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ABSTRACT: The spectra of fresh salmon fillets change due to storage and packaging atmospheres. The aim of this study was to
demonstrate the effects of heme oxidation states on spectral development in salmon fillets and to investigate the origin of a
shoulder peak representing important spectral variations during storage. Hyperspectral images of fresh salmon fillets and mince
with various water contents were collected during storage under different atmospheres. In addition, the absorption spectra of
extracted salmon hemoglobin and its derivatives (methemoglobin and deoxyhemoglobin) were obtained. Air storage resulted in
an increased similarity between spectra of methemoglobin and salmon fillets in principal component analysis. Results from the
mince storage demonstrated that absorption features at the shoulder peak could be related to water content in the salmon
muscle. This study established that the formation of oxidized heme is the primary source of spectral variations that occur during
air storage of fresh salmon. Changes in the status of heme due to storage and packaging can influence the appearance of the
underlying water absorption at the shoulder peak and create variations in the salmon spectra.
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■ INTRODUCTION

Fresh fish and fishery products are highly perishable.1 Quality
changes occur as fish muscle deteriorates as a result of autolytic
enzymatic processes in the first phase of storage. Subsequently,
the growth and production of metabolites by microorganisms
will cause spoilage.2 Lipid oxidation may also contribute to
deterioration of fish fillets during cold storage. This occurs
particularly in dark muscle of unbled fish exposed to air.3 It is,
however, microbial growth that limits the storage time of fresh
fish. Rapid determination of freshness and online monitoring of
quality are essential to the modern fish industry. During recent
decades, the potential for rapid and nondestructive spectro-
scopic methods has been investigated within the field of
seafood quality.4,5 Correlation between storage time and
spectral parameters has been established,6,7 and spectroscopic
techniques have proven useful for the evaluation of quality
attributes related to fish freshness.8−12

The visible region of the spectrum (400−700 nm) contains
spectral features important for freshness prediction in cod
fillets.6,12,13 Sivertsen et al. proposed that the oxidation of heme
proteins (hemoglobin, Hb; and myoglobin, Mb) may explain
most variations in the visible region of the spectrum in cod
fillet.13 Color effects of heme are well recognized,14−18 but for
pigmented fish such as salmon, the concentration of heme in
the muscle has been assumed to be small compared to that of
astaxanthin. However, Bjørlykke et al. suggested that an
increased redness observed in carbon monoxide treated salmon
may have resulted from the cherry red color of carboxyHb.19 In
addition, the color of unbled salmon fillet may appear darker
compared to that of well-bled fish,20,21 probably because of a
higher residual blood and Hb content in the fillet.22 These
results indicate that the color effects of heme could also be
significant in salmon.

Recently, a possible contribution of the heme state to the
spectral features of fresh salmon has been suggested. Spectra of
fresh salmon fillets developed distinctive absorption character-
istics during storage under different atmospheres.23−25 The
main spectral differences due to storage conditions occurred in
the visible region at wavelengths centered at 600 and 630 nm.
Air storage led to an increased intensity at a peak around 630
nm, whereas a shoulder peak surrounding 600 nm declined
over time. Because similar spectral changes have been observed
in cod and mackerel,13,23 these spectral variations in salmon
could not be ascribed to astaxanthin. An absorption peak
around 630 nm has been associated with oxidized Hb (metHb)
and Mb (metMb) present in mammalian and fish
muscles.23,26−28 The observed increase in the intensity of the
peak was therefore tentatively related to the formation of
oxidized heme during air storage of fresh salmon.23−25 The
origin of the shoulder peak at around 600 nm has not yet been
identified. The intensity of the absorption shoulder appears to
be dependent on both storage time and packaging similarly to
that of the 630 nm peak.23,24 However, absorption character-
istics around 600 nm do not correspond with those of heme
and its derivatives.13 Sivertsen et al. suggested that the peak
could arise from water in the muscle13 as water exhibits an
absorption shoulder at similar wavelengths.29 The authors
speculated that spectral variations at these wavelengths may
occur due to changes in heme status during storage.
Previous studies provide indications of the significance of

heme in determining spectral development of fresh salmon
during storage. However, its spectral effects remain indicative
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and should be demonstrated. Further investigation must be
conducted with heme proteins extracted from the species in
question and under a pH comparable to that found in post-
mortem fillet. The pH sensitivity and species specificity of fish
heme may be significant and result in pH-induced variations in
Hb spectra and cause analytical error.26,30−32 The objective of
this study was to demonstrate how different oxidation states of
heme affected spectral properties of salmon fillets during
storage. Furthermore, the study aimed to investigate whether
the spectral shoulder around 600 nm may originate from
absorption due to water.

■ MATERIALS AND METHODS
Storage Experiment of Salmon Fillets Under Different

Atmospheres. Fish Sample and Packaging. A total of 144 prerigor
fillets of Atlantic salmon (Salmo salar L.) were obtained from a
commercial fish farm (Lerøy Aurora, Skjervøy, Norway) within 6 h of
slaughter. The loin part of each fillet (mean weight = 1.60 ± 0.17 kg)
was cut into a skin-on piece (254 ± 7.2 g). The 144 samples were
randomly divided into three groups and individually packaged using
one of three methods: (1) traditional overwrap packaging; (2)
modified atmosphere (gas/product ratio 3:1) with a gas mixture of
60% carbon dioxide (CO2) and 40% nitrogen (N2) (Yara Praxair,
Oslo, Norway); and (3) 90% vacuum. The oxygen (O2) level inside
the modified atmosphere packages was measured at each sampling by a
CheckMate-3 headspace analyzer (PBI Dansensor, Ringsted, Den-
mark) and kept below 0.1% (0.05 ± 0.02%) during storage. The
technical specifications of packaging materials used in this experiment
are presented in Sone et al.24 To prevent drying of the surface, each
air-stored fillet was placed in a tray with high barrier properties as fillet
under modified atmosphere, and the tray was wrapped with plastic
film. A liquid absorbing pad (Dri-Loc absorbent pads, Sealed Air
Corp., Epernon Cedex, France) was placed under each sample as
described by Hansen et al.33 Following packaging, the samples were
kept at 4 ± 0.3 °C and evaluated on day 0 (i.e., 12 h after slaughter, 3−
4 h after packaging) and on days 2, 4, 6, 8, 10, 12, and 14 after
slaughter. At each sampling, six replicates of each packaging method
were analyzed. Muscle pH was measured according to the method of
Herland et al.34

Hyperspectral Imaging System. Hyperspectral interactance images
of salmon fillets were collected using the imaging system described by
Sivertsen et al.13 The imaging system consisted of an imaging
spectrometer (VNIR-640, Norsk Elektro Optikk, N-1497, Norway),
two lines of custom-made fiber optical lights with focusing acrylic
lenses, a white diffuse conveyer belt, and two black aluminum screens
for light baffling. The conveyer belt ran at the industry standard speed
of 400 mm/s. The spectrometer was placed 1030 mm above the
conveyer belt and had a focal distance of 1000 mm and depth of field
of 25 mm. Three 150 W (21 voltage direct current) halogen lamps
each composed of a 200 mm long fiber optic light line were situated
on both sides of the imaging area. The fiber lines were positioned 150
mm above the conveyer belt, and the width of each light line projected
onto the belt was 10 mm. The spectrophotometer had a field of view
of 1.0 × 320 mm, which was 20 mm apart from and ran parallel to the
center of the projected light lines. The light in this region was recorded
in one frame by a charge-couple device in the spectrometer and
represented as 640 spectra. Individual spectra represented light
intensity from a spatial area of 1.0 × 0.5 mm in the region of 400−
1000 nm, with a spectral resolution of about 10 nm. Each sample was
scanned line by line at 400 frames per second while moving through
the spectrophotometer field of view. The data acquired were recorded
as a hyperspectral image R(λ,x,y) consisting of successive frames,
F(λ,x). At the start of each sampling day, a Teflon target (300 × 300 ×
25 mm) was scanned and used for calibrating the imaging system. One
hundred successive frames recorded from the Teflon target were used
to obtain the average reference frame, Ra(λ,x). The interactance image
was calculated as I(λ,x,y) = Ri(λ,x,y)/Ra(λ,x) and exported to

Interactive Data Language (IDL) 8.1 (ITT Visual Information
Solutions, Boulder, CO, USA) for analysis.

Spectral Acquisition of Salmon Hemoglobin. Collection of
Blood from Atlantic Salmon. One Atlantic salmon (3.6 kg) was
acquired from the Tromsø Aquaculture Research Station (Kar̊vika,
Tromsø). The captured fish was immediately killed by a blow to the
head, and fish blood was collected within 5 min. Blood was drawn
from the caudal vein using lithium-heparinized vacutainers (Vacu-
tainer, BD Diagnostics, Franklin Lakes, NJ, USA) and kept on ice
during transport to Nofima (Tromsø, Norway).

Preparation of Hemolysate. Upon arrival, the hemolysate was
prepared according to the method described by Richards and Hultin.35

Four volumes of ice-cold 1.7% sodium chloride (NaCl) in 1 mM
tris(hydroxymethyl)aminomethane/hydrochloride (Tris-HCl), pH
8.0, was added to the heparinized blood. Plasma was removed after
centrifugation (70g for 10 min at 4 °C) (Heraeus Multifuge 1S-R,
Thermo Electron Corp., USA), and red cells were washed three times
with the above buffer. Washed red cells were lysed in 3 volumes of 1
mM Tris-HCl, pH 8.0, for 1 h. A 1/10 volume of 1 M NaCl was added
to the hemolyzed solution followed by centrifugation at 25000g for 15
min at 4 °C (centrifuge 5417R, Eppendorf, Germany). To remove
NaCl from the hemolysate, the solution was dialyzed (4 °C) overnight
against 1 mM Tris-HCl, pH 8.0, using a 12000−14000 molecular
weight cutoff membrane. The dialysis buffer was changed twice. The
hemolysate obtained was stored at −80 °C for later analysis.

Estimation of Hemoglobin Level in Hemolysate. The frozen
hemolysate was thawed overnight at 4 °C and centrifuged at 15800g
(centrifuge 5415 C, Eppendorf) for 1 min (4 °C) to remove denatured
Hb. The supernatant of the hemolysate was diluted in 1 mM Tris-HCl,
pH 8.0, to ensure that the Hb absorption in the Soret band had an
optical density below 2.0. The sample was scanned from 450 to 400
nm against a blank (buffer), and the peak absorbance was recorded
using a UV-1700 PharmaSpec UV−vis photospectrometer (Shimazu
Corp., Kyoto, Japan). The standard curve was constructed using a
bovine Hb standard (Sigma-Aldrich Norway AS, Oslo, Norway). An
extinction coefficient of 4.42 × 105 L/cm mol was obtained.
Preparation of Oxidized and Deoxygenated Hemoglobin. The

hemolysate was dialyzed against 0.1 M phosphate buffered saline
(PBS) with 0.9% NaCl, pH 6.1, overnight to adjust the pH of the Hb
solution to that of a post-rigor salmon fillet. The dialysis buffer was
changed twice. The metHb was prepared by adding 100 μL of PBS
containing 12.5 mg/mL solid potassium ferricyanide (K3Fe (CN)6) to
10 mL of the Hb solution. The amount of K3Fe(CN)6 added to the
sample was equivalent to a 3-fold molar excess (heme basis) as
described by Richards and Hultin.35 The solution was stored on ice for
30 min to convert all of the Hb to metHb. The deoxyhemoglobin
(deoxyHb) was prepared according to the method of Olsen et al.26

Ten milliliters of the diluted hemolysate was bubbled for 1 min with a
gas mixture containing 95% N2 and 5% CO2, and 1−2 mg of sodium
dithionite (Na2S2O4) was added to the solution immediately. For each
Hb form, five duplicates were prepared.

Transmittance Measurements. Spectra of the diluted Hb solution
and the metHb and deoxyHb solutions were recorded immediately
after preparation using the XDS Rapid Liquid Analyzer module (FOSS
NIRSystems, Inc., Laurel, MD, USA). The transmittance measure-
ments were performed in a 10 mm quartz cuvette. The measured
wavelength range was from 400 to 2500 nm with a spectral resolution
of 0.5 nm. To make the transmittance spectra of Hb comparable to the
interactance spectra of salmon fillets, Hb absorption spectra were
interpolated at the wavelengths corresponding to the 64 wavelengths
of the imaging data. The interpolated spectra were then exponentially
transformed to the interactance: I(λ,x,y) = 10−A(λ,x,y).

Spectral Data Analysis of Salmon Fillet and Hb in Different
State. A region of interest was defined as a rectangle in the center of
each image to avoid possible interference from the edge of the sample.
Nonoverlapping circular areas consisting of 81 pixels (40 mm2) were
randomly extracted from the defined region, and a mean spectrum was
calculated from the spectra in each area. Spectral pretreatment by
Standard Normal Variate (SNV)36 was performed on the interactance
spectra of salmon fillet and on the transformed spectra of salmon Hb.
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A single spectrum of salmon fillet was randomly selected from each
packaging type on the respective storage day. The 24 selected spectra
were compiled together with the spectra of Hb, and principal
component analysis (PCA) was developed with 17 wavelengths in the
range of 600−765 nm. The selected range included five single
wavelengths (606, 636, 665, 705, and 764 nm) previously reported to
classify fresh salmon fillets by packaging type.24 Following the
construction of the PCA model, the spectra of the remaining salmon
samples were projected onto the model. The spectral extraction and
pretreatment routines as well as PCA were programmed in IDL.
Storage Experiment Using Minced Salmon with Different

Water Contents. Preparation of Minced Salmon and Packaging.
Six post-rigor fillets of Atlantic salmon (gutted weight = 4−5 kg) were
obtained at a commercial fish processing company (Dragøy, Tromsø,
Norway) after 3 days of storage on ice. The salmon fillets were cut into
the belly and midline portions as described by Katikou et al.37 After
the caudal and ventral fat depots had been trimmed, part of the fillet
posterior to the edge of the ventral fin was discarded. A cut was made
along the lateral line to obtain the belly region of the fillet. The
remainder of the fillet was divided along its length where the pattern in
muscle fiber orientation changed. The dorsal portion was removed to
obtain the midline region of the fillet. Following the portioning
procedure, the belly and midline sections of the fillet were deep-
skinned to remove all dark muscle. Bones and fat attached to the skin
were also discarded. The belly and midline portions collected from the
six salmon fillets were minced for 25 s to generate two batches of
homogeneous muscle paste. From each homogenate, 20 samples of 70
g of mince were prepared and distributed evenly in a Petri dish with a
plastic spatula. Thereafter, a hyperspectral interactance image of the
mince sample was acquired using the imaging system described.
Following acquisition of the hyperspectral image, the mince was
individually placed in a MAPET tray with an oxygen transmission rate
(OTR) of 100−160 cm3/m2 at 23 °C/0% relative humidity (RH).
Half of the mince from each batch was packaged in 100% N2 (AGA,
Oslo, Norway) using a packaging machine (Webomatic Semiautomatic
Tray Sealer TL 300, Bochum, Germany). Each tray was heat sealed
with a lidding film (OTR = <3.0 cm3/m2 at 23 °C/0% RH) (R. Færch
plast AS, Holstebro, Denmark). The O2 level of modified atmosphere
packages remained below 0.1% (0.09 ± 0.004%) during storage. The
other half of the mince was wrapped with plastic film with low barrier
properties (OTR = 7000 cm3/m2 at 23 °C/0% RH) (Maske group AS,
Vinterbro, Norway). The samples were stored at 4 °C after packaging
and analyzed on days 6 and 9 post-mortem by imaging spectroscopy.
At each sampling, five replicates of the midline and belly mince were
randomly selected from each packaging type for analysis. In addition,
water content was measured according to the AOAC 950.46 method38

using triplicates of the selected midline and belly samples in air and
under modified atmosphere.
Spectral Data Analysis of Minced Salmon. Selection of a region of

interest and spectral extraction were performed in IDL as described.
The interactance spectra of mince samples were natural log
transformed to absorbance A(λ,x,y) = −ln(I(λ,x,y)) and pretreated
by SNV. Absorption intensities at 932 and 972 nm were examined in
the spectra of midline and belly mince to verify that the difference in
water content between the two minces was large enough to give
spectral variations.39,40 To examine spectral features around 600 nm,
cubic spline interpolation41 was constructed at wavelengths of 586,
596, and 606 nm using two adjacent wavelengths on both sides (566,
576, 616, and 626 nm). The area surrounded by the three interpolated
points Ai(λ) and the true spectrum A(λ) was estimated for each
sample as

∑ λ λ= − × Δλ
λ=

A Aarea ( ( ) ( ))i
606

586

where Δλ is the interval between two wavelengths. Significant
difference between the estimated area of the belly and midline batch
was tested by a t test with a 95% confidence level. Each sampling day
and packaging method was tested separately.

■ RESULTS AND DISCUSSION
Heme Oxidation and Spectral Variations of Salmon

During Storage. Mean spectra of extracted salmon Hb in the
three different states are presented in Figure 1. The spectra of

the extracted Hb showed signs of oxygenation at pH 6.1. The
two peaks at 543 and 576 nm correspond well with the
absorption peaks of oxyHb in other fish species and
mammals.26,27,42−44 The mean spectrum of deoxyHb was
characterized by a single peak at 559 nm, which is largely in
accordance with spectra of deoxyHb acquired from Atlantic cod
and mammals under different laboratory conditions.26,45 The
spectrum of salmon metHb showed the absorption maxima at
503 and 630 nm at pH 6.1 similarly to metHb spectra observed
elsewhere.27,46 The peak at 630 nm was present only in the
metHb spectrum and not in any other forms of Hb prepared in
this study.
A PCA was developed based on the spectra of extracted Hb

in solution and its derivatives together with selected spectra of
salmon fillets after pretreatment by SNV. The first principal
component (PC1) accounted for 94.6% of the total variation.
The spectra of extracted Hb in solution and its derivatives were
completely segregated from the spectra of salmon fillets in PC1.
The spectral variations contributing to this clear separation
must have originated in components and properties that were
exclusively or dominantly found in Hb in the different forms
but not in salmon fillets, and vice versa. Astaxanthin is a
component present only in the fillets. Absorption of astaxanthin
was strongly represented in PC1 when PCA was run with the
spectra of bovine myoglobin including the visible region (400−
750 nm) by Ottestad et al.23 The second (PC2) and third
principal components (PC3) separated the spectra of salmon
Hb in the three oxidation states. In the score plot with PC2 and
PC3 (Figure 2), the spectra of metHb and deoxyHb appear at
opposite ends along PC2. The PC2 loading (Figure 3) showed
a leading contribution of spectral features occurring at 636 nm
in the direction of PC2. The loading of PC3 was mainly
characterized by spectral variations at 606 nm.
The spectra of salmon fillets were projected onto the PCA

score plot according to the storage time (Figure 2). Little
variation was obtained on day 0 between the different
packaging types. During storage, the spectra of air-stored fillets

Figure 1. Mean absorbance spectra of extracted salmon Hb (solid),
metHb (dashed), and deoxyHb (dotted) in the wavelength range of
450−800 nm.
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Figure 2. PCA projection of spectra of salmon fillets stored in air (solid circles), under modified atmosphere (squares), and vacuum (triangles)
during storage from day 0 to day 14 post-mortem. The spectra of the extracted Hb and metHb and deoxyHb are labeled Hb, Met, and Deoxy,
respectively. To demonstrate spectral development in salmon during storage, each plot shows projected spectra of fillets analyzed on the respective
sampling day.
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showed gradual movement upward along PC3 (days 2−4)
before they moved in the direction of metHb along PC2 (days
6−8). The loading and score plots illustrated an increased
similarity between the spectra of salmon fillets and those of
metHb during air storage. Fillets stored under modified
atmosphere and vacuum showed little spectral shift in the
direction of metHb. Following day 8, the spectra of air-stored
salmon moved away from the spectra of metHb and toward the
spectra of fillets under modified atmosphere and vacuum. This
spectral development appears to occur along PC3. The loading
of PC3 (Figure 3) suggests that changes occurring in spectral
features at 606 nm may have a large influence on the spectra of
air-stored fillets at the late stage of storage. The results
demonstrated that an increase in oxidized heme is the primary
source of spectral variations occurring in air-stored salmon in
the first phase of air storage. In addition to spectral features at
606 nm, spectral changes brought about by heme oxidation
contribute to separating spectra of air-stored salmon from those
in the O2-limited conditions.
Spectral Features with Various Water Contents,

Storage Times, and Packagings. Storage- and packaging-
dependent spectral changes were observed earlier at 606 nm
(Figures 2 and 3). Similar spectral variations have been
reported in cod, salmon, and mackerel at a shoulder peak of
around 600 nm.13,23−25 The chemical origin of the peak is yet
to be determined. In this study, two batches of minced salmon
were prepared from the midline and belly regions of post-rigor
fillets and stored either in air or under modified atmosphere
with 100% N2. The difference in water content between the
two batches was 7.5% (midline mince, 66.5 ± 0.4%; belly
mince, 59.0 ± 0.1%) at the start of storage. The subsequent
packaging and storage did not affect the water content of mince
samples. The difference of 7.5% in the water content between
the midline and belly mince was reflected in the mean spectra
of the two batches (Figure 4). The inverse relationship between
water and fat in the two types of mince could be verified by the
difference in absorption intensity around 930 and 970 nm,
which originate from the third overtone of carbon−hydrogen
stretch in the methylene group of fat and the second overtone
of the oxygen−hydrogen stretching band of water, respec-
tively.39,40

The area defined by the interpolated points at 586, 596, and
606 nm and the true values at the respective wavelengths was
significantly greater for the spectra of midline mince than for
the spectra of belly mince (p > 0.05) (Figure 5). This was true
for both number of storage days and packaging method. The
area represented an estimated size of a curve-broadening
feature at 586, 596, and 606 nm where it deviates from the line
shape of the spectrum at the adjacent wavelengths. The
shoulder peak surrounding 600 nm does not correspond with
absorption by heme and is not related to astaxanthin.13,23 At
approximately 600 nm, water absorbs and exhibits a broad
shoulder in the spectrum.29 The difference in water content
between the two batches was large enough to produce
variations in absorption intensity at the water peak of 970
nm. It is possible that greater absorption intensity from water
may have resulted in a more distinctive bump surrounding 600
nm in the spectra of midline mince than in the spectra of belly
mince. The two batches of salmon mince also had different fat
contents, but the spectral shape of fat does not exhibit a
shoulder at these wavelengths. From the results it is probable
that the origin of the peak around 600 nm can be connected
with water in the muscle of fresh salmon and its absorption
properties.
The estimated peak area of mince stored in air and under

modified atmosphere varied distinctively during storage (Figure
5). The mean area decreased to a negative value from days 3 to
6 for air-stored samples. This illustrates that the intensity at
589, 596, and 606 nm may have declined during the 3 days of
air storage. The result corresponds well with previously
reported spectral changes occurring at these wavelengths.24,25

An increase was observed during the same period for mince
under modified atmosphere and remained until the end of
storage. Samples stored in air taken on day 9 were characterized
by an increase in the mean area to a value comparable to that of
modified atmosphere (Figure 5). The PCA score plot showed a
similar trend earlier, where the projected spectra of air-stored
fillets more closely resembled the spectra of fillets under
modified atmosphere after day 8 (Figure 2). The PCA loading
showed that this change of course at late storage was largely
influenced by spectral variations at 606 nm (Figure 3).
The area variations between the different packagings are not

related to change in absorption intensity of water as neither

Figure 3. Loading plots of PC1 (dotted), PC2 (solid), and PC3
(dashed) obtained from PCA analysis of spectra of salmon Hb in the
different oxidation states and selected spectra of salmon fillets.

Figure 4. Mean absorption spectra (SNV-treated) of minced salmon
collected from the midline (solid line) and belly (dashed) portion of
the fillet on day 3 in the wavelength range of 920−980 nm.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf302505y | J. Agric. Food Chem. 2012, 60, 9719−97269723



storage nor packaging affected the water content. On the basis
of the inverse relationship between water and fat, the
contribution of fat to the observed variations can also be
assumed to be minimal. In addition to water and fat,
astaxanthin and heme are the main constituents affecting the
salmon spectrum in the visible region. The reduction of the 600
nm peak was reported during air storage of nonpigmented fish
such as cod and mackerel.13,23 These observations can therefore
eliminate a possible contribution from astaxanthin to the
packaging differences in the estimated area and to the
previously observed spectral variations around 600 nm.
Extensive spectral effects of heme oxidation have been

demonstrated earlier in this study. Air storage leads to heme
oxidation, whereas most heme under O2 limited conditions is
converted to its deoxy form.47,48 In addition, the number of
spoilage bacteria such as Pseudomonas spp. and Shewanella
putrefaciens increases rapidly in air-stored salmon.49,50 The
growing microorganisms may promote heme oxidation by
reducing the oxygen partial pressure through oxygen
consumption and the formation of a biofilm on the sample
surface.51,52 After prolonged air storage resulting in profound
spoilage, several psychrophilic bacteria convert metMb into
deoxyMb and red-colored heme derivatives. As a result, metMb

content can decrease at late storage and the cessation of
autoxidation may be observed spectroscopically.15,52−54

Air-stored salmon fillet suffered extensive microbial growth
(>8 log cfu/g) after day 8 in the storage experiment.24 At least a
similar degree of spoilage can be expected in minced samples
by day 9 of air storage. The observations in the estimated area
(Figure 5) and the score plot (Figure 2) indicate that spectral
features around 600 nm in air-stored samples resemble those
under modified atmosphere at late storage. Absorption
properties around 600 nm may have changed in salmon at
this storage time because of decreased oxidized heme resulting
from bacterial heme conversion. Our studies have previously
demonstrated that the spectral features of the peak area at
around 600 nm can arise from a water absorption shoulder at
the respective wavelength. Change in heme state caused by
microorganisms and the resulting spectral shift could have
influenced the expression of the underlying water absorption at
the shoulder peak in the spectra of samples. This could explain
the increased mean area in air -stored mince on day 9 and the
spectral development observed in salmon fillets after prolonged
air storage. Overall, the results indicate that the shoulder at 600
nm and the surrounding bands decrease with the increased
production of oxidized heme, whereas the predominance of
deoxyheme can result in a more distinctive peak at the
respective wavelengths.
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