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Abstract: Food waste is one of the main problems contributing to climate change, as its piling up in
landfills produces the greenhouse gas methane. Food waste occurs at every stage of food production;
however, a major source of food waste occurs at businesses that supply food to consumers. Industry
4.0 technologies have shown promise in helping to reduce food waste in food supply chains. However,
more innovative technologies, such as Raman spectroscopy, hold great promise in helping to reduce
food waste, although this has largely been ignored in the literature. In this context, we propose a
portable Raman platform to monitor food quality during transportation. The developed system was
tested in conditions mimicking those present in a refrigerated truck by analyzing chicken samples
stored at temperatures of 4 °C. Raman spectra were acquired for non-packaged and packaged samples
over the duration of 30 days resulting in 6000 spectra. The analysis of Raman spectra revealed that
the system was able to detect noticeable changes in chicken quality starting on day six. The main
Raman bands contributing to this change are amide I and tyrosine. The proposed system will offer
the potential to reduce food losses during transportation by consistently checking the food quality
over time.

Keywords: food waste; Raman spectroscopy; food quality; protein

1. Introduction

The estimated global food waste recorded by the United Nations Environment Pro-
gramme in 2021 was about 931 million tons [1]. The causes of food waste are abundant and
occur from farm to fork, i.e., during production, processing, distribution and selling, and
lastly, consumption. Furthermore, the increasing concerns around climate change, land use,
water use and loss of biodiversity have encouraged researchers and scientists to come up
with new rapid and accurate methods to assess food quality and prevent food waste along
the production—consumption chain.

Traditionally, evaluating food quality is done using a direct approach, particularly by
conducting a microbial analysis. This analysis is necessary for determining the shelf life and
quality loss of a food product [2]. Since microbial load and microflora composition are quite
important parameters for detecting food quality, such analysis is impossible to execute
at certain stages of the food and marketing chain, such as during transportation. Other
alternatives would be the use of indirect approaches such as Industry 4.0 technologies
which are already being used to help reduce food waste in food supply chains [3]. These
technologies generally help monitor storage conditions such as temperature, humidity,
light, and vibration, with the help of Internet of Things sensors (IoT). These sensors measure
the required parameters and send them to the cloud for remote monitoring. In case the
monitoring detects unacceptable storage conditions, then rapid corrective actions are taken
(e.g., checking the temperature control mechanisms) in order to guarantee the freshness of
food. While these IoT sensors are useful, they do not capture the freshness of food directly,
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but rather via related parameters such as temperature or humidity. Instead, there are more
innovative technologies, such as Raman spectroscopy, that analyze food directly and are
able to measure the freshness of the food more directly.

In recent years, Raman spectroscopy advancements have opened new research insight
by allowing rapid and non-destructive analysis. This optical method, which relies on the
inelastic scattering of light, is used in several domains of applications: medical, pharma-
ceutical, food, and microbial detection [4-7]. The main objective of Raman spectroscopy
is to simplify the analysis process and to reduce the investigation time of samples. This
untargeted screening of food samples aims to evaluate the characteristics of a given product
(by the production of a structural fingerprint revealing almost all chemical components,
including nucleic acids, carbohydrates, lipids, and proteins) and to relate its spectral finger-
prints to distinctive traits such as nutritive value, adulteration, or quality of food. Among
spectroscopic methods, Raman and Surface Enhanced Raman Scattering (SERS) are con-
sidered promising techniques for food analysis. Both offer a rapid, nondestructive and
label-free analysis. The difference between the two methods is that SERS has higher sensi-
tivity allowing the structural detection of low-concentration substances which are difficult
to detect using traditional Raman Spectroscopy [8,9]. SERS higher sensitivity is obtained
by using an enhancing substrate such as gold (Au), silver (Ag), or copper (Cu). However,
the use of such substrate in determining the quality of a food product can complicate the
analysis step, especially if the food is packaged. Such a factor makes traditional Raman
Spectroscopy preferable over SERS.

Traditional or native Raman Spectroscopy is considered a promising candidate for
monitoring food quality, especially meat products. For instance, this type of spectroscopy
is capable of studying modifications at the level of secondary protein structures such
as amide I (1650-1680 cm™!), and amide II (1262-1313 cm™1) regions, as well as C-
C groups (940-1070 cm~1!), C-H groups (1440-1457 cm~!), and amino acids (640 and
850 cm 1) [10,11]. Also, Raman spectroscopy is widely being used in the determination
of meat organoleptic properties [12], spoilage [13], pH [14], identification of meat from
different animal species [15,16], and studying meat quality from different slaughter animals
including chicken [11,17,18]. All the latter studies show that Raman equipment monitoring
meat quality is fairly well developed for laboratory testing. Nowadays, and thanks to
the technological advancement of Raman, a trend is being noted worldwide towards the
promotion of automated quality control [19]. For instance, portable Raman systems have
been developed to be used in the meat industry [20]. Moreover, Bauer et al. [21] and
Fowler et al. [22] used portable Raman spectroscopes to study the tenderness and sensory
characteristics of beef. In spite of the latter, their use remains timid in food applications,
especially in the reduction of food waste. In addition, the literature on food waste has
largely ignored the use of such highly innovative technology so far.

The primary contribution of this paper is to showcase the use of Raman spectroscopy
for fighting food waste. The main limitation of applying Raman spectroscopy is the huge
size of the equipment, which makes it practically impossible to use this technology in
trucks. However, the team of authors has pioneered the development of a portable version
of Raman spectroscopy. This is another huge contribution of this paper. We showcase
the use of a portable Raman, placed and tested in a refrigerated chamber to mimic the
conditions present in a refrigerated truck transporting chicken product from one outlet
to another.

2. Materials and Methods
2.1. Sample

About 30 packed cooked boneless chicken breasts with the same production and
expiry date were purchased from a local store. The samples were packed under a modified
atmosphere (O = 68%, CO; = 26% and Nj = 6%). After purchasing, the packages were
stored directly in a fridge at 4 °C. The samples were then distributed in two stages.
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Stage 1 is considered as a proof of concept, where the sole purpose of this stage is to
check which Raman bands are responsible for the shift in chicken quality. In this stage, the
chicken breast was removed from the package each day for 30 days and its Raman spectra
were measured.

Stage II is the validation stage; this stage was necessary to prove that the proposed
Raman system can still check the quality of the chicken through the package (made from
low-density polyethylene, LDPE), and to determine on which day there was a noticeable
change in the chicken’s quality. In this stage, only one of the packed samples was utilized,
and the chicken breast wrapped in LDPE was measured directly by Raman spectroscopy
for 30 days. About 13 zones were carefully chosen and studied on the surface of the
wrapped sample (Figure S1), and the zone with the most informative region was selected
for executing stage II.

Stages I and II were done in refrigerated conditions at 4 °C and the spectral measure-
ments were done directly on both surfaces without any pre-treatment (such as fat removal,
washing, or mincing).

2.2. Raman System and Measurement

An automatic portable Raman system was used in this study (Figure 1). This system
consists of a QE Pro-Raman spectrometer (Ocean Optics, Netherlands) having a dynamic
range of 85,000:1 and System SNR: 1000:1 with typical back-thinned CCD array miniature
spectrometers cooling to —40 °C below ambient air; Laser source of 785 nm excitation
wavelength (Oxxius, France); InPhotonics RPB785 fiber-optic probe consisting of two single
fibers (105 um excitation fiber and a 200-pum collection fiber) with filtering and steering
micro-optics contained in a polyurethane jacket; Motorized 3-axis (X, Y, Z) platform (Standa,
Opton Laser International, France) with a sample holder; Dark enclosure specifically made
to prevent light from interfering with the fiber-optic probe head (numeric aperture: 0.22);
Computer running OceanView software (Ocean Optics, Netherlands), and Libximc cross-
platform library to control the motorized stage. The whole system was placed in a cold
chamber at 4 °C for 30 days.

b

B) QE Pro-Raman spectrometer

C) fiber-optic probe

-

D) Motorized stage

Figure 1. A dark enclosure (A) including the automated Raman system parts: (B) QE Pro-Raman
spectrometer, (C) InPhotonics RPB785 fiber-optic probe, (D) Motorized 3-axis (X, Y, Z) platform, and
(E) computer running OceanView software and Libximc.

Raman spectra were then collected using the following parameters: laser power of
250 mW), a focal distance of 2 mm with an integration time of 5 s. The spectral resolution
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was 5 cm ™! in the measured wavelength range of 200-4000 cm~!. The dark spectrum
subtraction was performed during each spectral acquisition. For each stage, 100 spectra
were collected per day, with the help of the motorized stage, with a total of 3000 spectra
over 30 days. The temperature of the chamber was taken two times per day over 30 days to
ensure that the temperature did not rise above 4 °C.

2.3. Spectra Pre-Processing

Raman spectra were processed using Opus software (Bruker optics GmBH, V 7.2,
Germany) and MATLAB software (version R2019b, MathWorks Inc, Natick, MA, USA).
The raw data, of a spectral range of 200-4000 cm 1, was first cut in the spectral zone of
500-3000 cm~!.  Then, all cosmic spikes presented in the defined spectral range
(500-3000 cm ') were manually eliminated before applying data treatment. All spec-
tra were then baseline corrected using an elastic concave method (64° and ten iterations),
smoothed based on the Savitzky-Golay algorithm, and lastly normalized using min-max
normalization.

2.4. Data Analysis

After spectral processing, the treated spectra were subjected to multivariate data
analysis, specifically, Principal Component Analysis (PCA). PCA is a technique commonly
used to transform large datasets into two smaller sets, referred to as the score matrix and
the loading matrix. This orthogonal transformation allows the observation of trends and
clusters, and uncovers the relationship between observations and variables by plotting the
principal components (PCs) and the loading plots [23]. Accordingly, the number of PC
components to be used was determined using a scree plot. PCs were represented by scatter
plots and the correlation among the variables can be inspected through loading plots.

PC scores (PC1 score of stage II) were subjected to Kruskal Wallis (KW) test. This test is
anon-parametric test and is used to compare samples from three or more groups of indepen-
dent observations [24]. It was selected to establish statistical significance (p-value < 0.05),
and also because it is more stable to outliers. PCA and KW were computed using the
SAISIR Package [25]. All statistical analysis was performed using MATLAB software
(version R2019b, MathWorks Inc, Natick, MA, USA).

3. Results and Discussion

The portable Raman system was tested in two stages to confirm its ability to monitor
the quality of chicken over 30 days. These tests are essential in order to verify that the
Raman sensor can give reliable results under any circumstances before launching it in the
field. The main obstacle confronted was the introduction of a package layer between the
probe (laser) and the sample (chicken breast).

3.1. Detecting Changes in Chicken Quality (without Packaging) by Raman Spectroscopy

The first stage of testing included the study of chicken fillet quality with respect
to time (30 days) and temperature (4 °C). At this stage, Raman spectra were obtained
directly on chicken (without packaging). Before analyzing the data acquired by the Raman
sensor, Table 1 illustrates the various molecular vibrations present naturally in the chicken
breast Raman spectrum [10]. For instance, the familiar Amide I bands, with their different
configurations (x-helix and (3-helix) presented at different Raman shifts, as well as amide
III representing collagen at 1313 cm ™!, the C-H bending at 1440 cm ™!, and C-C stretch
at 2906-3011 cm~!. Additionally, other Raman bands can be observed when analyzing
chicken meat that corresponds to aromatic amino acids such as phenylalanine at 1077 cm~!,
and tyrosine (Tyr) at 850 and 640 cm~!. Vibrations from the nucleobase adenine (Ade)
and S-S stretching can also be present. All of the latter stated bands, particularly those
representing proteins, are the main contributors to the textual characteristics and functional
properties of chicken meat, and they will help in highlighting the effect of storage on
chicken quality [10,26].
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Table 1. Familiar Raman bands present in chicken breast.

Raman Shift (cm—1) Vibrational Mode

3011, 2914, 2895, 2854 C-H stretching
1658-1645 Amide I («-helix)
1680-1665, 1640-1610 Amide I (3-helix)
1665-1660 Amide I (random coil)
1690-1680 Amide I (3-turn)
1457-1440 C-H bending
1313 and 1260 Amide III (collagen)
1240 Amide III ((3-sheet and random coil)
1070 C-C stretching (phenylalanine)
850 and640 Tyrosine stretching-ring
750 Adenine stretching-ring
525 S-S stretching vibration

Other proteins, such as myoglobin or in particular the heme pigments of myoglobin,
present in chicken or any other kind of meat can weaken the Raman signal by causing a
common phenomenon faced in Raman analysis known as fluorescence background [13].
To acquire the best spectrum, as presented in Figure 2, the fluorescence background was
omitted by using a baseline correction algorithm.

ab c d g ab e ‘ _
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Day25 | | |"H| ”

02
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Figure 2. The variation in Raman spectra of chicken breast without packaging over 30 days of storage
at 4 °C. The highlighted regions (a—e) represent the vibrational bonds that are changing in function of
time. (a): S-S stretching, (b,c): Tyrosine, (d): Amide I («x-helix), (e): C-H stretching.

After spectral treatment, the average spectrum of each five days was taken and plotted.
Figure 2 shows the changes detected in chicken Raman spectra over 30 days at 4 °C.
Raman spectra obtained on Day 00 were considered as the standard or fresh samples
and all other days were compared to it. Of all the Raman bands present in Table 1, five
peaks were visually identified that seem to be changing with storage time, as shown in
Figure 2. In addition, a pattern regarding the intensities of these peaks was noticed where
S-S stretching (a) and Tyrosine (b and c) intensities increased, while those of Amide I (d)
and C-H stretching (e) decreased as storage duration increased.

Although Raman signals are gradually changing, as shown in Figure 2, visual goings-
over of these changes remain difficult. To have more information on the Raman spectrum
changes caused by storage time, PCA multivariate statistical tool was applied to the Raman
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spectra (Figure 3). The first, second, and third principal components, or PC1, PC2, and
PC3, carried the most spectral variances over 30 days. PC1 explained 30% of the variance,
PC2 explained 25% of the variance, and PC3 explained the least with 5%. All other PCs
contained less than 1% of the variance between samples. Figure 3 shows the PCA plot
of the PC1, PC2 and PC3 scores and their loadings. The PCA plot reveals a separation
of the samples based on their quality over time. PC1 clearly distinguishes the spectra
of chicken obtained from the 25th to 30th day. This group (days 25 to 30) is separated
from the other samples by having a positive sign with respect to PC1. This separation
is also clearly observed on PC3 (see Figure 52) where the same group of samples (days
25 to 30) is distinguished from the other samples by having a positive sign on PC3. The
main contributions for PC1 and PC3 were from the Tyr band (845 and 640 cm 1) and S-S
stretching vibrations (525 cm™!), correlating with a positive sign of loadings (Figure 3B),
and from the phenylalanine (1077 cm~!), amide III (1311 cm 1), amide I (1655 cm™1) and
C-H stretching (2906 cm™!), correlating with a negative sign of loadings (Figure 3B). Based
on the PCA results, the shift in quality in the last five days observed in Figure 3A is due to
the decrease in the intensity of all correlated bands with the amide I band, and an increase
in the intensity of anti-correlated bands such as Tyr. This increase is a result of the extra
amino acids which were formed during storage due to microbial growth and autolysis
of meat. Additionally, the decrease in the intensity of Amide I and III (also supported
by PC2 scores and loadings) modes or the denaturation of protein is known to occur
during storage [10,11,27]. Furthermore, a decrease in the intensity of the band at 1448 cm !
assigned to the CH, and CHj3 bending vibration was observed. The latter decrease can be
the result of the hydrophobic interactions occurring around the aliphatic residues [10,28].
The results also show an increase in the S-S stretching vibrations (525 cm ™) as recorded by
PC1 loadings, which can be attributed to the oxidation of cysteine and methionine amino
acid residues [29].

30 B
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Figure 3. PCA scores (A) and loadings (B) of chicken breast—Quality overview over 30 days of
refrigerated storage (4 °C). (A) The scores of the chicken breast spectra of the last ten days (day 21 to
day 30) are clearly distinguished from the rest of days where (B) the loading plots show the molecules
(represented by a red asterisk) impacted during the testing period.

3.2. Application of Raman Spectroscopy, Dealing with Packaged Food

The second stage of testing involved checking the quality of the LDPE-wrapped
chicken breast over 30 days. As is known, LDPE has its unique spectrum [30,31], and its
Raman bands can be confused with those of chicken bands, as shown in Figure 4. The
LDPE spectrum was therefore acquired and compared with the chicken spectrum (Figure 4).
Only a few chicken-related bands were visible (Figure 4), which are Amide I (1655 cm™1)
and Tyr (845 and 640 cm ™).
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(I)  Chicken Breast
(II)y LDPE

(IIT) Chicken Breast + LDPE

(I1n)

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Raman shift (cm™) Raman shift (cm™)

Figure 4. Inspecting the Raman bands of chicken that have no interference with the packaging layer
(LDPE). The highlighted regions show two distinct bands: Amide I 1655 cm~!, and Tyrosine (640 and
845 cm™1). (I): Chicken spectra; (II): LDPE spectra; (III): Combined spectra of chicken and LDPE.

Since Amide I and Tyr were the only bands that did not have any interference with
LDPE Raman bands, as shown in Figure 4, the effect of these bands on chicken quality
was further examined by calculating the area under the curve and correlating the obtained
results with PCA scores and loadings. The amide I band is considered an indicator of
the total protein concentration [10,11]. Figure 5 shows an inverse relationship between
the storage time of chicken fillets and the area under the curve of 1655 cm™! (Amide I).
In contrast, Tyr showed a complementary response to storage time, where the peak area
increased with time. Additionally, when comparing the first five days of storage with the
last five days of storage, there appears to be around a 60% difference in the intensities of
both peaks, as shown in Figure 5. We believe that denaturation of Amide I results in the
formation of free amino acids, of which Tyr is one of the amino acids detected by Raman
spectroscopy. These results are also consistent with those presented previously (Stage I),
especially when referring to Amide I and Tyr bands. PCA was also conducted on the
Raman data of the LDPE-wrapped chicken breast. Figure 6 shows that PC1 carried the
most spectral variances over 30 days, explaining about 87% of the variance. Other PCs
(PC2 and PC3) contained about 1% of the variance between samples. PC1 scores show a
pattern shifting from left to right, as shown in Figure 6A. It seems that the days with the
highest quality (day 00-day 05) have positive scores, shifting towards negative scores until
the last five days where the deterioration in quality is the highest. The main contributions
for PC1 were from Tyr at 845 and 640 cm ! with a negative sign of loadings, and Amide
III and C-H stretching at 1655 cm ™! with a positive sign of loadings (Figure 6B). Loadings
2 and 3 did not provide any significant information, as the PC2 and PC3 scores showed
negligible variations among the samples.

After establishing the Raman bands responsible for the variation in the quality of
chicken wrapped in LDPE, PC1 scores were then subjected to Kruskal Wallis to get an
estimate on the day the quality started shifting, and the results are shown in Figure 7A,B.
The results show the days on which the portable Raman system was able to detect a change
in the chicken’s quality. For instance, the first shift in quality was detected on day six, as
seen in Figure 7A, where this day seems to separate the samples into two groups as shown
in Figure 7B (p-value < 0.05). The same occurs on day 12. However, the biggest shift in PC1
scores was noted after day 21 (Figure 7A), and these results are in accordance with those
presented in Figure 5. The total area of Amide I started decreasing from day six, with its
highest decrease being recorded on the 30th day.
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in the intensity and in the area under the curve, whereas Tyrosine (640 cm~!) showed a contrary
response as the storage period increased.
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Figure 7. Spotting the days where a shift in the chicken quality is detected by the portable Raman
spectroscopy. (A) a box plot representing the median of the PC1 scores per day, where the highlighted
region shows the day when a shift in quality is detected. (B) represents the significant groups
separated by the dotted black line. This black line represents the day on which the chicken quality
has similarity with the groups before and after.

Based on the results obtained during stage I and stage II, it is evident that Raman
spectroscopy can monitor the quality of chicken as it spoils. The results of stage I show the
change in protein structure as storage time is increased. For instance, amide I and amide III
vibrational intensities decreased, while those of Tyr and S-S stretching increased. These
changes in the protein structure indicate that there are several spoilage reactions happening,
including microbial growth, denaturation of protein, and oxidation of amino acid residues.
Additionally, hydrophobic interaction around the aliphatic residues was noticed through
the decrease of the CH, and CHj intensities.

As for stage II, we can observe that the portable Raman spectroscopy was able to
monitor the quality of LDPE-wrapped chicken breast. Even though only two peaks were
visible when the product was packaged, Amide I is considered one of the primary protein
indicators and, through its denaturation, it is possible to monitor the quality of chicken
wrapped in LDPE [10,11]. Most importantly, the system was capable of early detection on
the day that the shift in quality started.

The provided results can not only help food industries to monitor product quality
but also protect the environment. We believe that showcasing the portable version of the
Raman spectrometer holds huge promise in our fight against food waste. This can occur in
multiple ways along the food production and distribution chain. For instance, monitoring
raw materials at the farm level in real-time using the provided system is quite important,
as this can provide farmers with valuable information on the chemical composition of raw
materials. This permits farmers to better optimize farm management and to cut foreseeable
food losses. This is also achievable at the factory level, where the ability of this portable
system to detect changes at the molecular level in seconds can pick up any drastic quality
changes in any food item (vegetables, fruits, and meats) and thus rush its production.
As for transportation, the portable version of the Raman spectrometer can act as an alert
system that can signal the driver to deliver the food products to the nearest food outlet or
distribution center in case of a possible food loss. However, for this portable system to be
considered as an online application, further investigation and analysis—including sensory
testing and examination of the microbes—are required to determine if food products can
truly have their shelf life predicted by this method.

3.3. Conclusions

Through the chemometric analysis of Raman spectra, collected by a portable fiber-
optic Raman spectrometer, it is possible to monitor the quality of packaged chicken meat
in the function of storage time. This system was able to detect the shift in the product’s
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quality, the chemical components impacted during the course of quality deterioration, and
the day when the food quality started changing. The capabilities of such a system render it
an important contributor to reducing food waste, and its potential is limitless. This is why
our future work will focus on increasing the number of tested samples, the use of different
food samples, and finally, real-time testing on the road.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su15010188/s1, Figure S1: Raman spectra were obtained from
13 different zones with the help of a motorized stage; Figure 52: PC3 scores and loadings—Quality
overview over 30 days of refrigerated storage (4 °C).
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