry 101 (2007) 1071–1077 1077
the Soret of the CO adduct is clearly visible as CO forms a
very stable complex and it is not easily detached upon
reduction of the protein under anaerobic conditions.

The percentage of CO-Mb can be calculated directly
from the ratio of the absorbance values at 420 and 431 nm.

These considerations underline the suitability of this
method to detect even small amounts of the CO-Mb adduct
in fish tissue, in regard to the fraudulent treatment of fish in
the modified atmosphere packaging system. It could be
used as a rapid and low cost laboratory screening method
for food control. Moreover, the method reveals the pres-
ence in the tissue of the met-Mb form, which is an impor-
tant parameter in the evaluation of the aging of the fish
sample, since it is formed upon oxidation by air of the
oxy-form.
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