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Abstract
Increasing concerns about adulteratedmeat encouraged industry looking for newnon-invasive
methods for rapid accuratemeat quality assessment.Mainmeat chromophores (myoglobin, oxy-
myoglobin, fat, water, collagen) are characterized by close comparable absorption in visible to near-
infrared (NIR) spectral region. Therefore, structural and compositional variations inmeatmay lead
to relative differences in the absorption of light. Utilizing typicalfiber-optic probes and integrating
sphere, a degradation of pork samples freshness was observed at room temperature referring to the
relative changes in absorbance ofmainmeat chromophores. The application of principal component
analysis (PCA) used for examination ofmeasured absorbance spectra revealedmore detailed sub-
stages of freshness, which are not observed by the conventional analysis of the reflectance spectra.
The results show a great potential of the combined application of optical-NIR spectroscopywith
complementary use of PCA approach for assessingmeat quality andmonitoring relative absorbance
alternation of oxymyoglobin andmyoglobin in visible, and fat, water, collagen inNIR spectral ranges.

1. Introduction

In recent years, there has been an increasing demand for animal-based protein in the livestock sector and
specifically for pork as themost widely consumed type ofmeat in theworld [1]. Alongwith this, annually spoiled
meat andmeat products comprise considerable amount [2]. The increasing concerns about contaminated and
adulteratedmeat and the associated health risks have encouraged themeat industry to come upwith a newnon-
invasivemethod suitable for rapid and accuratemeat quality assessment [3].

Presently, there are a number ofmethods available for evaluation of various quantities ofmeat quality,
including chemical andmicrobiological analysis [3], ultrasound techniques, andmicroscopy approaches [4].
Compared to afore-mentioned techniques, photonics-basedmeat screeningmodalities are highly promising
because of their non-contact, fast, real-time, ability of onlinemonitoring, economic and environment-friendly
features [5]. Infrared spectroscopy, Raman spectroscopy, Hyperspectral Imaging (HIS) and Fluorescence
spectroscopy aremost frequently used optical techniques inmeat quality assessment [4, 6–8]. In the current
studywe utilize conventional optical/near-infrared (NIR) spectroscopy, that is used extensively for non-
invasive in vivo characterization of human skin and other biological tissues [9]. Typically, portable and cost-
effective light sources (e.g. tungsten lamps) and detectors (e.g. silicon diode arrays) are used in the visible and
NIR (750–1800 nm) spectral range [10, 11].

At the consumer levelmeat quality and freshness can be defined in terms of tenderness, color, juiciness and
flavor. In a scientific context these parameters required to be classified as the chemical,microbiological, sensory
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and technological attributes [12]. In fact, themeat freshness can be assessed by various factors, such as the
presence ofmicroorganisms, bacteria, and gases [13] considering the slaughter day of the animal and the period
of cooling/freezing [14].

The quality ofmeat products can be assessed by these following factors:

■ nutritional content including fat, protein, vitamins andminerals (mainly iron),

■ safety,

■ functional characteristics such as sensory properties of taste and appearance including color characteristics
and surface texturewhich can be traditionally assessed, both by consumers and experts [4, 14].

Lipid oxidation, protein degradation and the loss of other valuablemolecules are the consequences of
freshness deterioration ofmeat during storage [2]. Temperature is another important parameter that influences
meat safety [15]. Specifically, for pork, the quality of fresh product varies greatly and is traditionally classified
into different categories based on color, a determining factor for customers to evaluate freshness [5, 10]. In the
visible region of spectra, themyoglobin (Mb)—a dominant chromophore—is primarily responsible for the
visual appearance ofmeat [16, 17].

The capabilities of the existing spectroscopicmethodswhich have been applied to detect differentmeat
freshness identifiers are listed in table 1 [18–28].

Previous studies clearly show thatNIR spectroscopy (800–2500 nm) is sensitive to the presence of fat (C–H),
water (O–H), and proteins (N–H) chemical bonds [29, 30]. Visible-light spectroscopy (400–800 nm) is widely
used for detecting color and collagen content, that is often performedwith polarized light [4]. Therefore, it can
replace currently used the costly and time-consuming chemical analysis ofmeat composition and quality [5, 31].

Meat color ismainly referred to the amount ofMb that comprises several types:

■ Carboxymyoglobin (COMb)with a bright cherry-red color;

■ Oxymyoglobin (OxyMb) as a result of Oxygen reaction withMb after exposure of fresh-cut meat to air within
30–60 min resulting in a cherry-red color typical for freshmeat found in shops;

■ Deoxymyoglobin (DeoxyMb)with a purplish-red color, a characteristic of recently sliced freshmeat;

■ Metmyoglobin (MetMb) appears brownish-red in color resulting fromoxidation of the three othermyoglobin
forms to a ferric state and is associatedwithmeat discoloration [32, 33].

Pigments such as hemoglobin and cytochrome also contribute tomeat color, but only to a lesser extent
compared toMb. Furthermore, if an animal is slaughtered via cutting off the throat, thenmost of its blood is
naturally pumped out of the animal’s body, thus significantly, remaining blood contents will reduce. This
ensures higher quality ofmeat.

Keeping a rawpork sample at room temperature, as performed in the frame of the current study, the forms
ofMb interconvert and degrade through oxygenation, oxidation and reduction reactions, influencing themeat
color. The succeeding changes can be detected non-destructively and sensitively by analyzing reflectance within
the visible spectral range [16, 17].

Table 1.Meat parameters assessedwith different spectroscopic techniques.

Parameter Spectroscopy technique Type ofmeat References

Taste Near-infrared (NIR)Reflectance beef [18]
Color Visible Reflectance beef [19]
Fat NIRTransmittance ground beef [20]
pH Visible/NIRReflectance beef [21]
Tenderness Visible/NIRReflectance beef [22]
Moisture Visible/NIR pork [23]
Protein and dry content NIRReflectance beef [24]
Texture NIRReflectance beef [18]
Sensory characteristics NIRReflectance beef [25]
Structural properties Visible andNIRReflectance beef and lamb [22]
Spoilage parameters NIR pork [26]
Contamination Hyperspectral Imaging SystemVisible/NIR poultry [27]
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Table 2 presents themajormeat chromophores, includingwater, fat, protein,Mb and its four forms, as well
as their referred absorbancewavelengths for various types ofmeat obtainedwith different spectroscopic-based
techniques [12–14, 26–41].

Figure 1 demonstrates optical density ofmain chromophores ofmuscle tissue includingmyoglobin,
oxymyoglobin, water, collagen and fat [45–47]. As one can see, in the visible part of spectrum (up to 900 nm) a
domination of absorption of oxy- and deoxy-myoglobin is observed (see figure 1(a)), whereas in theNIR range
(950–1050 nm)water becomes themost prominent contributor (see figure 1(b)).While, in theNIRpart of
spectrum (1050–1100 nm, seefigure 1(b) and 1300–1650 nm, see figure 1(c)) the spectra of water, fat and
collagen are comparable. Therefore, in these parts of the spectrum, the structural and compositional variations
within these natural compounds lead to relative changes.

In current paper, we consider if the relative spectral changes of absorbance in visible andNIRparts of the
spectrum,measured by typical fiber-optic probes or an integrating sphere, can be associatedwith the freshness
stages ofmeat samples. As a complementary analysis, we applied principal component analysis (PCA)method

Table 2.Chromophores in various types ofmeat observed at different wavelengths with different spectroscopic-basedmethods.

Chromophores Type ofmeat Wavelength (nm) Method, References

chicken 970, 1908 Near infrared reflectance spectroscopy (NIRS), [29]
Water (O–Hbonds) lamb 890 NIRS, [41]

ham 980, 1450 NIRS using a fiber optic probe, [34]
beef 970 NIRS, [11]

980 NIRS, [35]
1450, 1940 NIRS, [25]
760, 970, 1440 Time series hyperspectral imaging (TS-HIS), [36]

pork 960, 1440, 1450 NIRS, [37]
980, 1456 NIRS, [38]

Fat (C–Hbonds) 902, 1052, 1378–1386, 1656, 1695 NIRS, [29]
880 NIRS, [39]

chicken 930, 1040 NIRS, [11]
1195 Time series hyperspectral imaging (TS-HSI), [36]

beef 1200 NIRS, [21]
1200, 1400 NIRS, [20]
1715, 1750 NIRS, [11]

Protein (N–Hbonds) beef 1500 NIRS, [25]
lamb 540, 580 Visible spectroscopy, [5]

Myoglobin 1525 NIRS, [29]
chicken 425–550 NIRS, [40]

Deoxymyoglobin beef 430 Visible/NIR spectroscopy, [42]
530 Visible spectroscopy, [21]

chicken 540, 580 Visible spectroscopy, [5]
Metmyoglobin 475 Visible/NIR spectroscopy, [42]

beef 780 Visible spectroscopy, [21]
chicken 440–445, 485–500, 560 Visible/NIR spectroscopy, [43]

Oxymyoglobin lamb 424, 550 Visible/NIR spectroscopy, [44]
580 Visible spectroscopy, [5]

pork 540, 580 Visible spectroscopy, [5]
Sulfmyoglobin chicken 635 Visible/NIR spectroscopy, [42]

Figure 1.Optical density spectra ofmain chromophores ofmuscle tissues, including: (a)myoglobin, oxymyoglobin (400–700 nm);
(b)water,myoglobin, oxymyoglobin, collagen, fat (700–1100 nm); (c)water, collagen, fat (1100–2400 nm). Adapted from [45–47].
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[48] on the absorbance dataset tofind sub-stages of freshness decaywhichmight be not revealed in spectroscopic
analysis. In brief, the novelty of this work includes the type of sample, which is unprocessed, the storage
condition during themeasurements (at room temperature) and the short time duration of themeasurements
(on average 6 h) to investigate early changes in absorbance spectra of different chromophores.

2.Materials andmethods

2.1. Spectroscopic setup
Twodifferent detecting configurations capable to sensemeat samples with different probing depths are
utilized. In the first (table-top) configuration theOL 400-LCS lamp source (Optronic Laboratories, USA), a
monochromator (OL series 750-M), an integrating sphere reflectance attachment (OL740-70), highly sensitive
detectors (OL series 750) and a controller (OL750-C) connected to a computer, as shown infigure 2(a), are used.
The detectors operatedwithin twowavelength ranges: 400–1100 nm (Si detector) and 1100–1800 nm (Ge
detector). The attached integrating sphere enables acquisition of scattered light from the sample through
measuring spectral diffuse reflectance over a very broadwavelength region (200–2500 nm) (see the closeup view
infigure 2(a)) to properly account for sample absorption. The innermaterial of the integrating sphere is PTFE,
with high (99%) reflectance all over thewavelength range used in the experiments. The spot of light on the
surface of themeat sample provided by this setupwas 10 mm in diameter.

In another configuration, presented infigure 2(b), a standard portable spectrophotometer operatedwithin
the 400–1100 nm spectral range, is utilized. The spectrophotometer is equippedwith afiber- optic probe (for
illumination and detection of light) Since the distance between the centers of the fibers is 530μm, the distance
between the 1st (illuminating) and 11th (collecting)fiber would be 5.3 mmwhile theminimal source-detector
fiber separation is 0.53 mm (see the closeup view infigure 2(b)). This experimental setup comprises a light
source Illuminator EK-1 FiberOptic Light Source LE.5210-110 (EUROMEX, TheNetherlands)with a halogen
lamp and a compact CCS200 spectrometer (Thorlabs, USA), both connected to thefiber-optic probe.

For each configuration, porcinemusclemeat samples were purchased from the local supermarkets on the
first day after butchery. Three samples for visible and two samples forNIR spectra with integrating sphere
configuration and thirteen samples with optical fibers configuration for eachmeasurement were placed in a
plastic Petri dish (5 cm in diameter, 1 cmhigh)with a rectangular hole to provide direct access of light to the
sample. For all of themeasurements, the samples were covered by plastic foil in order to delaymoisture

Figure 2. Schematic presentation of the experimental setupwith an integrating sphere and a closer view ofmultiple reflections effects
occurring in the integrating sphere (a) and an array of optical fibers, shown in a closer view in contact with themeat sample as well as
banana-shape trajectories of photons emitted by 1stfiber and collected by 11-thfiber and a schematic of thefibers distance (b).
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evaporation from the surface and prevent drying.Humidity in the laboratory roomwas controlled (at 80% level)
and remained constant during all themeasurements. Controlling relative humidity of the air duringmeat
aging process needed to be controlled since high humidity will ease the spoilage bacteria growth and cause an
unpleasant sticky surface while low humidity restricts bacterial growth but increases water evaporation causing
dryness and less juiciness ofmeat. However, since in this work, we aremeasuring the early stages ofmeat loss of
freshness for a small area of the sample and evaporation of water from the sample surfacewas suppressed by
covering themeat surface with plastic films, the small changes of humidity cannot affect the results strongly [49].

By adjustment of the integration time and calibration, reflectance spectra (R)were obtained and converted

to absorbance spectra ( )=A log
R

1 [20]. The reflectance spectra were recorded every half an hour during on

average six hours at room temperature (23 °C). The Savitzky–Golay fitting algorithmwas applied to remove
randomvariations in themeasured spectra. This technique clearly improves the visual appearance of the spectra
[50]. Finally, the area between isosbestic points within the absorption bands responsible for the associatedmeat
chromophores has been integrated and termed as ‘integrated absorbance’ and then, plotted their values over
time. Eventually, we introduced a new term called ‘degradation kinetics’ for each of themeat chromophores,
defined by the dependence of the ‘integrated absorbance’ over time to track their changes during freshness
decay.

2.2.MonteCarlo simulations
MonteCarlo (MC) simulations are awell-established and effective approach tomodel light propagation in
turbidmedia such as biological tissues [51]which can keep the track of photon transportation [52].MC
simulation consists of a sequential generation of trajectories of so-called photon packets from the source (the
entrance to themedium) to the detector (the area where the photon leaves themedium [53].

Here, we used a free online simulation platform [54] implementing theMCmethod to estimate a sampling
volume [53, 55] and a probing depth in eachmeasurement configuration. The optical parameters used in the
simulations corresponded tomuscle tissue at 632.8 nm [52, 56] (for the illustrative purpose) are shown in table 3
[57]. Although the specific light distribution pattern depends on thewavelength, qualitatively the discussed
difference between the configurations (integrating sphere and fiber-optic)will remain.

The integrating sphere configuration comprised a collimated light beam (size: 10 mm)normally incident on
a rectangularmeat sample (20×20×5mm3). Light reflected from the sample (from the surface and deeper
regions)was collected from all directions within a 20 mmsize area coincident with the incident beam. Thefiber-
optic configuration (see figure 2(b), inset)with 300 μmsource and detecting fibers for two separation distances
was also simulated. In this configuration, the sample size was either 2.5×2×2mm3 (source-detector
distance: 0.53 mm) or 6×2×2mm3 (source-detector distance: 5.3 mm).

2.3. Principal component analysis (PCA)
To identify themost important directions of variability in amultivariate datamatrix and to present the results in
a graphical plot,multivariate statisticalmethods such as principal component analysis (PCA) can be applied
[48]. Principal Components Analysis (PCA) is a data analysis tool which ismostly used to reduce the
dimensionality (number of variables) ofmany interrelated variables, while retaining asmuch of the information
(variation) as possible [58]. The calculated factors or pc’s that are an uncorrelated set of variables are ordered in a
way that the first few keepmost of the variation present in all of the original variables.

There are awide variety of PCA applications in different fields to classify large scattered datasets. Specifically,
it has been an effective promisingmethod utilized inmeat quality assessment [58–64] such as beef
characterization [48], Classification of Beef and PorkAroma [59], classification of hairtail fish and pork
freshness [60] or freshness assessment of cooked beef during storage [61]. Here, we performed PCAon thewhole
processed and smoothed absorbance dataset for eachmeasurement time points for both configurations to detect
and discriminate sub-stages of freshness levels correlated to chromophores changes over timewhichmight be
not recognizable in spectroscopic analysis.

Table 3.Optical properties ofmeat (muscle tissue).

λ, nm μa,mm−1 μs,mm−1 g n

632.8 0.059 17.9 0.858 1.381
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3. Results and discussion

3.1. Spectroscopicmeasurements
The absorbance spectra showedmain peaks associatedwith differentmeat chromophores (oxymyoglobin,
water, fat, and protein) in the pork samples and furthermore, the height decrease of those curves related to later
times ofmeasurement was easily observable. In addition, therewas a noticeable decrease of themagnitudes of
absorbance in both visible andNIR spectral regions caused by changes in the chemical composition in pork
during freshness decay.

Figure 3 shows absorbance spectra for the integrating sphere configuration over 6 h. The curves refer to
data obtained 0 (solid), 3 (dash), and 6 (dot)hours after keeping the sample at room temperature. The local
absorbance peaks in the visible range (seefigure 3(a)) at around 540 nmand 575 nmwavelengths are attributed
to oxymyoglobin content in the sample responsible for themeat color [40]. In theNIR region (see figures 3(b)
and (c)) themain peaks in the absorbance spectra appear between 1100 nmand 1600. The peak around 1200 nm
infigure 3(b) arises from the second overtone of C–Hstretching vibrations associatedmainlywith fat in the
samples [10]. The absorbance peak around 1450 nm (see figure 3(c)) is related to the firstO–Hovertone that
arises fromwater andwater-bonded groups [10]. These results indicate that water is themajor domain
component, which affects themean spectrumof the pork samples. The local peak around 1525 nm (see
figure 3(c)) is attributed to theN–Hbond that arises fromprotein content [29].

Then, we integrated the area between isosbestic points under the absorbance spectra (termed ‘integrated
absorbance’)within absorption bands responsible for the associatedmeat chromophores: oxymyoglobin
(515–600 nm for the integrating sphere setup), fat (1175–1290 nm), water (1414–1490 nm), proteins
(1490–1567 nm) and plotted themover time. Eventually, we introduced a new term called ‘degradation kinetics’
for each of themeat chromophores, defined by the dependence of the ‘integrated absorbance’ over time.

Decrease of the absorbance caused bywater loss and degradation of oxymyoglobin affects negatively sample
freshness. Changes of absorbance over time for the integrating sphere configuration are shown in the visible (see
figure 3(d)) andNIR (seefigures 3(e) and(f)) spectral ranges for the indicated specificwavelengths attributed to
themeat components. It was observed that for the both visible andNIR spectral regions, integrated absorbance
for different wavelengths experienced a decreasing trend showingmeat chromophores degradation, which
could affect pork freshness [5, 10]. Specifically, degradation of oxymyoglobin indicating color changes started
from the beginning (seefigure 3(d)), while in theNIR region (see figures 3(e) and (f)), integrated absorbance
decreased slower starting fromapproximately 2.5 h, that could be interpreted as a beginning stage of freshness
deterioration process. Aswe can see infigure 3(e), the integrated absorbance for fat did not show a sharp

Figure 3.Absorbance spectra in the pork samplemeasured in the integrating sphere configuration (a)–(c) at 0 (solid), 4 (dash) and
6 (dot) hours after keeping the sample at room temperature (23 °C). The absorbance peaks indicate presence of (a) oxymyoglobin
(540 nmand 570 nm, (b) fat (1200 nm, and (c)water (1450 nm) and proteins (1525 nm) [10, 29, 47]. Degradation kinetics of
(d) oxymyoglobin, (e) fat and (f)water (1450; square/black) and proteins (1520 nm; circle/red)measured in the integrating sphere
configuration. The dashed vertical lines in (e) and (f) indicate the transition time between the fresh and non-fresh pork sample.
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reduction in contrast to thewater and proteins curves. This is caused by fat degradation occurring at a slower
rate than these other considered components.

Similar experiments were performed in thefiber-optic configuration. Figure 4(a) shows significant peaks
associatedwith oxymyoglobin absorbancemeasured at three different time points (0, 3, and 6 h after keeping the
sample at room temperature) and the integrated absorbance selected regionwithin 527–587 nm.

The decreasing trend for the integrated absorbance over timewas detectable in this case aswell (see
figure 4(b)), although the data points deviatedmore from the fitting curve and the drop in the absorbance
happened after about 4.5 h. Comparison of the curves infigures 3(d) and 4(b) (both referred to oxymyoglobin
changes over time) reveals the difference between the decreasing trends. Since the pork samples were covered
with a plastic film from all sides andwere under stable and similar physiological conditions, we assume that in
both configurations freshness decay started at about the same time. The explanation of the observed discrepancy
is elucidated further on.

3.2.MonteCarlo simulations
MCsimulationswere capable to elucidate the reasons of different degradation kinetics of oxymyoglobin and
other chromophores. The difference between the two setups fromoptical point of view is the sensing depth: in
the case of the integrating sphere setup, it was shallower due to higher contribution of the surface and subsurface
reflected photons. In the second (fiber-optic) configuration, the probing depthwasmanaged through changing
the source-detector separation, i.e. by choosing the proper detecting fiber (since the illuminating fiberwas kept
the same). Results of theMC simulations (figure 5) illustrate this aspect. These results clarify the difference
observed infigures 3(d) and 4(b). Despite detecting the same substance (oxymyoglobin), the indicated plots
showed completely different trends: in the case of integrating sphere (see figure 3(d)), the degradation happened
immediately from the beginning, while in the case offiber-optic setup (see figure 4(b)) the degradationwas
significantly (4.5 h) delayed. Therefore, the delaywas caused by larger depths achieved by detected photons in
the latter case.

3.3. Principal component analysis (PCA)
Multivariate statistical analysis is frequently applied to spectral data due to its potential to deal with large
complex co-linear information, reducing this original data to a lower dimensionwithout overlooking useful
information. Thus, PCAwas applied to the processed and smoothed absorbance dataset obtained from the
samples to correlate scattering alignments of data respect to each component axis with different freshness stages
ofmeat.

Figure 6 displays the corresponding scores plot of the rawpork samples and their spectrameasuredwith two
configurations and different spectral ranges (Vis/NIR) for thefirst and the second principal components.
Figure 6(a) shows the scores plot of the visible spectrameasuredwith the integrating sphere (seefigure 3(a))with
86.4% and 9.3%of the total variance in the dataset. Four distinct separations can be observed to classify different
level of freshness according to PC1 and PC 2. PC 1makes the clear distinction between stages of freshness with
negative values for fresh sample and positive values for non-fresh sample. Furthermore, PC 2 provides
information about aging and spoilage revealing the separation between the fresh sample (0 h; green) and the
non-fresh sample (5.5 h and 6 h; red cluster). Clearly, compared to the simply spectral analysis (seefigure 3(d)),

Figure 4. (a)Evolution of absorbance spectra in a pork samplemeasured in thefiber-optic configuration at 0 (solid), 3 (dash), and
6 (dot) hours after keeping the sample at room temperature (23 °C). The 540 nmand 575 nmabsorbance peaks indicate presence of
oxymyoglobin. The shadowed areawas used for calculating integrated absorbance and (b)Kinetics of oxymyoglobin degradation. The
dashed vertical line in (b) indicates the transition time between the fresh and non-fresh pork sample.
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PCAmethod provides complementary information and distinguishes the level of freshness between totally fresh
sample in the beginning of themeasurement (0 h; green) and less fresh sample (0.5 h–2 h; yellow cluster) in
addition to another classification between 2.5 h–5 h (orange cluster) and 5.5 h–6 h (red cluster) for non-fresh
sample.

For of theNIR spectrameasuredwith the integrating sphere (see figure 6(b)), thefirst three principal
components were responsible for 98.7%of variability of the data; the first, second and third principal
components variability were 72.6%, 23.1% and 3%, respectively. Similar to visible spectra, PC 1 is the separator
reference axis with negative values for fresh sample and positive value for non-fresh sample. According to the
plot, the transition to non-fresh stage happens after 3.5 hwhich is the same as spectral analysis for fat absorption
(see figure 3(e)), while for water and protein, spectral changes are detected earlier and after around 2.5 h (see
figure 3(f)). The stages of freshness have been divided as the following:

■ 0 h–1 h; fresh (green/solid cluster);

■ 1.5 h–3.5 h; less fresh (yellow/dash luster);

■ 4 h–4.5 h; almost non-fresh (orange/dash dot cluster);

■ 5 h–8 h; totally non-fresh (red/dot cluster).

Figure 6(c) shows the scores plot for of the visible spectrameasuredwith the opticalfibers configuration (see
figure 4(b))with 47.9% and 16.8%of the total variance in the dataset which clearly caused bymore scattered data
compared to two previous spectra and therefore, leads to difficulty in distinction between freshness sub-stages.

Figure 5. Spatial distributions of the optical detected signal in the pork sample (a), (b) for thefiber-optic and (c) the integrating sphere
configurations assessed byMC simulations. The distance between the illuminating and the detecting fibers is 0.53 mm (a) and
5.3 mm (b).

Figure 6.Representation of the score plots of PCA conducted on the spectral data for a pork samplemeasuredwith the integrating
sphere configuration in visible (a) andNIR range (b), andwith thefiber-optic configuration in visible range (c)which in each of them,
the clustered represented as: fresh (green/solid cluster), less fresh (yellow/dash cluster), almost non-fresh (orange/dash dot cluster)
and non-fresh (red/dot cluster).
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Here again, classification between stages of freshness is defined by PC 1with negative values correlated to fresh
sample (green cluster) and positive values for less fresh and non-fresh samples (orange and red clusters). But
similar to spectral analysis infigure 4(b), the beginning of decay happens after 4.5 h although the presence of data
referred to 3.5 h and 4 h in red cluster is questionable.

Briefly, for all themeasurements in both visible andNIR ranges, discrimination between fresh and non-fresh
pork samples is clearly observed according to the changes in absorbance of different chromophores through
using PCmethod applied to the absorbance spectra. The PCA results presented here are just based on the
experimental data but as the next stage of thework, simulationwill be added [8, 61, 65–67].

4. Conclusion

The study presents amethodology to detect earlier stages of pork freshness loss at room temperature with the
aimof decreasing the costs ofmeat qualitymonitoring. According to the obtained results, it is possible to observe
the decreasing trend in the light absorbance for different pork chromophores in both visible andNIR spectral
ranges showing loss of freshness over time. The compact fiber-optic linear array allows for retrieval of freshness
decay depth simply by changing the detecting fiber (keeping the illuminating fiber the same).We believe this
configuration can serve as a future base for development of a portable low-costmeat freshness sensor. The PCA
methodwas used as a complementary analysis tool to classify the different stages of freshness and it succeeded to
reveal sub-stages, whichwere not detectable by conventional reflectance spectroscopy. Further researchwith
other types ofmeat of different age could help to build a comprehensivemodel ofmeat and its composition
depending on freshness.

Acknowledgments

Thiswork received funding from the I4FUTURE, EuropeanUnion’sHorizon 2020 research and innovation
programunder theMarie Sklodowska-Curie (grant agreementNo 713606) and partially from theAcademy of
Finland (grants: 314369, 325097), the ATTRACTproject funded by the ECunderGrant Agreement 777222,
MEPhIAcademic Excellence Project (ContractNo. 02.a03.21.0005), andNational Research Tomsk State
University AcademicD.I.Mendeleev FundProgram.

Disclosures

The authors declare no conflicts of interest.

ORCID iDs

Motahareh Peyvasteh https://orcid.org/0000-0001-7543-8320
Alexey Popov https://orcid.org/0000-0002-1417-6715
Alexander Bykov https://orcid.org/0000-0002-6228-6775
IgorMeglinski https://orcid.org/0000-0002-7613-8191

References

[1] WHO/FAO2003Diet, Nutrition and the Prevention of Chronic Diseases 916 1–148
[2] DaveD andGhaly A E 2011Meat spoilagemechanisms and preservation techniques: a critical reviewAm. J. Agri. Biol. Sci. 6 486–510
[3] KamruzzamanM,MakinoY andOshita S 2015Non-invasive analytical technology for the detection of contamination, adulteration,

and authenticity ofmeat, poultry, and fish: a reviewAnal. Chim. Acta 853 19–29
[4] Damez J L andClerjon S 2008Meat quality assessment using biophysicalmethods related tomeat structureMeat Sci. 80 132–49
[5] Alander J T, BochkoV,Martinkauppi B, Saranwong S andMantere T 2013A review of optical nondestructive visual and near-infrared

methods for food quality and safety Int. J. Spectrosc. 2013 1–36
[6] Furtado E JG et al 2019 Prediction of pH and color in porkmeat usingVIS-NIRnear-infrared spectroscopy (NIRS) Food Sci. Technol.

39 88–92
[7] Kandpal LM, Lee J, Bae J, Lohumi S andChoBK2019Development of a low-costmulti-waveband LED illumination imaging

technique for rapid evaluation of freshmeat qualityAppl. Sci. 9 912
[8] XuY,ChenQ, Liu Y, SunX,HuangQ,OuyangQ andZhao J 2018Anovel hyperspectralmicroscopic imaging system for evaluating

fresh degree of porkKorean J. Food Sci. An 38 362–75
[9] Matcher S J 2016 Signal quantification and localization in tissue near-infrared spectroscopyHandbook ofOptical Biomedical Diagnostics

edVVTuchin (Bellingham,Washington: SPIE PRESS) p 1410
[10] ElMasryG andNakauchi S 2016 Prediction ofmeat spectral patterns based on optical properties and concentrations of themajor

constituents Food Sci. Nutr. 4 269–83

9

J. Phys. Commun. 4 (2020) 095011 MPeyvasteh et al

https://orcid.org/0000-0001-7543-8320
https://orcid.org/0000-0001-7543-8320
https://orcid.org/0000-0001-7543-8320
https://orcid.org/0000-0001-7543-8320
https://orcid.org/0000-0002-1417-6715
https://orcid.org/0000-0002-1417-6715
https://orcid.org/0000-0002-1417-6715
https://orcid.org/0000-0002-1417-6715
https://orcid.org/0000-0002-6228-6775
https://orcid.org/0000-0002-6228-6775
https://orcid.org/0000-0002-6228-6775
https://orcid.org/0000-0002-6228-6775
https://orcid.org/0000-0002-7613-8191
https://orcid.org/0000-0002-7613-8191
https://orcid.org/0000-0002-7613-8191
https://orcid.org/0000-0002-7613-8191
https://doi.org/10.3844/ajabssp.2011.486.510
https://doi.org/10.3844/ajabssp.2011.486.510
https://doi.org/10.3844/ajabssp.2011.486.510
https://doi.org/10.1016/j.aca.2014.08.043
https://doi.org/10.1016/j.aca.2014.08.043
https://doi.org/10.1016/j.aca.2014.08.043
https://doi.org/10.1016/j.meatsci.2008.05.039
https://doi.org/10.1016/j.meatsci.2008.05.039
https://doi.org/10.1016/j.meatsci.2008.05.039
https://doi.org/10.1155/2013/341402
https://doi.org/10.1155/2013/341402
https://doi.org/10.1155/2013/341402
https://doi.org/10.1590/fst.27417
https://doi.org/10.1590/fst.27417
https://doi.org/10.1590/fst.27417
https://doi.org/10.3390/app9050912
https://doi.org/10.5851/kosfa.2018.38.2.362
https://doi.org/10.5851/kosfa.2018.38.2.362
https://doi.org/10.5851/kosfa.2018.38.2.362
https://doi.org/10.1002/fsn3.286
https://doi.org/10.1002/fsn3.286
https://doi.org/10.1002/fsn3.286


[11] GrauMeló R, Sánchez SalmerónA J, GirónHernández L J, IvorraMartínez E, Fuentes López A andBarat Baviera J 2010Non-
destructive assessment of freshness in packaged sliced chicken breasts using SW-NIR spectroscopy Food Res. Int. 44 331–7

[12] Johnson J, AtkinD, LeeK, SellM andChandra S 2019Determiningmeat freshness using electrochemistry: arewe ready for the fast and
furious?Meat Sci. 150 40–6

[13] EomKH,HyunKH, Lin S andKim JW2014Themeat freshnessmonitoring systemusing the smart RFID tag Int. J. Distrib. Sens.
Netw. 10 1–9

[14] MladenovM, Penchev S andDeyanovM2014Opticalmethods for food quality and safety assessment—a review ICCST, 1 44–56
[15] NychasG J E, Skandamis PN, TassouCC andKoutsoumanis K P 2008Meat spoilage during distributionMeat Sci. 78 77–89
[16] Liu Y andChenYR 2001Analysis of visible reflectance spectra of stored, cooked and diseased chickenmeatsMeat Sci. 58 395–401
[17] Mancini RA andHuntMC2005Current research inmeat colorMeat Sci. 71 100–21
[18] ByrneCE,DowneyG, TroyD J andBuckleyD J 1998Non-destructive prediction of selected quality attributes of beef by near-infrared

reflectance spectroscopy between 750 and 1098 nmMeat Sci. 49 399–409
[19] van denOordAHA andWesdorp J J 1971Colour rating and pigment composition of beef: relation between colourmeasurement by

reflectance spectrophotometry, subjective colour evaluation, and the relative concentration of oxymyoglobin and ferricmyoglobin in
chilled retail-packed beef Int. J. Food Sci. Tech. 6 15–20

[20] Sierra V, AldaiN, Castro P,OsoroK,Coto-Montes A andOlivánM2008 Prediction of the fatty acid composition of beef by near
infrared transmittance spectroscopyMeat Sci. 78 248–55

[21] Andrés S, Silva A, Soares-Pereira A L,Martins C, Bruno-Soares AMandMurray I 2008The use of visible and near infrared reflectance
spectroscopy to predict beefM. longissimus thoracis et lumborumquality attributesMeat Sci. 78 217–24

[22] Shackelford SD,Wheeler T L andKoohmaraieM2005On-line classification ofUS Select beef carcasses for longissimus tenderness
using visible and near-infrared reflectance spectroscopyMeat Sci. 69 409–15

[23] ChanDE,Walker PN andMills EW2002 Prediction of pork quality characteristics using visible andnear-infrared spectroscopy
T. ASAE 45 1519

[24] PrietoN, Andrés S, Giráldez F J,MantecónAR and Lavín P 2006 Potential use of near infrared reflectance spectroscopy (NIRS) for the
estimation of chemical composition of oxenmeat samplesMeat Sci. 74 487–96

[25] PrietoN, RossDW,Navajas EA,NuteGR, RichardsonR I,Hyslop J J, SimmGandRoeheR 2009On-line application of visible and
near infrared reflectance spectroscopy to predict chemical-physical and sensory characteristics of beef qualityMeat Sci. 83 96–103

[26] HorváthK, Seregély Z, Andrássy É, Dalmadi I and Farkas J 2008A preliminary study using near infrared spectroscopy to evaluate
freshness and detect spoilage in sliced porkmeatActa Aliment. 37 93–102

[27] WindhamWR, SmithDP, Park B, LawrenceKC and Feldner PW2003Algorithmdevelopment with visible/near-infrared spectra for
detection of poultry feces and ingestaT. ASABE 46 1733–8

[28] DowneyG andBeauchêneD 1997Discrimination between fresh and frozen-then-thawed beefm. longissimus dorsi by combined
visible-near infrared reflectance spectroscopy: a feasibility studyMeat Sci. 45 353–63

[29] BarbinDF, Kaminishikawahara CM, Soares A L,Mizubuti I Y, GrespanM, ShimokomakiM andHirooka EY 2015 Prediction of
chicken quality attributes by near infrared spectroscopy FoodChem. 168 554–60

[30] CenH andHeY 2007Theory and application of near infrared reflectance spectroscopy in determination of food qualityTrends Food
Sci. Technol. 18 72–83

[31] PrevolnikM,Čandek-PotokarMand ŠkorjancD2004Ability ofNIR spectroscopy to predictmeat chemical composition and
quality—a reviewCzech J. Anim. Sci. 49 500–10

[32] ChaoK, Liu Y, ChenYR, ThayerDWandHruschkaWR2002Characterization of spectral variations of irradiated chicken breasts with
2D-correlation spectroscopyAppl. Eng. Agric. 18 745–50

[33] Suman SP and Joseph P 2013Myoglobin chemistry andmeat color Annu. Rev. Food Sci. T. 4 79–99
[34] García-Rey RM,García-Olmo J, De Pedro E,Quiles-Zafra R and LuqueDeCastroMD2005 Prediction of texture and colour of dry-

cured hamby visible and near infrared spectroscopy using afiber optic probeMeat Sci. 70 357–63
[35] CozzolinoD,MattosDD andMartinsDV 2002Visible/near infrared reflectance spectroscopy for predicting composition and tracing

systemof production of beefmuscleAnim. Sci. 74 477–84
[36] WuD,Wang S,WangN,Nie P,HeY, SunDWandYao J 2013Application of time series hyperspectral imaging (TS-HSI) for

determiningwater distributionwithin beef and spectral kinetic analysis during dehydration Food Bioprocess Technol. 6 2943–58
[37] Hoving-BolinkAH,VedderHW,Merks JWM,DeKleinW JH, ReimertHGM, Frankhuizen R,VanDenBroekWHAMand

Lambooij E 2005 Perspective ofNIRSmeasurements early postmortem for prediction of pork qualityMeat Sci. 69 417–23
[38] CozzolinoD, BarloccoN,Vadell A, Ballesteros F andGallieta G 2003The use of visible and near-infrared reflectance spectroscopy to

predict colour on both intact and homogenised porkmuscle LWT - Food Sci. Technol 36 195–202
[39] HuangH, Liu L andNgadiMO2014Recent developments in hyperspectral imaging for assessment of food quality and safety J. Sens. 14

7248–76
[40] Ripoll G, Albertí P, Panea B,Olleta J L and SañudoC 2008Near-infrared reflectance spectroscopy for predicting chemical,

instrumental and sensory quality of beefMeat Sci. 80 697–702
[41] Andrés S,Murray I, Navajas EA, Fisher AV, LambeNRandBünger L 2007 Prediction of sensory characteristics of lambmeat samples

by near infrared reflectance spectroscopyMeat Sci. 76 509–16
[42] Liu Y, Lyon BG,WindhamWR, Realini C E, Pringle TDD andDuckett S 2003 Prediction of color, texture, and sensory characteristics

of beef steaks by visible and near infrared reflectance spectroscopy. A feasibility studyMeat Sci. 65 1107–15
[43] Liu Y, Barton F E, LyonBG,WindhamWRand LyonCE 2004Two-dimensional correlation analysis of visible/near-infrared spectral

intensity variations of chicken breasts with various chilled and frozen storages J. Agric. FoodChem. 52 505–10
[44] CozzolinoD,Murray I, Scaife J R and PatersonR 2000 Study of dissected lambmuscles by visible and near infrared reflectance

spectroscopy for composition assessmentAnim. Sci. 70 417–23
[45] AlfanoR andLingyan S 2018Evolution of the SupercontinuumLight Source 52 76–81
[46] Sekar SKV, Bargigia I,MoraAD, Taroni P, Ruggeri A, Tosi A, Pifferi A and Farina A 2017Diffuse optical characterization of collagen

absorption from500 to 1700 nm J. Biomed. Opt. 22 15006
[47] Tang J, FaustmanC andHoaglandTA 2004Krzywicki revisited: equations for spectrophotometric determination ofmyoglobin redox

forms in aqueousmeat extracts J. Food Sci. 69C717–20
[48] Destefanis G, BargeMT, Brugiapaglia A andTassone S 2000The use of principal component analysis (PCA) to characterize beefMeat

Sci. 56 255–9
[49] Dashdorj D, Tripathi VK,Cho S, KimY andHwang I 2016Dry aging of beef; review J. Anim. Sci. Technol. 58 1–11

10

J. Phys. Commun. 4 (2020) 095011 MPeyvasteh et al

https://doi.org/10.1016/j.foodres.2010.10.011
https://doi.org/10.1016/j.foodres.2010.10.011
https://doi.org/10.1016/j.foodres.2010.10.011
https://doi.org/10.1016/j.meatsci.2018.12.002
https://doi.org/10.1016/j.meatsci.2018.12.002
https://doi.org/10.1016/j.meatsci.2018.12.002
https://doi.org/10.1155/2014/591812
https://doi.org/10.1155/2014/591812
https://doi.org/10.1155/2014/591812
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1016/j.meatsci.2007.06.020
https://doi.org/10.1016/S0309-1740(01)00041-9
https://doi.org/10.1016/S0309-1740(01)00041-9
https://doi.org/10.1016/S0309-1740(01)00041-9
https://doi.org/10.1016/j.meatsci.2005.03.003
https://doi.org/10.1016/j.meatsci.2005.03.003
https://doi.org/10.1016/j.meatsci.2005.03.003
https://doi.org/10.1016/S0309-1740(98)00005-9
https://doi.org/10.1016/S0309-1740(98)00005-9
https://doi.org/10.1016/S0309-1740(98)00005-9
https://doi.org/10.1111/j.1365-2621.1971.tb01588.x
https://doi.org/10.1111/j.1365-2621.1971.tb01588.x
https://doi.org/10.1111/j.1365-2621.1971.tb01588.x
https://doi.org/10.1016/j.meatsci.2007.06.006
https://doi.org/10.1016/j.meatsci.2007.06.006
https://doi.org/10.1016/j.meatsci.2007.06.006
https://doi.org/10.1016/j.meatsci.2007.06.019
https://doi.org/10.1016/j.meatsci.2007.06.019
https://doi.org/10.1016/j.meatsci.2007.06.019
https://doi.org/10.1016/j.meatsci.2004.08.011
https://doi.org/10.1016/j.meatsci.2004.08.011
https://doi.org/10.1016/j.meatsci.2004.08.011
https://doi.org/10.13031/2013.11044
https://doi.org/10.1016/j.meatsci.2006.04.030
https://doi.org/10.1016/j.meatsci.2006.04.030
https://doi.org/10.1016/j.meatsci.2006.04.030
https://doi.org/10.1016/j.meatsci.2009.04.005
https://doi.org/10.1016/j.meatsci.2009.04.005
https://doi.org/10.1016/j.meatsci.2009.04.005
https://doi.org/10.1556/AAlim.37.2008.1.9
https://doi.org/10.1556/AAlim.37.2008.1.9
https://doi.org/10.1556/AAlim.37.2008.1.9
https://doi.org/10.13031/2013.15629
https://doi.org/10.13031/2013.15629
https://doi.org/10.13031/2013.15629
https://doi.org/10.1016/S0309-1740(96)00127-1
https://doi.org/10.1016/S0309-1740(96)00127-1
https://doi.org/10.1016/S0309-1740(96)00127-1
https://doi.org/10.1016/j.foodchem.2014.07.101
https://doi.org/10.1016/j.foodchem.2014.07.101
https://doi.org/10.1016/j.foodchem.2014.07.101
https://doi.org/10.1016/j.tifs.2006.09.003
https://doi.org/10.1016/j.tifs.2006.09.003
https://doi.org/10.1016/j.tifs.2006.09.003
https://doi.org/10.17221/4337-CJAS
https://doi.org/10.17221/4337-CJAS
https://doi.org/10.17221/4337-CJAS
https://doi.org/10.13031/2013.11315
https://doi.org/10.13031/2013.11315
https://doi.org/10.13031/2013.11315
https://doi.org/10.1146/annurev-food-030212-182623
https://doi.org/10.1146/annurev-food-030212-182623
https://doi.org/10.1146/annurev-food-030212-182623
https://doi.org/10.1016/j.meatsci.2005.02.001
https://doi.org/10.1016/j.meatsci.2005.02.001
https://doi.org/10.1016/j.meatsci.2005.02.001
https://doi.org/10.1017/S1357729800052632
https://doi.org/10.1017/S1357729800052632
https://doi.org/10.1017/S1357729800052632
https://doi.org/10.1007/s11947-012-0928-0
https://doi.org/10.1007/s11947-012-0928-0
https://doi.org/10.1007/s11947-012-0928-0
https://doi.org/10.1016/j.meatsci.2004.08.012
https://doi.org/10.1016/j.meatsci.2004.08.012
https://doi.org/10.1016/j.meatsci.2004.08.012
https://doi.org/10.1016/S0023-6438(02)00199-8
https://doi.org/10.1016/S0023-6438(02)00199-8
https://doi.org/10.1016/S0023-6438(02)00199-8
https://doi.org/10.3390/s140407248
https://doi.org/10.3390/s140407248
https://doi.org/10.3390/s140407248
https://doi.org/10.3390/s140407248
https://doi.org/10.1016/j.meatsci.2008.03.009
https://doi.org/10.1016/j.meatsci.2008.03.009
https://doi.org/10.1016/j.meatsci.2008.03.009
https://doi.org/10.1016/j.meatsci.2007.01.011
https://doi.org/10.1016/j.meatsci.2007.01.011
https://doi.org/10.1016/j.meatsci.2007.01.011
https://doi.org/10.1016/S0309-1740(02)00328-5
https://doi.org/10.1016/S0309-1740(02)00328-5
https://doi.org/10.1016/S0309-1740(02)00328-5
https://doi.org/10.1021/jf0303464
https://doi.org/10.1021/jf0303464
https://doi.org/10.1021/jf0303464
https://doi.org/10.1017/S1357729800051766
https://doi.org/10.1017/S1357729800051766
https://doi.org/10.1017/S1357729800051766
https://doi.org/10.1117/1.JBO.22.1.015006
https://doi.org/10.1111/j.1365-2621.2004.tb09922.x
https://doi.org/10.1111/j.1365-2621.2004.tb09922.x
https://doi.org/10.1111/j.1365-2621.2004.tb09922.x
https://doi.org/10.1016/S0309-1740(00)00050-4
https://doi.org/10.1016/S0309-1740(00)00050-4
https://doi.org/10.1016/S0309-1740(00)00050-4
https://doi.org/10.1186/s40781-016-0101-9
https://doi.org/10.1186/s40781-016-0101-9
https://doi.org/10.1186/s40781-016-0101-9


[50] Nicolaï BM, Beullens K, Bobelyn E, Peirs A, SaeysW, TheronK I and Lammertyn J 2007Nondestructivemeasurement of fruit and
vegetable quality bymeans ofNIR spectroscopy: a reviewPostharvest Biol. Technol. 46 99–118

[51] WangpraseurtD, Jacques S L, Petrie T andKühlM2016Monte Carlomodeling of photon propagation reveals highly scattering coral
tissue Front. Plant Sci. 7 1–10

[52] Meglinski I andMatcher S J 2000The application of theMonte Carlo technique for estimation of the detector depth sensitivity for the
skin oxygenationmeasurementsMonte CarloMethods Appl. 6 15–26

[53] DreminV, Zherebtsov E, Bykov A, PopovA,Doronin A andMeglinski I 2019 Influence of blood pulsation on diagnostic volume in
pulse oximetry and photoplethysmographymeasurementsAppl. Opt. 58 9398–405

[54] DoroninA andMeglinski I 2012 Peer-to-peerMonteCarlo simulation of photonmigration in topical applications of biomedical optics
J. Biomed. Opt. 17 0905041

[55] Meglinsky I V andMatcher S J 2001Modelling the sampling volume for skin blood oxygenationmeasurementsMed. Biol. Eng. Comput.
39 44–50

[56] Meglinski I, Bashkatov AN,Genina EA,ChurmakovDY andTuchinVV2002 Study of the possibility of increasing the probing depth
by themethod of reflection confocalmicroscopy upon immersion clearing of near-surface human skin layersQuantumElectron. 32
875–82

[57] BashkatovAN,Genina EA andTuchinVV2011Optical properties of skin, subcutaneous, andmuscle tissues: a review J. Innov. Opt.
Heal. Sci. 4 9–38

[58] SymsC 2018 Principal components analysis Encyclopedia of Ecology (3) (Oxford: Elsevier) pp 566–73
[59] Tazi I, Isnaini NL,MutmainnahMandAinurA 2019 Principal component analysis (PCA)method for classification of beef and pork

aroma based on electronic nose IJHAR 1 5–8
[60] TianXY, CaiQ andZhangYM2012Rapid classification of hairtailfish and pork freshness using an electronic nose based on the PCA

method J. Sens. 12 260–77
[61] YangD,HeD, LuA, RenD andWang J 2017Detection of the freshness state of cooked beef during storage using hyperspectral imaging

Appl. Spectrosc. 71 2286–301
[62] Alamprese C, CasaleM, Sinelli N, Lanteri S andCasiraghi E 2013Detection ofminced beef adulterationwith turkeymeat byUV–vis,

NIR andMIR spectroscopy LWT - Food Sci. Technol. 53 225–32
[63] MichalczukM,Marzec A,DamaziakK, Zdanowska-SąsiadekŻ, BogdańskaK, Slósarz J, Niemiec J andDe Smet S 2018Application of

the support sensory system and principal component analysis to comparemeat of chickens of two genotypesCyTA - J. Food 16 667–71
[64] ŠnircM,KralM,OšťádalováM,Golian J andTremlová B 2017Application of principal component analysismethod for

characterization chemical, technological, and textural parameters of farmed and pastured red deer Int. J. Food Prop. 20 754–61
[65] SchmutzlerM, Beganovic A, Böhler G andHuckCW2015Methods for detection of pork adulteration in veal product based on FT-

NIR spectroscopy for laboratory, industrial and on-site analysis FoodControl 57 258–67
[66] TrinderupCH2015Multispectral Imaging ofMeatQuality - Color andTextureTechnical University ofDenmark
[67] ChenH, ZhangM,Bhandari B andYangC 2019Development of a novel colorimetric food package label formonitoring lean pork

freshness LWT - Food Sci. Technol. 99 43–9

11

J. Phys. Commun. 4 (2020) 095011 MPeyvasteh et al

https://doi.org/10.1016/j.postharvbio.2007.06.024
https://doi.org/10.1016/j.postharvbio.2007.06.024
https://doi.org/10.1016/j.postharvbio.2007.06.024
https://doi.org/10.3389/fpls.2016.01404
https://doi.org/10.3389/fpls.2016.01404
https://doi.org/10.3389/fpls.2016.01404
https://doi.org/10.1515/mcma.2000.6.1.15
https://doi.org/10.1515/mcma.2000.6.1.15
https://doi.org/10.1515/mcma.2000.6.1.15
https://doi.org/10.1364/AO.58.009398
https://doi.org/10.1364/AO.58.009398
https://doi.org/10.1364/AO.58.009398
https://doi.org/10.1117/1.JBO.17.9.090504
https://doi.org/10.1007/BF02345265
https://doi.org/10.1007/BF02345265
https://doi.org/10.1007/BF02345265
https://doi.org/10.1070/QE2002v032n10ABEH002309
https://doi.org/10.1070/QE2002v032n10ABEH002309
https://doi.org/10.1070/QE2002v032n10ABEH002309
https://doi.org/10.1070/QE2002v032n10ABEH002309
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1016/B978-008045405-4.00538-3
https://doi.org/10.1016/B978-008045405-4.00538-3
https://doi.org/10.1016/B978-008045405-4.00538-3
https://doi.org/10.15575/ijhar.v1i1.4155
https://doi.org/10.15575/ijhar.v1i1.4155
https://doi.org/10.15575/ijhar.v1i1.4155
https://doi.org/10.3390/s120100260
https://doi.org/10.3390/s120100260
https://doi.org/10.3390/s120100260
https://doi.org/10.1177/0003702817718807
https://doi.org/10.1177/0003702817718807
https://doi.org/10.1177/0003702817718807
https://doi.org/10.1016/j.lwt.2013.01.027
https://doi.org/10.1016/j.lwt.2013.01.027
https://doi.org/10.1016/j.lwt.2013.01.027
https://doi.org/10.1080/19476337.2018.1448457
https://doi.org/10.1080/19476337.2018.1448457
https://doi.org/10.1080/19476337.2018.1448457
https://doi.org/10.1080/10942912.2016.1180532
https://doi.org/10.1080/10942912.2016.1180532
https://doi.org/10.1080/10942912.2016.1180532
https://doi.org/10.1016/j.foodcont.2015.04.019
https://doi.org/10.1016/j.foodcont.2015.04.019
https://doi.org/10.1016/j.foodcont.2015.04.019
https://doi.org/10.1016/j.lwt.2018.09.048
https://doi.org/10.1016/j.lwt.2018.09.048
https://doi.org/10.1016/j.lwt.2018.09.048

	1. Introduction
	2. Materials and methods
	2.1. Spectroscopic setup
	2.2. Monte Carlo simulations
	2.3. Principal component analysis (PCA)

	3. Results and discussion
	3.1. Spectroscopic measurements
	3.2. Monte Carlo simulations
	3.3. Principal component analysis (PCA)

	4. Conclusion
	Acknowledgments
	Disclosures
	References



