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Abstract

Food by-products offer a promising opportunity for extracting valuable com-
pounds that can be used in the food, pharmaceutical, and polymer industries.
However, unpredictable variations in the chemical composition and spatial dis-
tribution of the various components within these biological matrices create
challenges for new valorization processes. These inconsistencies can lead to vari-
able recovery efficiency and differing quality of extracts. Understanding the
chemical composition and spatial distribution of these components is essen-
tial, as it will facilitate the effective valorization of these by-products in future
applications.

Fourier transform infrared (FTIR) microspectroscopy was employed to eval-
uate the chemical composition and structural organization of industrial food
by-products, specifically potato trimmings, carrot pomace, and brewer’s spent



grain. Frozen sectioning was employed as sample preparation method. Hierarchi-
cal cluster analysis was applied to differentiate the spectral information from the
background, allowing the determination of representative average spectra with
good reproducibility across sample replicates. Derivative FTIR spectra further
revealed previously hidden information by resolving overlapping signals, such as
multiple bands in the 1750-1550 cm ™1 region, facilitating the assignment of func-
tional groups to compounds of interest such as proteins, lipids, or pectin and the
creation of chemical images. However, some macroconstituents exhibited over-
lapping absorbance peaks, complicating the precise identification of individual
components. Despite this limitation, FTIR microspectroscopy provided valu-
able semi-quantitative information on the composition of these by-products. The
results demonstrated that chemical imaging by FTIR microspectroscopy is a valu-
able tool for food by-product evaluation, providing insight into their composition
and supporting the potential for their valorization in industrial applications.

Keywords: FTIR microspectroscopy, food by-products, composition analysis,
cryosectioning

1 Introduction

Annually, more than 10 million tons of fresh mass of food waste are generated in
the EU during food processing and manufacture [1]. While reducing food waste is a
priority for industries and policymakers, it is acknowledged that some waste generation
is unavoidable [2]. Therefore, recognizing unavoidable agricultural and food waste not
merely as waste but as a valuable by-product -a feedstock that could be repurposed
in other processes- can facilitate the transition towards a circular economy, offering
environmental, economic and social advantages [3].

Fruit and vegetable waste is not only generated in large quantities as peels, seeds,
pomace, or husks but also holds the potential to be a relevant source of complex
compounds such as lipids, proteins, polysaccharides, lignins, or antioxidants [3]. A
variety of industrial applications for both macro and microconstituents of food waste
have been explored in the literature. These include the extraction of lipids for biofuel
production [4], the use of cellulose to develop biopolymers with biodegradable and bio-

compatible properties [5], and the application of pectin as a gelling and emulsifying



agent [6]. Furthermore, the recovery of plant proteins is essential for the produc-
tion of meat substitutes tailored to plant-based diets [7]. By-products produced in
high volumes worldwide, such as potato trimmings, carrot pomace, or brewer’s spent
grain, present excellent opportunities for valorization, serving as feedstock in the
development of innovative products and applications that offer significant added value.

Potato trimmings (PT) are by-products of the potato industry, consisting of defec-
tive fragments trimmed from raw potatoes [8]. Approximately 8 kg of trimmings are
generated for every 100 kg of potatoes [9]. Considering global potato production, it is
estimated that approximately 30 million tons of potato trimmings are produced annu-
ally [10]. The composition of potatoes varies significantly based on their type and the
conditions in which they are grown. Excluding water content (78-88%), potatoes pri-
marily consist of starch (9-19%), followed by protein (1.4-2.3%), lipids (0.25-1%), and
fiber (0.3-0.75%) [11].

Carrot pomace (CP) is a by-product of carrot juice production, constituting 30%
to 50% of the original weight of the carrot [12]. Given that carrot juice represents
50% of the vegetable juice market [13], estimated at over 18 billion liters [14], and
assuming a juice yield of 0.5 kg per 1 kg of carrots [15], the global production of carrot
pomace could be approximated at 3.6-7.3 million tons. Carbohydrates (46-59%), fiber
(20-33%), protein (7-9%), and lipids (0.7-1.1%) are the main constituents of CP after
drying, although its exact composition is influenced by the processing method [16].

Brewer’s spent grain (BSG) is a by-product generated during the beer manufac-
turing process. The production of 100 1 of beer generates 20 kg of BSG, accounting for
more than 38.2 million tonnes worldwide [4, 7]. BSG is primarily composed of residues
from barley and other cereals. In particular, it presents a combination of grain husk,
pericarp, seed coat, and other endosperm fragments [17]. BSG’s composition is rich in
proteins (19-30%), lipids (3-10%), lignin (8-28%), and polysaccharides such as cellu-

lose (17-25%), hemicellulose (20-40%) and starch (1-10%). Compositional variations



may occur due to factors such as barley variety, growing and harvesting conditions,
or processing [7].

Despite being generated in substantial amounts throughout the year, these by-
products are currently employed in low value applications such as animal feed or are
discarded. PT, CP and BSG have a great potential to be utilized as feedstock for
valorization processes [18-20]. However, the inherent variability in the chemical com-
position of food by-products, caused by changes in cultivars, processing operations,
biological degradation, or storage conditions, presents a challenge in the implementa-
tion of new processing methods as it can influence the extraction yield [2]. Additionally,
several studies have emphasized the importance of microstructure and its changes in
relation to extraction yield [5, 21, 22]. Verwee et al. (2024) demonstrated that a variety
of microscopic visualization techniques can be utilized to investigate protein distribu-
tion in PT. However, due to the limited specificity of some of these techniques, it was
essential to employ a combination of methods to obtain a comprehensive understand-
ing of the protein distribution [23]. Moreover, Belardi et al. (2023) utilized attenuated
total reflection—Fourier transform infrared spectroscopy to evaluate the fractionation
process of BSG, successfully confirming the extraction efficiency and the utility of
spectroscopic methods for precise monitoring of valorization processes [24]. Under-
standing the precise location and concentration of the compounds of interest in food
by-products at different stages of the valorization process could significantly influ-
ence the development of more efficient extraction methodologies. Consequently, there
is a critical need to develop fast and accurate analytical methods for evaluating food
by-product composition.

Fourier-transform infrared (FTIR) microspectroscopy is a promising technique to
overview the sample composition and its distribution in a fast, label-free approach
[25]. Previous research has demonstrated the efficacy of FTIR spectroscopy in eval-

uating the compositional attributes of rice, achieving a high degree of accuracy in



the quantification of protein, carbohydrate, and moisture content [26]. In particular,
FTIR microspectroscopy has been employed to reveal the compositional distribution
of grain barley [27], to locate polysaccharides in bamboo [28], and to identify starch
in potatoes [29]. However, the application of FTIR microspectroscopy, in particular in
transmission mode, to food by-products is not well established. The measurement of
biological samples in transmission mode is preferred as it minimizes the risk of sample
damage. This contrasts with attenuated total reflectance mode, where a piston applies
pressure, potentially compromising the integrity of the sample [25]. Nevertheless, in
order to carry out measurements in transmission mode, samples with a thickness
of less than 14 um are required [30]. Hence, an adequate methodology for sample
preparation is required. Traditional sample preparation for FTIR microspectroscopy
relies on the preparation of sections from fixed and/or embedded tissue blocks that
are mounted on IR-transparent windows to facilitate their sectioning and long-term
preservation [25]. This method is time-consuming, and the application of chemicals
can hinder the identification of significant signals. Furthermore, fresh samples have the
disadvantage of containing water, making them vulnerable to biological degradation.
Frozen sectioning is a potential alternative sample preparation method that must be
carefully performed to prevent contamination from support media or damage to the
cellular structure [25]. Although this method offers benefits such as decreased sample
preparation time and the removal of chemical substances for sample embedment, its
application to food by-products is, to the best of our knowledge, not yet established.

While the chemical composition of extracts from food by-products has been com-
prehensively studied, there has been insufficient research into the precise localization of
these compounds within the matrix, particularly in untreated food by-products. This
gap may be impeding the establishment of effective and profitable valorization pro-

cesses. The development of analytical methods requiring minimal sample preparation



and offering simultaneous insights into the chemical composition and spatial distribu-
tion of food by-products is essential. Additionally, spectral visualization information is
complex, with many overlapping signals, and must be carefully pre-treated to extract
meaningful conclusions from the rich information collected. The objective of this study
is to explore the applicability of FTIR microspectroscopy in food by-product compo-
sitional evaluation in terms of their potential for valorization. Frozen sections were
used to determine the overall composition of different agri-food by-products, namely
PT, CP, and BSG. The reproducibility of the method was addressed after filtering
spectral information that was not related to the samples. Key FTIR signals were iden-
tified through comparison with existing literature. The analysis of the main signals
observed on the average and the second derivative spectra provided valuable insights
into the major constituents of the selected food by-products. Additionally, chemical
imaging maps were created to assess the spatial distribution of compounds of greater

industrial significance such as lipids, proteins or polysaccharides.

2 Methods

2.1 Materials

The study used three streams of food by-products obtained as waste from the food
industry: potato trimmings (PT), carrot pomace (CP), and brewer’s spent grain
(BSG). PT were provided by VEG-i-TEC (UGent, Belgium), and they were collected
in a potato company located in Belgium as described in Vanleenhove et al. (2024) [20].
Frozen CP was provided by the Laboratory of Food Technology (KU Leuven, Bel-
gium) after manufacture as described in De Laet et al. (2024) [21]. BSG was obtained
from the laboratory Food & Lipids (KU Leuven, Belgium) after being collected in a
brewery located in Belgium. Upon reception, all the samples were stored at —20°C

until further use for a maximum of 3 months.



2.2 Sample Preparation

Sample preparation was carried out following the method by Liyanage et al. (2017)
with some modifications [31]. Briefly, CP and BSG samples were cut into small frag-
ments and placed in a cryomold (4565, Sakura Finetek, The Netherlands). Cubes of
0.5 cm of potato trimmings were cut and placed in closed centrifuge tubes (VWR,
Belgium). In all cases, samples were stored in a closed plastic box at —20°C until anal-
ysis. Frozen sections were obtained with a cryomicrotome (CM3050, Leica Biosystems,
Germany). Frozen samples were mounted onto the specimen holder with a minimal
amount of optimal cutting temperature compound (VWR chemicals), transferred to
the cryostat chamber, and kept untouched for 30 min to ensure a homogeneous sample
temperature. The chamber temperature and the object temperature were previously
set at —18°C and —16°C, respectively. 10 um sections of each sample were transferred
to CaFs windows (Crystran Ltd., UK) for infrared analysis or microscope slides (VWR,
Belgium) for microscopy. New blades (Leica 819 disposable blades, Leica Biosystems,
Germany) were used for each new set of experiments. At least two technical repli-
cates of each sample were obtained per treatment. Three experimental replicates were
obtained by repeating the whole protocol on three different days. Before performing
the FTIR microspectroscopy analysis, sections were kept in the dark in a cold room

at 5°C for 3 hours and inside a desiccator for 30 minutes.

2.3 Microscopic analysis of the structural organization of food

by-products

Consecutive sections of the three food by-products (PT, CP and BSG) were exam-
ined by Confocal Laser Scan Microscopy (CLSM, LSM900, Zeiss, Zaventem, Belgium)
equipped with high-power diode lasers at 405, 488, 514, and 633 nm and mounted
on an inverted laser-scanning microscope (Axio Observer Z1/7, Zeiss, Zaventem, Bel-

gium) to visualize their structural organization. The pinhole size was set to 1.00 AU,



which corresponds to 36 pm. Sections of 10 um were prepared following the proce-
dure described in Section 2.2 but transferred to ultrafrost slides (VWR, Belgium). The
autofluorescence (AF) tissue properties of BSG were used to generate micrographs at
40x with a 488 nm wavelength laser (Ex/Em:493/517) at an intensity of 16-18%, a
detector gain of 700V and a frame time of 32.72s. Brightfield (BF) micrographs of the
three types of samples were imaged using a 40xW LD C-420 Apochromat objective
(NA=1.1), with a white light LED intensity set to 5.9% and an exposure time per
image of 864 ms. Two experimental replicates were evaluated for each food by-product,

imaging at least two different positions in each section.

2.4 FTIR microspectroscopy

FTIR microscopic analyses were performed employing a Hyperion 3000 FTIR micro-
scope equipped with a focal-plane array detector coupled to an Invenio S FTIR
spectrometer (Bruker Optics, Germany) based on the method described in Kohler
et al. (2007) [32], with some modifications. Samples were measured in transmission
mode with a 15x objective for the collection of images of the sample surface. The
acquisition parameters were set at 128 scans with no binning at a spectral resolution
of 8 cm™! in the spectral region from 4000 to 800 cm~!. The background spectra
were acquired from a sample-free area of the CaFy window with the same acquisition
parameters. After being limited to the region 4000 to 1000 cm ™!, spectra were sub-
jected to atmospheric compensation to account for the effect of atmospheric water and
CO3, employing OPUS software (Bruker Optics, Germany). The obtained files were

exported and further treated by QUASAR software [33].



2.5 Data processing

2.5.1 Representative average spectrum

A mask was constructed to filter out the regions of samples characterized by very
low intensity spectra. Those mostly correspond to the areas where only the support
material is present. The hierarchical cluster analysis method proposed by Banas et
al. [34] was implemented in the Python [35] language using Spyder 5 [36]. Instead
of using a Figure-of-Merit to ensure the stability of the measurement, a combination
of the Dunn index and the Davies-Bouldin index was used in order to find the best
number of clusters for each sample. On the one hand, the Dunn index represents the
ratio of the smallest distance between 2 clusters to the largest distance between data
points inside of a cluster; hence, a larger value means better clustering. On the other
hand, the Davies-Bouldin index being the mean ratio of cluster scatter to the between
cluster separation, a better clustering gives a lower value. Once found, the clusters
corresponding to low spectrum intensity regions were used to build a mask to treat the
data further. Baseline correction followed by standard normal variate normalization
was applied to all spectra to compensate for undesired variations. The mask was
applied to the normalized data to filter out the pixels corresponding to low intensity
spectra. The representative average spectra were then computed with the remaining

pixels.

2.5.2 Chemical imaging

After reducing the spectral region to the range 1800-1000 cm ™!, the average second
derivative spectra were calculated, employing a Stavitsky-Golay algorithm (polyno-
mial order 2, window size 9) to smooth spectra and resolve overlapping signals [32].
The assignment of the principal absorption bands was performed based on a literature
study. Chemical imaging was carried out using QUASAR software [37]. The image

construction was performed by integrating the area of the relevant peaks found on the



second derivative spectrum of each sample. False color maps were generated represent-
ing the intensity of the bands throughout the sample surface, providing information

about the spatial distribution of functional groups related to compounds of interest.

3 Results and discussion

3.1 Microscopic analysis of the structural organization of food

by-products

Given the limited magnification of FTIR microspectroscopy, BF and CLSM were
employed as complementary techniques to investigate the microstructure of the food
by-products further. This approach enabled higher-resolution imaging of cellular struc-
tures, which could not be resolved by FTIR microspectroscopy. Spatial resolution is
a critical factor in the performance of a chemical imaging system, as it measures the
ability to distinguish between closely spaced objects. In FTIR microspectroscopy, as
in all forms of optical microscopy, spatial resolution is constrained by the diffraction
limit. This diffraction limit is directly proportional to the wavelength of the incident
light and inversely proportional to both the index of refraction and the numerical
aperture of the objective lens. The theoretical lowest spatial resolution achievable
with an FTIR microscope is 3.81 pym at A=2.5 pum. However, various instrumental
factors may influence the effective resolution, potentially resulting in higher values
[38]. The limited resolution of FTIR microspectroscopy might lead to uncertainty
in the interpretation of spatial information. Hence, the combined use of BF, CLSM
and FTIR microspectroscopy provides a more comprehensive understanding of the
microstructural organization of food by-products.

Consecutive sections of frozen samples were prepared for potato trimmings (PT),
carrot pomace (CT), and brewer spent grain (BSG). BF micrographs (Fig. 1) were
collected to provide additional information on the structural organization of food

by-products at the cellular level.
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Fig. 1 Visualization of Potato trimmings (PT) (a-c), Carrot pomace (CP) (d-f), and Brewer’s spent
grain (BSG) unstained sections obtained by brightfield microscopy (BF) (a-h) and confocal laser scan
microscopy (CLSM). The sections are 10 um thick, cut by cryotome. (a-c) Transverse cross-sections
of PT. (a) The arrow points to an empty cell. (b) The arrow points to a damaged cell wall. (d-f)
Longitudinal cross-section of CP. (f) The arrow points to cell layers separated. (g-h) Longitudinal
cross section of BSG. (h) The arrow points to a multilayer of tissue generated after sectioning that
hinders microscopic observations. (i) Visualization of the autofluorescence properties of the tissue

BSG at 488 nm excitation, reflecting the distribution of lignin and phenolic compounds.

The BF micrographs of PT showed a relatively intact polygonal cell wall structure

with starch granules located inside the cells (Fig. la-c). A few damaged cell walls
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are observable; however, it remains challenging to determine whether the damage was
produced during industrial processing or the sectioning process. Some empty cells can
be found due to the loss of starch granules on potato cells after sectioning (Fig. 1b), as
previously reported by Sjoo et al. [39]. Besides the inherent variations in the size and
shape of cells depending on their cultivar and type of cell [40], changes in structure can
be attributed to the peeling or freezing process, which can cause starch gelatinization
and changes on the cell wall, respectively [20, 41].

Untreated carrot tissue typically shows polygonal parenchyma cells of uniform size
and compact, ordered arrangement. BF micrographs of CP displayed fragments of
compact cell wall structures, where the integrity of the plant tissue was mainly lost
(Fig. 1d-f), in concordance with Sucheta et al. [42] and Amoroso et al. [12]. In addition,
some separation among the cell layers can be observed, probably originating from the
freezing process (Fig. 1f) [41]. Those microstructural changes could have originated
from the application of pressure required for the industrial production of carrot juice
[43]. Knockaert et al. demonstrated that blended carrot puree tissue is composed by
large cell clusters, with a negligible number of single cells present [44]. This observation
is consistent with our findings.

The adhesion of BSG to the CaFs crystals was substantially lower compared to
PT and CP, which made it more difficult to obtain large, high-quality sections (Online
Resource A). Nevertheless, the tissue sections that were successfully transferred to
the support crystal maintained their structural integrity, as illustrated by Fig. 1g-h.
The distinct variations in cell types observed can be attributed to the diversity of
tissue types present, which aligns with the heterogeneous composition of the BSG [45].
Generally, BSG is described as a lignocellulosic material rich in protein and fiber [46],
and composed of intact layers of aleurone cells, which primarily store protein and large
clusters of connective endosperm proteins [17]. Our results align with these descriptions

as seen in Fig. lg-h. It is important to note that the heterogeneous size of BSG
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impedes the alignment of all sample material in the same direction. This can result
in multilayers of tissues after sectioning and generate areas of sample material not
suitable for microscopic observations (Fig. 1h). The CLSM micrograph shown in Fig.
1i revealed autofluorescence at 488 nm excitation. The presence of lignin and aromatic
substances such as polyphenols and flavonoids is known to produce autofluorescence
in the aleurone cell walls of barley, [47], demonstrating the integrity of the cell walls
in BSG fragments.

It is important to note that PT and CP were also analyzed through CLSM; how-
ever, the autofluorescence observed proved to be uninformative. On the one hand,
CP contains carotenoids that emit autofluorescence in the 400-600 nm range [48],
which generates excessive signals and cannot be employed to assess cellular integrity
effectively. On the other hand, PT displayed autofluorescence, although it was not
uniformly distributed throughout the sample. PT has a lower lignin content, as its for-
mation during the wound healing process occurs gradually. Regions of higher intensity

likely indicate the accumulation of fluorophores such as suberin [49, 50].

3.2 Obtaining a representative average spectrum

After the transference of the sections to the CaFs crystals, areas free of sample could
be observed. Fig. 2a provides an example of this situation in the case of BSG, but
the same phenomena can be observed on PT and CP samples. These areas, where
water was located in frozen conditions, consisted exclusively of support material during
spectral acquisition. As a result, the spectral information gathered from these regions
does not accurately reflect the chemical composition of the sample and could lead to
the incorrect calculation of the average IR spectrum representative of each sample.
As the tissue is not homogeneously distributed throughout the surface, it is necessary
to treat the data to exclude as much spectral information not related to the sample

as possible from the analysis. By going through the data pixel by pixel, the difference
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between support material and tissue spectra can be distinguished as follows. When
measuring tissue, the obtained spectrum displays relatively high absorbance values,
contrary to the spectrum measured in a sample region with little to no tissue where
the spectrum intensity is small. This property of the spectra is seen in Fig. 2e and can
be exploited to group the pixels with similar intensity into clusters using hierarchical

cluster analysis.
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Fig. 2 (a) FTIR micrograph of a BSG sample where the areas free of sample are visible in light gray.
(b) Evolution of the Davies-Bouldin (top) and Dunn (bottom) indexes of the sample with increasing
number of clusters (Davies-Bouldin index minimum: 4 clusters, Dunn index maximum: 3 clusters). (c)
Clustering using 4 clusters (0: black, 1: gray, 2: khaki, 3: yellow). Pixels in cluster 0 correspond to the
areas without sample. (d) Corresponding mask used for the filtering (black: areas to filter out, yellow:
BSG sample). (e) Average absorbance intensity map before filtering (scale: low intensity in black
to high intensity in yellow). (f) Average absorbance heatmap after filtering (scale: low intensity in
black to high intensity in yellow). (g) Representative average spectrum with 95% confidence interval,

indicated by the colored area, using hierarchical cluster analysis.
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This method is based on an algorithm that compares pairs of pixels and groups
the pairs that are closer together in terms of mean absorbance. The clustering was
specifically performed using Ward’s algorithm which aims at minimising the total
variance within clusters. In their analysis, Banas et al. [34] made use of both the Dunn
index [51] and the Figure-of-Merit [52] to respectively measure the inter connectivity
and the stability of the clustering. Nevertheless, the calculation of the latter being
computation heavy for samples of 128 x 128 pixels, a combination of the Dunn index
and the Davies-Bouldin [53] index was used instead. As both indicators might point
to a different best number of clusters, a compromise between a high Dunn index and
a low Davies-Bouldin index was sought for each sample to reach the best result. The
clusters corresponding to the regions with low intensity spectra were then filtered
out. Removal of the spectra not related to the tissue allowed the extraction of a
good quality average spectrum that can serve to compare the signals of samples with
different origins or treatments.

In the case of the sample presented in Fig. 2, Fig. 2b shows that the best clus-
tering is achieved for 3 clusters with the Dunn index and 4 with the Davies-Bouldin
index. After the empirical assessment, 4 clusters were chosen for the sample, as can
be observed in Fig. 2c. Indeed, with 3 clusters, large parts of what is seen here as
cluster 3 were grouped together with the area without sample and corresponding to
cluster 0. Cluster 0 was then used to constitute the mask shown in Fig. 2d to filter
the data in Fig. 2e, as can be seen in Fig. 2f. As a result, the representative average
spectrum presented in Fig. 2g was obtained using all the pixels that were not filtered.
The signals obtained followed the trends expected for biological materials. The same
method was applied to all samples, providing similar results (Online Resource C-D).
Representative average spectra of each sample, including a detailed description of the

peak assignment, can be found in Online Resource F.
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3.3 FTIR microspectroscopy analysis

In the first place, the reproducibility of the sample preparation was confirmed by
collecting the average spectra of three consecutive sections of the same sample prepared
on the same day, as well as sections from the same material prepared on different days.
For each section, an average spectrum was obtained following the method described in
Section 3.2. The spectral position of the peaks remained consistent across the different
sections of the same sample, although intensity variations can be observed in BSG
due to the low adhesion of the sections to the crystals. Furthermore, the position of
the signals is comparable for samples measured on different days (Online resource E).
Therefore, any shift in the position of the signals can be attributed to changes in the
food by-products rather than variability induced by the sample preparation method.

Major constituents of biological samples are proteins, lipids, and polysaccharides,
with varying ratios depending on the type of plant material. The chemical specificity
of FTIR microspectroscopy enables the identification of the major constituents of food
by-products by correlating the observed signals with relevant components found in
the literature. Due to their chemical characteristics, most of the bands related to their
functional groups overlap with other signals, impeding the identification of individual
peaks. To obtain more information about the specific composition of the three different
food by-products, a more detailed study of the signals was performed using a second
derivative. The second derivative spectra of PT, CP, and BSG are shown in Fig. 3a,
Fig. 3b, and Fig. 3c, respectively. Using this technique in spectroscopy is advantageous
as it enhances the separation of overlapping signals [32]. Although some signals specific
to certain components could be identified, most bands still overlapped due to the
complex composition of plant materials. Table 1 collects a summary of the relevant
signals observed, the compounds associated, and the food by-product where they can

be found.
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Fig. 3 Second derivative spectrum of (a) potato trimming (PT), (b) carrot pomace (CP) and (c)

brewer’s spent grain (BSG).
Liang et al. reported the presence of an absorption band at 1746 cm™!, which was

attributed to lipids and suberin [54]. However, this peak was not clearly visible in

the second derivative spectrum of PT (Fig. 3a) despite lipids and suberin accounting
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for the 0.1-0.5% and 0.1% of the fresh potato tuber weight, respectively [62, 63]. The
absorption band located at 1643 cm™! may be attributed to the amide I [54]. The
signal visible at 1235 cm ™! has been assigned to proteins (amide III) [56], but it might
be overlapping with the C-O stretching associated with pectin, reported at 1260-1230
em~! [55]. The band found at 1461 cm™~! is generally attributed to the asymmetric
deformation of C-H groups found in the aromatic part of lignin [18] but could also
reflect the CHs bending of starch [58]. Starch signals have also been reported to
appear at 1150-1100 cm~! (C-O, C-C, C-OH stretching) and at 1100-900 cm~! (C-
O-H bending) even though other polysaccharide bands could also be found between
1200-800 cm~!. In particular, the peaks at 1152, 1107, and 1078 cm™! have been
described to belong to the stretching bands of cell wall polysaccharides[56, 58].

The second derivative spectrum of CP shows multiple bands in the region 1800-1000
ecm~! (Fig. 3b). The peak at 1743 cm~! is generally assigned to the C=0 stretching
from methyl esterified carboxyl groups that can be found in pectin [6]. A broad band
is seen centered at 1600 cm ™' that could be attributed to the overlapping of the H-
O-H bending vibration of water and the COO- antisymmetric stretching vibrations
found in pectin, amides, and phenolic compounds [55, 56]. The existence of a band at
1369 cm™! is related to either the bending vibration of the methylene group present
in carotenoids or the C-H bending of cellulose and hemicellulose [57, 59]. The signal
at 1230 cm ™! is likely to be related to the C-O stretching vibration of galacturonic
acid [60], which constitutes the linear skeleton of pectin and can be an indicator of
the amount of pectin present in the sample [64]. In addition, the band at 1013 cm ™!
has been associated with the C-O stretching of pectin [55]. However, this signal could
overlap with cellulose or ring polysaccharides [55, 56].

In BSG (Fig. 3c), the intense peak at 1743 cm™! could be attributed to the

stretching vibration of the C=0 bond found in lipids, lignin or hemicellulose [18, 27].
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Moreover, the broad signal observed at 1461 cm™!

is usually associated with the C-
H bending of lipids [27]. However, this signal may also have originated due to the
presence of lignin, hemicellulose or starch [18, 58]. Furthermore, our results show the
characteristic aromatic skeletal bands characteristic of lignin around 1515 cm™? [46].
In addition, the intense peak at 1623 cm™! could correspond to the aromatic hydro-
carbons of lignin [57]. The signal at 1660 cm~! could be assigned to the amide I in
barley, but it is not too prominent in our results [27]. Additionally, the peaks located
at 1535 and 1238 cm ™! can be associated with amide IT and amide ITI bands, although
signals related to lignin or hemicellulose can also be found in the first and the sec-
ond [24, 46]. Finally, multiple bands are found between 1160-1000 cm~! and can be
related to the C-O, C-OH, or C-C stretching modes of polysaccharides such as starch,
cellulose, hemicellulose, or lignin [46, 61].

The major advantage of FTIR microspectroscopy is the simultaneous acquisition
of spectral and spatial information over large areas in a short time. Absorption pro-
files are recorded through the sample, and false color chemical maps can be created
based on the intensity of those signals [25]. False color maps show the distribution of
target compounds through the sample, providing tools to investigate changes in the
composition and distribution of industrially relevant macroconstituents.

Visualization of the distribution of the main constituents of PT, CP, and BSG in
cryosections was performed by integrating the main signals obtained in the derivative
FTIR spectrum. This procedure enables the creation of false color maps as the area
of a second derivative peak is proportional to the area of the corresponding peak in
the original spectrum [65]. Fig. 4a-d, Fig. 5a~-d and Fig. 6a-d collect the micrograph
and the false color images obtained after the integration of the relevant signals of PT,
CP, and BSG, respectively. The false color scale ranges from low absorbance (red) to

high absorbance (blue).
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FTIR microspectroscopy was applied to assess the lipid, lignin, starch, and pro-
tein distribution across the PT section. The PT micrograpgh (Fig. 4a) shows a high
amount of globular structures. Despite the low intensity of the band at 1746 cm™*, the
distribution map shows a moderate concentration of suberin and lipids in the sample
(Fig. 4b). Lipids are located in the cell membrane and in the form of lipid droplets
while suberin is mainly located in the periderm [62, 63]. As the micrograph shows
flesh tissue, it is possible to attribute the signal to lipids, proving a higher accumu-
lation of lipids in the areas where the cell wall is located. However, pectin could also
contribute to the distribution map as it is also located in the cell walls [6, 39]. The
characteristic globular structures found in the distribution map of the band at 1461
em~! (Fig. 4c) suggest a higher contribution of starch than lignin. The distribution
map of the peak centered at 1235 cm™! shows a similar distribution (Fig. 4d) than
the peak centered at 1461 cm™! with a higher intensity around the starch globules.
Potato protein is located mainly in the vacuoles of the parenchyma tissue in tubers
[66], but cell wall disruptions during potato processing could lead to the creation of

hydrogen bonds between protein and starch.
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The chemical imaging of CP was focused on cellulose, hemicellulose and pectin.
The CP micrograph shows a mixture of disrupted and compact cell wall structures
(Fig. 5a). The IR bands at 1746, 1369, and 1158 cm~! were used to visualize the distri-

bution of pectin, carotenoid /hemicellulose/cellulose and pectin/cellulose, respectively.
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Pectin is usually found in the middle lamella of the cell wall of carrots and has an
important role in its barrier properties [42]. When comparing the distribution maps of
the band at 1746 cm~! (Fig. 5b) and the band at 1158 cm™! (Fig. 5d), we observe a
similar distribution of the signals, with more dispersed structures in the latter band.
Additionally, higher intensity is observed in both cases in regions where the cell struc-
ture is more intact, although the intensity is higher in the map corresponding to 1746
cm ™!, reflecting the more intense peak as shown in Fig. 3b. At 1369 cm~! (Fig. 5¢) a
similar distribution is observed, but the borders are less defined, probably due to the
additional contribution of hemicellulose and carotenoids. Although the stress caused
by juice extractions leads to changes in secondary metabolites, which results in the
loss of almost half of the 8-carotene during the conversion of fresh carrots to pomace,
the presence of cell walls may prevent the release and help the retention of S-carotene
[19]. However, the low concentration of carotenoids in carrot pomace compared with
the bulk of the material might mask the contribution of carotenoids to the 1369 cm ™!
signal. Finally, the distribution of the three maps (Fig. 5d) can provide additional
information about the cell wall integrity as cellulose, hemicellulose and pectin are

three of the major components of plant cell walls [56].
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In the present study, the second derivative spectral bands at 1746, 1461, and 1180-
1000 cm~! were employed to generate chemical images of lipid/lignin/hemicellulose,
lipid/lignin/starch, and polysaccharide distributions in BSG, respectively. Despite the

poor adhesion of BSG to the support material, it is possible to discern differences in
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the distribution pattern of lipids, lignin, and polysaccharides. The BSG micrograph
(Fig. 6a) presents distinct types of tissue. At the bottom left the husk can be found,
which continues to a layered and packed cell structure attributed to the pericarp,
followed by fragments of the aleurone border, connected with some parts of the solubi-
lized endosperm [27]. Imaging the 1180-1000 cm ™ region (Fig. 6d) provides valuable
insights into the polysaccharides present in the sample. While lignin may show signals
in this region, the bands related to polysaccharides are expected to be more pro-
nounced and predominantly displayed [61]. The high intensity region shown in blue
could be related to the presence of starch in the residues of the endosperm, which may
be retained after the mashing process [67]. A detailed analysis of the second deriva-
tive spectral bands of this region supports this hypothesis (Online Resource G). The
false color map corresponding to the 1461 cm~! peak (Fig. 6¢) illustrates compara-
ble structures; however, it indicates distinct areas with elevated concentrations. The
higher intensity observed in the pericarp can be attributed to the lignified cell walls
of the maternal layers [47]. In contrast, the intense regions found in the aleurone layer
result from the presence of polysaccharides, phenolics, and lipids, as the aleurone does
not contain lignin; instead, hemicellulose primarily contributes to the signal as demon-
strated in the Online Resource H. A comparison with the previous false color maps
shows that the areas exhibiting higher concentrations in the 1746 cm~! imaging (Fig.

6b) can be attributed to lipids and lignin derivatives [57].
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This study demonstrates the potential of FTIR microspectroscopy on food by-
products with varying levels of cell wall disruption. Based on the relative intensity of
the signals, we have identified the macroconstituents of food by-products. The com-
pounds identified as the predominant constituents align with the findings reported in

the literature for the three materials examined [7, 11, 16]. Future studies will need
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to focus on the quantification of targeted compounds in comparison to established
analytical methods. Although the limited resolution of the optical objectives of FTIR,
microspectrometers due to the diffraction limit [38] hinders the differentiation of some
structures, other microscopic techniques, such as BF or CLSM, can be employed to
obtain complementary information that helps overcome this limitation. Frozen sec-
tioning proved to be a feasible sample preparation for FTIR microspectroscopy that
requires minimal processing. Traditionally, biological samples are preserved using
chemicals such as formalin or ethanol to prevent degradation of the cell structure and
aid in the preparation of intact sections [30]. However, in this study, untreated frozen
food by-products were used. The consistency of the spectral information and the sim-
ilarity of the micrographs with literature studies support this approach. The use of
chemical fixatives can alter the infrared spectrum or mask signals, and their removal
can lead to the loss of compounds [25, 30]. The use of frozen sectioning avoids alter-
ations in spectral information, but caution is needed when concluding solely based on
microscopic information. Freezing can lead to artifact generation due to the formation
of ice crystals that alter the structure of the cell wall [41], and some cells may break
during sectioning. Given the limited spatial resolution of FTIR microspectroscopy,
this effect may be overlooked; however, it is relevant for complementary imaging tech-
niques. Ice crystal damage might alter autofluorescence signals by disrupting native
fluorophores, thereby constraining the utility of autofluorescence based imaging meth-
ods. In addition, a poor adhesion of the tissue sections to the support material can
hinder the acquisition of robust data. Preliminary tests must be conducted when
working with new samples to determine the optimal support material. Despite its limi-
tations, frozen sectioning offers significant advantages as a sample preparation method
for FTIR microspectroscopy studies of food by-products. Its ease of implementation,

rapid processing time, and absence of chemical fixatives make it an advantageous
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approach to exploring the chemical composition and spatial distribution of valuable
compounds.

The removal of the signals related to the sample-free areas was considered beneficial
as a noise removal method. In this way, a representative average spectrum could be
obtained, providing information about the global composition of the sample that can
be used to explore the spatial location of selected compounds further.

Our results display the capability of FTIR microspectroscopy to assess the spatial
distribution of target compounds with potential industrial applications. Based on our
findings, we believe that the use of this protocol for manufacturing is feasible; however,
it requires optimization for each new stream. Therefore, it would be advantageous to
implement this in facilities that handle only a limited variety of by-products. Sample
preparation is specific to each type of sample, demanding optimization for every new
biomass due to differences in physical characteristics and cell wall disruption. With
advancements in data science and Al, the automation of data acquisition, treatment,
and interpretation can be achieved with relative ease [68]. Overall, we believe this
method could be applied as a routine analysis to some extent, allowing for the mon-
itoring of variations in biomass. However, it proves to be more robust in developing
processes, where optimal extraction parameters must be determined and adjusted. The
findings indicate the potential of FTIR microspectroscopy as an effective method for
monitoring the composition of food by-products at various stages of the valorization
process. This technique provides valuable insights that could facilitate the development

of robust valorization processes.

4 Conclusions

Transmission FTIR microspectroscopy was applied to assess the chemical composi-
tion of a series of industrial food by-products, in particular potato trimmings, carrot

pomace and brewer’s spent grain. It allowed the simultaneous investigation of the
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major constituents and their spatial distribution with minimal sample preparation.
Samples were prepared by frozen sectioning with a small amount of OCT as a sup-
port medium to prevent chemical contamination. Following microscopic evaluation,
absorption profiles were recorded, and hierarchical cluster analysis was employed to
differentiate spectral information related to the sample from the support material.
This approach enabled the determination of a representative average spectrum. Com-
parison of the representative average spectra of sample replicates collected on different
days showed good reproducibility of the method as absorbance peaks retained the
same wavenumber. The derivative FTIR spectra revealed previously hidden informa-
tion beneath the broader peaks of the spectra, providing information about functional
groups within the samples. However, some macroconstituents provided overlapping
signals, making it difficult to assign the absorption signals to individual compo-
nents. Despite improvements in technology, the light diffraction limit affects the FTIR
microspectroscopy capability of resolving intracellular structures in individual cells.
For more comprehensive studies, the hypotheses generated by this technique require
validation through complementary methods. Advanced technologies such as nano-
FTIR effectively address resolution challenges; however, they necessitate prolonged
acquisition times, making them less advisable for routine analysis of large sections [69].
Therefore, microscopic techniques such as BF or CLSM are better suited to provide
complementary information.

The proposed methodology demonstrates that FTIR microspectroscopy is an effec-
tive technique for semi-quantitatively identifying a wide range of compounds with
industrial significance. It can be applied to characterize food by-products during var-
ious stages of the valorization process, thereby providing valuable information on

separation efficiency and stabilization aspects of novel green recovery methods.

Supplementary information. Supplementary information can be found below
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Appendix A Adhesion Brewer’s spent grain

Fig. A1 Brewer’s spent grain cryosection transfered to CaFg crystal. Poor adherence is observed

Appendix B Brewer’s spent grain
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Fig. B2 Representative average spectra with 95% confidence interval obtained for all the BSG

samples using hierarchical cluster analysis. The colored area indicates the 95% confidence interval
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Appendix C Carrot pomace

C-Control-2601-3

©
&

y pixel (2.77 um)
dysiaquiaw ssn
y pixel (2.77 um)

RN whnO Y ®

64 9
X pixel (2.76 um) X pixel (276 pm)

(f)
1 2 64 % 128

® 5 N &

&

y pixel (2.77 um)
y pixel (2.77 um)

ES

(-n'e) 20uequosqe abesany

o

°

32 64
x pixel (2.76 um)

x pixel (2.76 um)

(9)

3
2
1
o
1
2
3

4000 350 3000 2500 2000 1500 1000
Wavelength (cm )

Fig. C3 (a) Example of micrograph of carrot pomace sample where the areas free of sample are
visible in light gray. (b) Evolution of the Davies-Bouldin (top) and Dunn (bottom) indexes with the
increasing number of clusters for the sample. The minimum of the Davies-Bouldin index is reached for
3 clusters while the maximum of the Dunn index is reached for 6 clusters. Nevertheless, 13 clusters were
chosen as it is a local maximum of the Dunn index while the Davies-Bouldin stays low. This number
of clusters allows to avoid excessive filtering in the low intensity region. (c) Clustering performed on
the sample where pixels in the cluster 8 correspond to the areas without sample. (d) Corresponding
mask used for the filtering with areas in black to be filtered out and areas in yellow corresponding
to the sample (e) Average absorbance intensity map of the sample. (f) Resulting average absorbance
heatmap after filtering. In both (e) and (f), the scale goes from low intensity in black to high intensity
in yellow. (g) Representative average spectra with 95% confidence interval obtained for all the carrot
pomace samples using hierarchical cluster analysis. The colored area indicates the 95% confidence
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Appendix D Potato trimming
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Fig. D4 (a) Example of a micrograph of potato trimmings sample where the areas free of sample are
visible in light gray. (b) Evolution of the Davies-Bouldin (top) and Dunn (bottom) indexes with the
increasing number of clusters for the sample. The minimum of the Davies-Bouldin index is reached
for 7 clusters while the maximum of the Dunn index is reached for 3 oand 4 clusters. The best results
were achieved with 7 clusters. (c) Clustering performed on the potato trimming sample of where
pixels in the clusters 3 and 4 correspond to the areas without sample. (d) Corresponding mask used
for the filtering with areas in black to be filtered out and areas in yellow corresponding to the sample.
(e) Average absorbance intensity map of the sample. (f) Resulting average absorbance heatmap after
filtering. In both (e) and (f), the scale goes from low intensity in black to high intensity in yellow. (g)
Representative average spectra with 95% confidence interval obtained for all the PT samples using

hierarchical cluster analysis. The colored area indicates the 95% confidence interval.
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Appendix E Reproducibility
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Fig. E5 Average FTIR spectra and the 95% confidence interval calculated of three technical repli-
cates obtained on the same day (a,c, and e) and on different days (b,d, and f) for potato trimmings
(PT) (a,b), carrot pomace (CP) (c,d) and brewer’s spent grain (BSG) (e,f). The colored areas indi-
cate the 95% confidence interval. The spectra were offset and the region between 2500-2250 cm™1,

where CO3 signals are located, was removed for clarification
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Mean Standard Deviation Mean  Standard Deviation Mean Standard Deviation

1746 cm-1 1461 cm-1 1235 cm-1
Potato Trimmings -0.90 0.33 -0.63 0.41 -0.98 0.50
-0.88 0.32 -0.67 0.41 -1.13 047
1746 cm-1 1369 cm-1 1158 cm-1
Carrot Pomace -0.75 0.30 -0.73 0.25 -1.26 0.60
-0.87 0.19 -0.73 0.20 -1.03 0.44
1746 cm-1 1461 cm-1
Brewer’s Spent Grain  -0.71 0.65 -0.84 0.56
-0.33 0.55 -0.44 0.57

Table E1 Examples of the mean value and standard deviation of selected signal intensities for otato trimmings (PT),
carrot pomace (CP)and brewer’s spent grain (BSG)

Appendix F Average infrared spectra of food

by-products

The representative average spectra of CP, PT, and BSG are shown in Fig. F6.
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Fig. F6 Average infrared spectra of potato trimmings (PT), carrot pomace (CP) and brewer’s spent

grain (BSG) represented in blue, red and black, respectively. The spectra were offset for clarification
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The chemical specificity of FTIR microspectroscopy enables the identification of

the major constituents of food by-products by correlating the observed signals with

relevant components found in the literature, which are summarized in Table F2.

Table F2 List of the relevant components and their observed signals as found in the literature

Wavenumber (cm™1) Vibrational Mode Characteristic Compounds References
3600-3300 O-H, N-H stretching Polysaccharides, [4,8]
water, phenolic
compounds, proteins
3000-2800 CHs and CHjs stretch- Lipids, proteins, [5]
ing polysaccharides
1740-1705 C=0 stretching Lipids, pectin [1,2]
1650 C=O0 stretching Amide I (protein) [7]
1528 N-H bending, Amide II (protein) [6,7]
C-N stretching
1470 CHs deformation Lipids [1]
1246 N-H bending, Amide IIT (protein) [3,7]
C-N stretching
1170 C-0, C-C, Lipids [1]
C-OH stretching
1150 C-0, C-C, Starch, cellulose, [4]
C-OH stretching hemicellulose, pectin
1100-1000 C-O-H bending Starch, cellulose, [4,11]

hemicellulose, pectin
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Appendix G Chemical imaging BSG

Fig. G7 Chemical visualization of the peak 1160 cm~! and second derivative spectra of selected
pixels in different parts of the sample. The intensity of the peak 1463 cm~! in the second derivative
spectra C is lower compared with the intensity of the peak 1160 cm~' and low intensity is found in

the peak 1763 cm-1, which is characteristic of starch [9]
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Appendix H Chemical imaging BSG-peak 1510
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Fig. H8 False color map associated with the peak 1510 cm™!. This signal corresponds to the
aromatic skeletal vibration of lignin and phenolic compounds. Smaller high intensity regions can be

observed in the endosperm in concordance with Yu et al. (2004) [10]
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