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Abstract

This study evaluated the potential of near-infrared (NIR)
spectroscopy, combined with partial least squares
regression (PLSR) to quantify bioactive properties in dried
grape pomace powders. Twenty-four samples of red-pink
and purple-black grapes were examined for total
monomeric anthocyanins,  phenolics, flavonoids,
proanthocyanidins, and antioxidant capacity utilizing
CUPRAC (cupric reducing antioxidant capacity) and
DPPH (2,2-diphenyl-1-picrylhydrazyl) assays. Chemical
analyses verified higher phenolic and antioxidant contents
in purple-black pomace than red-pink. PLSR models from
NIR spectra produced promising results, showing strong
calibration and cross-validation for all analytes. These
outcomes indicate that NIR spectroscopy provides a simple,
nondestructive, and  eco-friendly alternative to
conventional wet chemistry methods. Moreover, the
approach offers potential for monitoring bioactive
compounds in grape pomace, thereby supporting the
valorization of agro-industrial residues as sustainable
sources of phenolics and antioxidants for food,
nutraceutical, and cosmetic applications.
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1 Introduction

Grapes (Vitis spp., family Vitaceae) are among the most
extensively cultivated fruit crops globally, encompassing
roughly 60 recognized species and hybrids [1]. During grape
processing, such as juice making, substantial amounts of
solid by-products, collectively referred to as grape pomace,
are generated. This material, primarily consisting of skins
and seeds, is produced in enormous quantities across grape-
producing regions [2—4]. Tiirkiye ranks among the leading
grape producers, with almost 4 million tons harvested in
2022 [5]. The chemical complexity renders disposal
expensive and, if neglected, may lead to environmental
issues.

Polyphenols are secondary metabolites found in diverse
plant tissues such as fruits, stems, leaves, flowers, roots,
bark, and are acknowledged for their capacity to mitigate
cardiovascular diseases, degenerative disorders, and specific
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Bu ¢alismada, kurutulmus tiziim posasi tozlarinda biyoaktif
ozelliklerin  belirlenmesinde, yakin kizilotesi (NIR)
spektroskopisi ile kismi en kiigiik kareler regresyonunun
(PLSR) potansiyeli degerlendirilmistir. Kirmizi—pembe ve
mor-siyah {iziimlerden elde edilen 24 ornek, toplam
monomerik antosiyaninler, fenolikler, flavonoidler,
proantosiyanidinler ve antioksidan kapasite acisindan
CUPRAC (cupric reducing antioxidant capacity) ve DPPH
(2,2-difenil-1-pikrilhidrazil) yontemleriyle analiz
edilmistir. Kimyasal analizler, mor—siyah {izim posasinda
fenolik ve antioksidan diizeylerinin daha yiiksek oldugunu
gostermigtir. NIR spektrumlarindan elde edilen PLSR
modelleri, tiim parametreler i¢in giicli kalibrasyon ve
capraz dogrulama ile umut verici sonuglar ortaya
koymustur. Bulgular, NIR spektroskopisinin geleneksel
1slak kimya ydntemlerine basit, tahribatsiz ve ¢evre dostu
bir alternatif sundugunu gostermektedir. Ayrica bu
yaklasim, {iziim posasinda  biyoaktif  bilesiklerin
izlenmesini saglayarak tarimsal-endiistriyel yan {iriinlerin
stirdiiriilebilir bigimde degerlendirilmesine katki sunabilir.

Anahtar kelimeler: Uziim posas;, Yakin kizilotesi
spektroskopi, PLSR, Fenolikler, Antioksidan aktivite

cancer types. They also influence the sensory attributes of
food, including bitterness, color, taste, and pungency [6].
Grapes are notably abundant in antioxidants, exhibiting
antithrombotic, antiallergenic, anticarcinogenic,
cardioprotective, and hair-stimulating properties. Phenolic
chemicals in grape extracts confer health advantages and
safeguard the plant from light-induced stress, with their
concentrations affected by grape variety and cultivation
conditions [7]. Incomplete extraction during food processing
leaves grape pomace with significant quantities of phenolic
compounds, making it a useful source of bioactive chemicals
[8-9]. Although considered as waste, grape pomace
possesses significant nutritional value. Approximately
seventy-five percent of its mass comprises skins and seeds
rich in micronutrients and bioactive substances [10]. The
composition of pomace fluctuates based on grape variety,
pressing conditions, and fermentation processes;

* Sorumlu yazar / Corresponding author, e-posta / e-mail: huseyinayvaz@comu.edu.tr (H. Ayvaz)
Gelis / Received: 29.08.2025 Kabul / Accepted: 23.09.2025 Yayimlanma / Published: 15.10.2025

doi: 10.28948/ngumuh.1773992

1530


https://orcid.org/0000-0001-9705-6921
https://orcid.org/0000-0002-5524-7567

NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. 2025; 14(4), 1530-1541
H. Ayvaz, M. A. Dogan

nevertheless, grape skins generally constitute 20—-30% of the
initial fruit weight and provide pigments like anthocyanins.

The phenolic component of grapes is crucial for assessing
the organoleptic characteristics of wines. Anthocyanins
change the color of wine directly, while flavonols provide
astringency and bitterness. Both of these compounds
additionally assist in maintaining the color of wine stable as
it ages [11-14]. Kataria and Shaikh [15] stated that the
maximum drying temperature for grapes should be 65°C.
High-temperature drying causes a significant decrease in the
level of extracted polyphenols and antioxidant activity.

Due to increasing consumer demand and rising interest
in sustainable agricultural practices, grape pomace has been
utilized in food processing (biosurfactants), cosmetics (grape
seed oil and antioxidants), functional foods (dietary fiber and
polyphenols), pharmaceuticals, and as a source of additives
like grape skin powder [16-18]. Compounds in grape seeds
are particularly significant to the food industry since they
have their anti-aging, anti-carcinogenic, anti-mutagenic,
anti-inflammatory,  anti-ulcer, anti-atherogenic, and
antibacterial properties [19]. As a functional food ingredient
due to its richness in bioactive compounds, grape pomace
has been incorporated into meat products, pasta, baked
goods, and dairy products to improve nutritional and
functional qualities, extend shelf life, and enhance
antioxidant and antimicrobial properties [20-23]. Such
applications demonstrate the potential of grape pomace
valorization in diverse sectors, ranging from food
preservation to health promotion.

Quantitative analysis of grape pomace composition often
utilizes standard methods such as high-performance liquid
chromatography (HPLC), gas chromatography (GC), and
spectrophotometric assays [24]. Despite their efficacy, these
processes are labor-intensive and expensive, and they
produce chemical waste, hence constraining their feasibility
for large-scale applications. Consequently, there is a
necessity for fast, reliable, economical, and chemical-free
techniques to measure essential metabolites [25].
Spectroscopic methods, including nuclear magnetic
resonance (NMR), infrared (IR), and Raman spectroscopy,
in conjunction with multivariate data processing, offer rapid,
nondestructive, and eco-friendly alternatives that yield
accurate results at a comparatively low expense [25-27].
NIR spectroscopy has attracted interest among IR
approaches for its rapidity, nondestructive characteristics,
and capacity to penetrate food matrices, making it a valuable
instrument for compositional assessment [26]. NIR
spectroscopy provides rapid, non-destructive detection of
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phenolics and other bioactives in foods [28-29]. Applications
include the determination of flavonoids in grape seeds [30],
quality-related polyphenols in grapes and wines [31-32],
procyanidins in cocoa [33] and total polyphenol content in
green tea [34]. These studies highlight the relevance of NIR
as a sustainable tool for monitoring phenolics in grape-
derived matrices.

Thus, the aim of this study was to establish a rapid and
eco-friendly analytical approach for quantifying total
monomeric anthocyanins, total phenolics, total flavonoids,
proanthocyanidins, and antioxidant capacity in red-pink and
purple-black dried grape pomace using NIR spectroscopy
coupled with PLSR, with implications for its valorization in
the food, cosmetic, and pharmaceutical sectors as well as for
reducing food waste. Unlike earlier studies in the field, the
PLSR models developed in this work used dried grape
pomace powders from both red-pink and purple-black
samples and simultaneously evaluated multiple phenolic
groups and antioxidant assays.

2 Material and methods

2.1 Grape samples and their preparation

Nine pink/red and 15 purple/black fresh grape samples (a
total of 24 samples), each weighing approximately 1 kg,
were purchased from local markets and small producers in
the Canakkale region of Tiirkiye in the harvest year of 2024.
The grapes were washed, cleaned, and carefully destemmed
prior to processing.

Figure 1 summarizes the preparation procedures of grape
pomace. To replicate grape processing and acquire pomace,
the grapes were subjected to pressing with a manual fruit
juicer to extract maximum juice and free water, resulting in
solid residue. The resultant pomace was uniformly
distributed on stainless-steel trays and dehydrated in a
laboratory oven at 60°C. Once dried, the material was ground
into a fine powder using a laboratory-scale grinder. The
powder was then passed through a sieve to separate larger
fragments from the fine particles. The fine fraction was
collected and transferred into 50 mL centrifuge tubes. The
powdered pomace was stored at —18°C until analysis.

Samples were then divided into two sets: one designated
for NIR measurements and the other for chemical reference
analyses. For NIR analysis, the dried powders were used
directly as they are, while for chemical assays, the powders
were extracted in duplicate with 80% ethanol acidified with
0.01% HCI (v/v) to obtain phenolic-rich extracts.

. e == m™

Figure 1. Flowchart of grape pomace preparation from fresh grapes to the final powdered form
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2.2 Reference analyses

2.2.1 Total monomeric anthocyanins

Samples obtained using 80% ethanol acidified with
0.01% HCI (1:10, v/v) were diluted with buffer solutions at
pH 1.0 and 4.5. Absorbance was measured at 520 and 700
nm utilizing a UV—Visible spectrophotometer (UV-1280,
Shimadzu, Kyoto, Japan). The difference of absorbances
between the two pH settings was used to determine the
monomeric anthocyanin content, expressed as mg cyanidin-
3-glucoside (cyn-3-glu) equivalents per 100 g of sample
[35].

2.2.2 Total phenolic content

The Folin—Ciocalteu (FC) technique was used to
calculate the extracts' total phenolic content [36]. The
experiment works by having phenolic chemicals reduce the
Folin—Ciocalteu reagent in an alkaline solution, resulting in
a blue-colored complex. For extraction, samples were
prepared in 80% ethanol acidified with 0.01% HCI (1:10,
w/v).

Following a two-hour incubation period at room
temperature, aliquots from the extracts were successively
mixed with 0.2 N Folin—Ciocalteu reagent and 7.5% sodium
carbonate solution. Following incubation, absorbance was
measured at 765 nm utilizing a UV-Visible
spectrophotometer (UV-1280, Shimadzu, Kyoto, Japan).
The total phenolic content was quantified as mg of gallic acid
equivalents (GAE) per 100 g of sample, applying a
calibration curve constructed from gallic acid standards.

2.2.3 Total flavonoids

The aluminum chloride colorimetric technique was used
to determine the extracts' total flavonoid content [37]. In
summary, 100 uL of 1 M potassium acetate, 100 pL of 10%
aluminum nitrate, and 4.4 mL of 96% ethanol were added to
the extracts. Following a 40-minute incubation at room
temperature in darkness, absorbance was assessed at 415 nm
utilizing a UV-Visible spectrophotometer (UV-1280,
Shimadzu, Kyoto, Japan). Results were reported as
milligrams of quercetin equivalents (QE) per 100 grams of
material.

2.2.4 Proanthocyanidins

The butanol-HCl test was used to assess the
proanthocyanidin content [38]. For each reaction, 0.25 mL
of extract was combined with 2.5 mL of butanol containing
5% HCI and 50 pL of ferrous sulfate solution. The mixtures
were incubated either in darkness for 30 minutes or at 92°C
for 1 hour, followed by cooling in an ice-water bath.
Absorbance was subsequently quantified at 550 nm utilizing
a UV-Visible spectrophotometer (UV-1280, Shimadzu,
Kyoto, Japan). Results were quantified as cyanidin per 100 g
of material.

2.2.5 CUPRAC (Cupric-lon- reducing antioxidant
capacity-copper reducing antioxidant capacity)

As the chromogenic reagent, neocuproine (Nc) was used
in the cupric ion reducing antioxidant capacity (CUPRAC)

test [39]. This approach involves the reduction of the Cu(Il)—
Nc complex to the Cu(I)-Nc chelate, resulting in an
absorbance maximum at 450 nm. For the reaction, 0.01 M
CuClz, Nc, and 1 M ammonium acetate buffer (pH 7.0) were
added to the extracts and incubated for 30 minutes at ambient
temperature. Absorbance was subsequently quantified at 450
nm utilizing a UV-Visible spectrophotometer (UV-1280,
Shimadzu, Kyoto, Japan), with antioxidant capacity
represented as mg Trolox Equivalents (TE) per 100 g of
material.

2.2.6 DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical
scavenging capacity)

The DPPH radical scavenging test was used to evaluate
the extracts' antioxidant properties [40]. This method
depends on measuring the decrease in absorbance of the pink
DPPH radical at 517 nm. In the process, 300 uL of 1 mM
DPPH solution was combined with 100-500 pL of sample
extract, and the total volume was adjusted to 3 mL using
solvent. The mixtures were incubated at ambient temperature
for 15 minutes, following which absorbance was measured
at 517 nm using a UV-Visible spectrophotometer (UV-1280,
Shimadzu, Kyoto, Japan). Radical scavenging activity was
quantified as the effective concentration (ICso, mg
extract/mL) necessary to block 50% of the DPPH radicals.

2.3 NIR spectra collection

NIR spectra of grape pomace powders were obtained
employing an FT-NIR Nicolet iS50 Flex Gold spectrometer
(Thermo Fisher Scientific, Madison, WI, USA). The system
had a Ge-coated KBr beamsplitter and an Indium Gallium
Arsenide (InGaAs) detector, with spectra acquired in
reflection mode. During measurement, the rotating sample
holder of the NIR module was used to obtain representative
spectrum across the entire sample surface.

Approximately 10 g of the powdered sample was placed
in a glass Petri dish for each analysis. A total of 64 scans
were collected in the 10,000—4,000 cm™ range at a spectral
resolution of 4 cm™. Background spectra were recorded
before each measurement using an empty Petri dish. For each
sample, two independent spectra were recorded. Between
successive measurements, the portion of the powdered
sample (~10 g) placed in the Petri dish was replaced to
ensure representative spectral acquisition. The Petri dish was
rinsed with distilled water and cleaned with 70%
ethanol/water (v/v) in between measurements. All spectra
were acquired and analyzed with Omnic 9 software (Thermo
Fisher Scientific, Madison, WI, USA).

2.4 Statistical analysis

SPSS software was used to perform statistical analyses
(IBM SPSS Statistics, Armonk, NY, USA). Prior to testing,
the data were evaluated for normality and homogeneity of
variances. Then, an independent two-sample #-test was
applied to compare the groups. A significance threshold of p
< 0.05 was considered for all statistical evaluations.
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2.5 Chemometrics

Spectral data were processed and subjected to
chemometric analysis using Pirouette 4.5 (Infometrix, Inc.,
Bothell, WA, USA). PCA Principal Component Analysis
(PCA) is a multivariate method frequently employed to
diminish the dimensionality of extensive datasets. It converts
the original variables into a new collection of uncorrelated
variables, called principal components, which are expressed
as linear combinations of the original data. These
components capture the highest achievable variance in the
dataset using the minimal number of factors. PCA is most
effective when the variables in the dataset exhibit strong
positive or negative correlations, enabling the method to
reduce the data into fewer significant dimensions.

PCA, being an unsupervised method, is frequently
employed prior to calibration modeling to find outliers,
detect spectra influenced by unidentified errors, and analyze
natural clustering within the data [41]. This study employed
PCA to investigate whether samples of grape pomace
powder displayed any intrinsic grouping and to determine
the parameters responsible for such clustering before
performing PLSR analysis.

2.5.1 PLSR

Partial Least Squares Regression (PLSR) is a supervised
multivariate analytical method that integrates elements of
both Principal Component Analysis (PCA) and Multiple
Linear Regression (MLR). PLSR models the link between
spectral data and reference values, accommodating
variability from both instrumental measurements and
reference assays. Due to its capacity to manage highly
collinear and high-dimensional data, it has emerged as a
standard instrument in both academic research and industrial
applications for quantitative model building [42]. Instead of
using thousands of spectral variables directly, PLSR extracts
a limited number of latent variables, called PLS factors,
which capture the relevant information needed to explain the
variation in the dataset and to predict the reference
parameters [43]. In most cases, fewer than 10 PLS factors are
sufficient to build robust models.

In this study, calibration models were developed using all
24 grape pomace powder samples (48 spectra). Model
performance was evaluated using internal cross-validation
with the leave-one-out approach. In this procedure, the
spectrum of one sample was excluded from the calibration
set, and its reference value was predicted using the remaining
47 samples. This process was repeated until every sample
had been left out once, allowing for the calculation of cross-
validation statistics, including the standard error of cross-
validation (SECV) and the correlation coefficient of cross-
validation (rCV).

Complete NIR spectral region (10,000—4,000 cm™) was
first incorporated in the model building. Regions with
insufficient signal-to-noise ratios or absent pertinent spectral
information were eliminated to enhance robustness. The
evaluation of model performance was conducted using
calibration statistics (SEC, rCal), cross-validation statistics
(SECV, rCV), and diagnostic instruments, including loading
plots and leverage values, to identify probable outliers.

Outlier samples exhibiting high leverage were re-evaluated,
and models were recalibrated as necessary. The precision of
the calibration models was also assessed by correlation
coefficients: Values ranging from 0.50 to 0.65 signify the
capacity to differentiate between high and low
concentrations, 0.66 to 0.81 imply approximate quantitative
predictions, 0.82 to 0.90 indicate acceptable quantitative
accuracy, and values exceeding 0.91 exhibit exceptional
predictive capability [44].

3 Results and discussions

3.1 Reference analyses

The results of the reference chemical analyses for the 24
grape extracts (9 from red/pink grapes and 15 from
purple/black grapes) are shown in Table 1. All measurements
were performed in duplicate, and the data are reported with
meantstandard deviations per sample as well as minimum,
maximum, and average values for the groups of red/pink and
purple/black grape groups.

Anthocyanins are water-soluble flavonoids responsible
for the red to blue pigmentation in many fruits and are valued
not only as natural colorants but also for their strong
antioxidant and therapeutic properties [45]. In grapes, these
compounds are concentrated mainly in the skins, while other
phenolics such as proanthocyanidins and flavonols are also
present in skins and seeds [46]. In this study, the monomeric
anthocyanin content of grape pomace extracts ranged from
7.44 to 144.0 mg cyn-3-glu/100 g (Table 1). Red—pink
grapes contained considerably lower anthocyanin levels
compared with purple-black grapes, which is consistent with
their pigmentation (p < 0.05). Documented values in the
literature exhibit considerable variability in specific red
varieties [47], underscoring the impact of grape cultivar and
extraction techniques. Statistical analysis confirmed that the
differences observed between red—pink and purple—black
grapes were significant (p < 0.05).

The total phenolic content of the grape pomace extracts
is presented in Table 1. Values ranged from 1115 to 4813 mg
GAE/100 g DM across all samples. The mean phenolic
content of red—pink grape pomace (<1586 mg) was
statistically lower than that of purple-black pomace (<2485
mg), indicating a significant difference between the two
groups (p <0.05). This color-dependent variation aligns with
the increased accumulation of polyphenols, particularly
anthocyanins, in darker grape cultivars. In comparison to
prior investigations, the phenolic levels recorded in this
research were lower than the level reported by Hubner [7],
who measured 141.1 mg GAE/g DM in Cabernet Sauvignon
pomace. On the other hand, our results were higher than that
of reported by Zhao [48]. In that study, the total phenolic
content of red grape pomace was reported as 757.36
mg/GAE per 100 g. This discrepancy among studies may be
attributed to grape cultivar, agronomic circumstances,
harvest ripeness, and methodological variations in extraction
and analysis.

Flavonoids are a heterogeneous collection of low
molecular weight secondary metabolites characterized by
potent antioxidant properties and other biological effects,
including anti-inflammatory, antibacterial, and anticancer

1533



NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. 2025; 14(4), 1530-1541
H. Ayvaz, M. A. Dogan

activities [49-50]. In grapes, soluble phenolics are
predominantly found in the skins, seeds, and stems,
constituting one of the most concentrated natural sources
[51]. The total flavonoid content of grape pomace extracts in
the present study varied from 8.05 to 40.75 mg QE/100 g DM
(Table 1). Red—pink grape samples had lower flavonoid
levels than purple-black samples, yet the difference was not
statistically significant. Prior research has indicated a diverse
spectrum of flavonoid concentrations in grape pomace and
associated matrices. lora et al. [52] quantified 21.21 mg of
catechin per gram in Merlot, 16.48 mg of catechin per gram
in Tannat, and 29.83 mg of catechin per gram in Cabernet
Sauvignon pomace. Makris et al. [53] reported 52.89 mg of
catechin per gram in red grape pomace, whereas Yilmaz [54]
recorded 17.59 mg of catechin per gram in mixed grape
pomace. In other matrices, Darici [55] documented quercetin
concentrations ranging from 58.95 to 135.72 mg/L in red
wine, whereas Kasirga [56] noted 2.44 mg quercetin per 100
mL in black grape pomace extracts. In comparison to these
findings, the flavonoid levels identified in the current
research align with the extensive range published in the
literature, despite some values varying remarkably. These
variances are likely attributable to changes in grape cultivar
and maturity, climatic and agronomic circumstances, and
differences in extraction or analytical methodologies.
According to our results, the proanthocyanidin content of
grape pomace extracts ranged from 326 to 1890 mg cyanidin
equivalents/100 g DM (Table 1). On average, red—pink grape
samples contained lower levels than purple—black samples.
Antioxidants are compounds present in small amounts in
foods that can prevent, delay, or control the oxidation of food
constituents, thereby reducing spoilage and extending shelf
life [57]. Phenolic chemicals in plant-based extracts are the
primary contributors to antioxidant activity, as they may
neutralize free radicals and limit lipid oxidation in food [58-
59]. The DPPH test is one of the most frequently utilized
procedures due to its sensitivity and simplicity. This
approach involves the reduction of the deep purple DPPH
radical to a pale yellow hydrazine upon reaction with an
antioxidant that can donate a hydrogen atom. This study
evaluated the antioxidant activity of grape pomace extracts
utilizing DPPH and CUPRAC tests. The ICso values for
DPPH varied between 0.44 and 1.39 mg/mL. Red-pink grape
extracts had values comparable to those of purple-black
grapes, with no statistically significant difference between
the two groups. For CUPRAC, results ranged from 3576 to
13279 mg TE/100 g, with red—pink grape extracts typically
demonstrating decreased antioxidant capacity compared to
purple-black grapes. In this case, statistical analysis
confirmed a significant difference between the two groups (p
<0.05). When compared with literature values, our findings
fall within the broad range reported for grape pomace and
related products. Yilmaz [54] measured ICso values of pg/mL
in grape pomace, and Rockenbach et al. [60] reported 188—
505 pumol/g in Bordeaux, Merlot, Cabernet Sauvignon, and
Isabel red grape pomace. Luchian et al. [61] recorded
quantities ranging from 98.1 to 144.9 pg/mL in red grape
pomace extracts, whereas Bozan et al. [62] documented
amounts between 2.71 and 4.62 pg/mL in grape seeds.

Although some of our findings were inferior to previously
recorded values, the general trends corresponded with
established research, suggesting that darker-hued grapes
generally had superior antioxidant properties due to their
higher amounts of phenolics and anthocyanins.

In light of the reference data, pomace samples in this
study were dried at 60°C to provide stable and uniform
powders appropriate for grinding and NIR analysis. This
method ensures microbiological safety, consistent particle
size, and reliable spectral measurements; however, it is
important to recognize that extended drying at elevated
temperatures may result in the partial degradation of heat-
sensitive compounds, notably anthocyanins and specific
flavonoids. The quantified phenolic content and antioxidant
capacity may reflect diminished values compared to those
found in fresh pomace. Nonetheless, this processing step was
essential to provide uniformity in sample handling and to
enable reliable chemometric modeling.

3.2 NIR spectra of the samples

The overlaid NIR spectra of grape pomace powders
exhibited several characteristic absorption bands consistent
with previous reports on pomace matrices [63-65]. In the
high-wavenumber region (9000-8000 cm™), absorptions
were associated with the second overtone of -CH, —CH>, and
—CHs vibrations, reflecting contributions from carbohydrates
and lipids. A broad band between 7622 and 6507 cm™
corresponded to the second overtone of —OH stretching,
mainly attributed to water and hydroxyl groups in phenolic
compounds. Distinct absorptions between 6000 and 5600
cm ! were assigned to the first overtones of —CH, —CHz, and
—CHs, again linked to carbohydrates and lipids. The band at
5350-5000 cm™ was related to the overtone and combination
modes of —OH vibrations from water molecules. In the
region between 5000 and 4500 cm™', the absorptions
originated from —NH, —CHO, and -NH/~CH combination
bands, indicating the presence of proteins and carbohydrate
structures. Finally, the intense features between 4400 and
4200 cm™ were attributed to —CH, —CH., and —-CHs
combination bands, which are also characteristic of lipids
and  carbohydrates.  Collectively, these  spectral
classifications emphasize the chemical complexity of grape
pomace, illustrating the roles of water, phenolics,
carbohydrates, proteins, and lipid components.

Following normalization and SNV transformation,
baseline variation in grape pomace spectra was reduced,
thereby enhancing the visibility of minor compositional
differences among samples. Significant differences were
observed in particular spectral regions. Variability in the
second overtone of —CH, —CHz, and —CH3s vibrations was
observed in the high-wavenumber region (9000-8000 cm™),
indicating differences in carbohydrate and lipid content
among samples. Further separation was observed between
7622 and 6507 cm™!, indicative of the second overtone of —
OH stretching, which demonstrates variability in moisture
content and hydroxyl groups derived from phenolics.
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Figure 2. Overlaid mean-centered and Standard Normal Variate (SNV)-corrected NIR spectra of all grape pomace samples

Divergence was observed in the 6000—5600 cm™ region,
attributed to the first overtones of CH, —CH>, and —CHs,
indicating variations in sugar- and lipid-related constituents.
Detectable variations were noted in the 5350-5000 cm™
band, attributed to —OH overtones from water molecules, and
in the 50004500 cm™ region, linked to -NH, —CHO, and —
NH/-CH combinations that indicate the presence of proteins
and carbohydrate structures. Differences between 4400 and
4200 cm™, which correspond to —CH, —CH:, and —CH3
combination bands, also contributed to the clustering of
samples. The variations collectively highlight the natural
diversity of grape pomace regarding water, phenolics,
carbohydrates, proteins, and lipid fractions [63-65].

3.3 PCA Analysis

PCA was utilized to illustrate the variation in NIR spectra
of grape pomace powders. The first three principal
components represented 95.1% of the total variance, with
PC1 contributing 73.4%. The PCA score plot (Figure 3)
demonstrated a distinct separation between samples from
pink/red grapes and those from purple/black grapes. The
clustering indicates that spectral variability is significantly
affected by grape color, aligning with variations in
anthocyanin  concentration and overall  phenolic
composition. The distinct grouping pattern indicates that
PCA can effectively capture natural chemical variation
within grape pomace samples and serves as a useful
preliminary step before quantitative PLSR modeling.

Factor 1 (73.4%)

Factor3 (4.3%)

Pink/reddish grapes

Factor2 (17.4%)

Purple/black grapes

Figure 3. PCA Scores of all grape pomace samples
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3.4 PLSR models

The PLSR calibration models constructed from NIR
spectra of grape pomace powders demonstrated strong
predictive performance across all bioactive compounds
investigated (Table 2). Y-plots for the developed PLSR
models are also shown in Figure 4, indicating the good
correlations between the results of the reference analyses and
NIR-predicted levels of the parameters of interest. The total
monomeric anthocyanins varied from 7.44 to 144 mg cyn-3-
glu/100 g. The models demonstrated a strong fit, with
calibration and cross-validation coefficients of 0.99 and
prediction errors of SEC = 1.42 and SECV = 5.29 mg cyn-3-
glu/100 g. The total phenolic content ranged from 1115 to
4813 mg GAE/100 g and was accurately predicted, achieving
rCal =0.99 and rCV = 0.95, with a SEC of 118 and a SECV
of 293 mg GAE/100 g. Total flavonoids and
proanthocyanidins were modeled with significant predictive
accuracy, exhibiting rCV values of 0.95 and 0.98,
respectively, along with relatively low error rates.

Antioxidant capacity assays produced some of the
strongest results: CUPRAC, which varied from 3576 to
13279 mg TE/100 g, achieved rCal = 0.99, rCV = 0.98, and
SECV = 548 mg TE/100 g, while DPPH provided near-
perfect performance (rCV = 0.99; SECV = 0.020 mg ICso).
Together, these results confirm that NIR-PLSR can be used
as an alternative tool to predict phenolic and antioxidant
properties in grape pomace.

When compared with previous research, our findings are
largely consistent with earlier reports on grapes and
winemaking by-products. Ferrer-Gallego et al. [66] utilized
NIR spectroscopy in conjunction with modified PLSR on
whole grapes and grape skins, achieving high coefficients of
determination (R? > 0.95) for anthocyanins, flavonols, and
total phenolics. Consistent with their findings, the models in
this study likewise demonstrated robust calibration and
validation, utilizing dried pomace powders instead of fresh
fruits.

While they observed better models for intact grapes than
isolated skins, our work shows that even processed pomace
retains sufficient spectral information for accurate phenolic
prediction. Comparable trends have been noted in vineyard
applications. Rouxinol et al. [31] indicated that portable NIR
instruments effectively predicted anthocyanins, tannins, and
berry ripeness indices; however, their models for total
phenolics and flavonoids exhibited lower performance (R? =

0.7). In contrast, the benchtop FT-NIR analyses of pomace
powders in this work produced significantly more robust
models (rCV > 0.95). The elevated concentration and
uniformity of dried pomace, along with the superior
resolution of the benchtop instrument relative to the
handheld device, clearly enhanced this performance.

Our results align with the conclusions of Cozzolino et al.
[67], who examined the application of NIR spectroscopy
throughout the grape and wine production chain and
highlighted PLSR as the favored chemometric method for
compositional analysis. Their review emphasized the
effective applications of sugars, acids, anthocyanins, and
other principal components in grapes and wines, while also
identifying problems associated with matrix variability,
water absorption, and sample presentation. This study
centered on grape pomace powders, a more uniform and
concentrated matrix, which likely enhanced the robust
calibration and validation performance noted for phenolics
and antioxidant activity. Our results support the view stated
by Cozzolino and colleagues [67] that vibrational
spectroscopy offers great promise as a rapid, cost-effective,
and versatile tool not only for traditional wine quality
assessment but also for the valorization of processing side
streams.

Direct comparisons with pomace studies further reinforce
our conclusions. Pascoa et al. [65] revealed that ground
pomace yielded more robust PLSR models for total
phenolics and anthocyanins (R? reaching 0.97) in contrast to
raw pomace, highlighting the significance of sample
uniformity. Our use of dried powders aligns with their
findings and may explain the high predictive performance
observed. More recently, Pascoa et al. [65] applied NIR-PLS
to olive pomace and achieved strong models for
compositional traits but weaker predictions for antioxidant
capacity (R? of = 0.5-0.6), requiring the use of PLS-DA for
classification. In contrast, our study achieved high predictive
accuracy for both phenolics and antioxidant assays using
PLSR alone, suggesting that grape pomace is a more
favorable substrate for spectroscopic prediction than olive
pomace, where oil content and cultivar variability
complicate modeling.

Overall, these comparisons show that our results not only
confirm earlier evidence for the feasibility of NIR-PLSR in
its applicability to grape pomace, supporting its valorization
as a sustainable source of phenolic compounds and
antioxidants.

Table 2. Overview of the prediction performance of the developed PLSR models

Analyte Conlc:ntratlon Spectral _llla“ge Factor rCal SEC rCv SECV
ange (cm™)

Total Monomeric Anthocyanins (mg cyn-3-glu/100 g) 7.44-144 10,000-4,000 11 0.99 1.42 0.99 5.29
Total Phenolics (mg GAE/100 g) 1115-4813 10,000-4,000 10 0.99 118 0.95 293
Total Flavonoids (mg QE/100 g) 8.05-40.7 10,000-4,000 11 0.99 0.76 0.95 232
Proanthocyanidins (mg CE/100 g) 325-1890 10,000-4,000 11 0.99 29.3 0.98 77.4
CUPRAC (mg TE/100 g) 3576-13279 10,000-4,000 11 0.99 226 0.98 548
DPPH (mg ICsp) 0.44-1.39 8,384-4,101 10 0.99 0.011 0.99 0.020

SEC (Standard error in calibration), SECV (Standard error in cross-validation), SEP (Standard error in external validation), rCal (Correlation coefficient in

calibration), rCV (Correlation coefficient in cross-validation
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Figure 4. Y Plots of the PLSR models for benchtop FT-NIR detection of (a) total monomeric anthocyanins, (b) total phenolics,
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4 Conclusions

This study demonstrated that NIR spectroscopy
combined with PLSR can be effectively applied to quantify
phenolic compounds and antioxidant capacity in grape
pomace powders. Robust calibration and validation
outcomes were achieved for total phenolics, flavonoids,
proanthocyanidins, anthocyanins, and antioxidant tests
(CUPRAC and DPPH), substantiating the efficacy of this
methodology as a quick and non-invasive substitute for
traditional chemical techniques. These findings emphasize
the significance of grape pomace as a valuable source of
bioactive chemicals, supporting its utilization in food,
nutraceutical, and cosmetic applications.

Nonetheless, certain limits should be recognized. The
quantity of samples, especially the ratio of pink/red to
purple/black grape pomaces, should be increased in further
investigations. This will facilitate the creation of distinct
calibration models for each group, offering insights into the
impact of grape color on prediction accuracy, and permit the
incorporation of an independent external validation set to
further evaluate model robustness and generalizability. This
investigation involved drying pomace samples at 60°C to
produce stable and uniform powders for NIR measurements.
Although this assured microbiological safety, consistent
particle size, and reproducible spectra, extended drying at
high temperatures may have partially degraded heat-
sensitive chemicals, such as anthocyanins and flavonoids,
resulting in reduced observed values relative to fresh
pomace. Subsequent studies should thus integrate both fresh
and fermented pomace, along with ethanolic extracts, to
assess potential variations in spectral behavior and model
efficacy. Furthermore, integrating NIR with supplementary
techniques like MIR spectroscopy could enhance the
prediction of bioactive substances.

Collectively, these findings demonstrate the potential of
NIR spectroscopy as a sustainable and scalable method for
valorizing grape by-products, while also setting up
opportunities for further model development through
expanded sample sizes, diverse pomace types, and multi-
spectral techniques.
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