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ARTICLE INFO ABSTRACT

Keywords: Dynamic and nondestructive monitoring of soybean softening during thermal processing is essential for ensuring
Raman spectroscopy consistent texture and quality in processed foods. However, achieving accurate and nondestructive assessment
Soybean

remains challenging, particularly in sealed high-temperature cooking conditions. Therefore, this study investi-
gated the molecular changes in the proteins and pectin released into water during soybean boiling and their
relationship with textural softening. Raman spectroscopy, both with and without the use of ethanol as an internal
standard, was utilized to capture spectral variations. This was supported by chemical quantification of protein
and pectin concentrations and texture analysis. Principal component analysis identified key Raman peaks at 682
em! (C-S), 558 em ! (S-S), and 936 em! (glycosidic linkages), reflecting the accumulation of solubilized
components and correlating strongly with textural softening (R = 0.69-0.73). The addition of ethanol improved
spectral stability across replicates without interfering with key molecular signals, enabling more consistent
detection. These findings demonstrate that Raman spectroscopy, when standardized with an internal reference,
offers a reliable, nondestructive method to assess soybean softening in real time. This approach provides a

Protein denaturation
Pectin solubilization
Thermal softening

foundation for future applications in legume quality monitoring and industrial thermal processing control.

1. Introduction

Soybeans (Glycine max) are a globally important legume crop valued
for their high protein content (40-42 % by dry weight) and essential
nutrients (Rahman et al., 2011). In addition to their traditional appli-
cations in products such as natto and tofu, soybeans have gained
increasing attention in ready-to-eat products due to rising demand for
convenient and nutritious foods (Pedone et al., 2024). To improve flavor
and nutrient bioavailability, thermal processing methods like boiling are
commonly employed (Sasipriya & Siddhuraju, 2012). In industrial set-
tings, high-pressure cooking systems have been adopted to shorten
cooking duration and ensure uniform softening. However, these closed
systems hinder temporal monitoring of texture development, often
leading to inconsistent product quality.

In food processing, achieving optimal softening is critical for
ensuring product palatability, reducing energy costs, and meeting in-
dustrial standards for texture consistency. Texture, particularly

hardness, is a key indicator of quality in processed soybeans and in-
fluences consumer acceptance. Softening during thermal treatment is
primarily directed by biochemical changes such as starch gelatinization,
protein denaturation, and pectin solubilization (Chigwedere et al., 2018;
Kyomugasho et al., 2023). Among these, protein denaturation and
pectin solubilization are the critical factors contributing to tissue
breakdown. Thermal treatment causes the unfolding of proteins, thereby
exposing hydrophobic regions and sulfhydryl groups, which may result
in aggregation and reduced functionality (Aryee et al., 2018; Kong et al.,
2023). Meanwhile, pectin is a primary component of the middle lamella
and undergoes solubilization upon heating, weakens intercellular
adhesion, and promotes cell separation (Chigwedere et al., 2018; L.
Zhang & McCarthy, 2013; Zhu, Che, et al., 2023). The extent of poly-
galacturonic acid release is closely associated with texture loss (Van
Buren, 1979). Although starch granules swell during cooking, their ef-
fects on structural changes are considered secondary (Chen et al., 2022).

As these key components leach into the cooking water, their analysis
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offers a promising, non-destructive strategy for assessing structural
degradation. Various spectroscopic techniques, including near-infrared
(NIR), Fourier transform infrared (FTIR), and ultraviolet—visible
(UV-Vis) spectroscopy, have been applied to monitor soluble compo-
nents in aqueous matrices. For instance, NIR spectroscopy has success-
fully predicted the dry matter content in soaking water (Lukacs et al.,
2025), and FTIR has been applied to quantify soluble pectin in orange
juice, especially when enhanced by chemometric models (Bizzani et al.,
2020). Despite their demonstrated potential, these methods often
require extensive calibration, advanced statistical modeling, and
high-performance instrumentation, which can limit their applicability
for temporal monitoring. Furthermore, all these techniques face internal
limitations in aqueous environments. NIR and FTIR suffer from strong
water absorption bands that interfere with weak molecular signals from
target solutes (Chang et al., 2018; Liu et al., 2022), whereas UV-Vis is
generally limited to chromophoric compounds and is not suitable for the
direct detection of colorless molecules, such as proteins and pectin.

Given the limitations of these techniques, there is a strong need for a
non-destructive, water-tolerant method that can dynamically capture
the biochemical changes responsible for soybean softening. Raman
spectroscopy satisfies these requirements due to its insensitivity to
water, specificity to molecular vibrations, and minimal sample prepa-
ration needs (Abreu et al., 2019; Almeida et al., 2011; Massei et al.,
2024). Unlike other techniques, it allows direct detection of molecular
transformations in cooking water without interference, offering flexible
time-point insights into protein denaturation and pectin solubilization.
Raman spectroscopy provides time-resolved monitoring of softening
behavior during thermal processing, and advanced systems have been
developed to function reliably even under high pressure and tempera-
ture in sealed environments.

The objectives of the study were to (1) investigate the molecular
changes in proteins and pectin-derived acidic polysaccharides released
into cooking water during soybean thermal processing using handheld
Raman spectroscopy, (2) correlate spectral variations with chemical
composition and texture measurements, and (3) develop a predictive
model for the monitoring of softening progression over cooking time.
This approach is expected to support improved control strategies in in-
dustrial processing environments and enhance product consistency.

2. Materials and methods
2.1. Soybean samples and sample preparation

Dried soybeans (Hokkaido Tokachi, Tokyo, Japan; initial moisture
content 6.88 + 0.18 % d.b.) were purchased from a local supermarket in
Gifu, Japan and stored at room temperature (25 °C). The protein content
was determined as 35.1 % by the Japan Food Research Laboratories
(General Incorporated Association). Three soybeans (1.05 + 0.02 g)
were soaked in 6 mL of distilled water in a glass tube and incubated at
25 °C (MIR-154, PHC, Tokyo, Japan) for 24 h. The soaking procedure
was adapted from previously reported methods (Agume et al., 2017) to
promote water absorption and facilitate the softening process during
boiling. After soaking, the tubes were subsequently boiled in a water
bath at 90 °C for varying durations (0, 30, 60, 90, and 120 min), with the
time intervals selected with reference to previous studies on bean soft-
ening under atmospheric pressure boiling (Anzaldtia-Morales et al.,
1996). The sample of 0 min was used as the unheated control for com-
parison. For each sampling time moment, five replicate tubes were
collected. The samples were rapidly cooled to 25 °C using an ice bath
(for 30 s) to standardize the measurement conditions. Boiled water was
analyzed using Raman spectroscopy and subjected to quantitative
analysis of protein and pectin concentrations. Concurrently, the textural
properties of the boiled soybeans, specifically hardness, were evaluated
using instrumental texture analysis.
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2.2. Hardness

The hardness, defined as the maximum force (N) of the samples, was
measured via a penetration test using a texture analyzer (TA. XT Plus,
Stable Micro Systems, Surrey, UK) equipped with a P/2 probe (2 mm) at
25 °C. The probe was inserted into the center position of the sample to
75 % strain at a penetration speed of 1 mm/s, following previously re-
ported methods with slight modifications (Chigwedere et al., 2018;
Tafiire et al., 2024). Texture measurements were conducted on five
replicate samples at each boiling time point.

2.3. Raman spectroscopy

Raman spectroscopy measurements were performed based on a
previous study (Hirotsu et al., 2025). A PalmTop Raman Spectrometer
(PR-1w, JASCO, Tokyo, Japan) was used with a measurement range of
3000-200 cm ™ '. The maximum laser output was set to 50 mW with an
exposure time of 1 s and 64 accumulations per measurement.

Samples of boiled water were taken at five different times during
heating at the specified time points and analyzed using Raman spec-
troscopy. Two types of sample preparation methods were employed
depending on whether an internal standard was used. The use of internal
standards in Raman spectroscopy has been shown to correct variations
in laser intensity and inner filter effects, thereby enhancing the repro-
ducibility and accuracy of measurements (Diz et al., 2022). In this study,
50 % ethanol as an internal standard was added because of its stable
Raman signal and minimal spectral interference with the target analytes
in cooking water. These approaches aimed to ensure measurement
consistency and accurate quantitative comparisons. For measurements
without an internal standard, 10 pL of boiled solution was directly
placed onto the dedicated sample container (JASCO measurement plate)
of the Raman spectrometer. For measurements with internal standards,
boiled solutions (8 pL) from each boiling time point were mixed with 50
% ethanol (2 pL). A distinct and consistent ethanol peak corresponding
to C-C-O deformation vibration was observed at 1050 c¢m - (Zhang
et al., 2025) and was used as a reliable internal reference for spectral
normalization in this study. This peak did not interfere with the detec-
tion of protein- and pectin-related signals, thus supporting the suitability
of ethanol as an internal standard for the Raman-based monitoring of
soybean cooking water. This consistency supports the suitability of
ethanol as an internal standard for Raman-based molecular analysis of
complex food matrices, such as boiled soybean water. The measure-
ments were repeated five times for each condition.

For samples containing the internal standard, spectra were normal-
ized according to the following:

Normalized Intensity = Isample /Iethanol @

2.4. Principal component analysis (PCA) for spectral characteristic
analysis

PCA was conducted on normalized Raman spectra obtained from two
kinds of sample conditions, with and without internal standard. This was
done using MetaboAnalyst 6.0 (Xia Lab, McGill University, Montreal,
Canada) to identify clustering patterns among samples at different
boiling times. Spectral data underwent rigorous filtering as follows: (1)
exclusion of features with a relative standard deviation > 25 % to
minimize noise and (2) removal of low-variance features (lowest 40 %
by interquartile range) and low-intensity signals. This approach was
adapted from a previously reported method with modifications (Shen
et al., 2016). All data were subsequently mean-centered and scaled to
the unit variance. The first principal component (PC1), which explained
the largest proportion of variance, was primarily used for subsequent
analyses owing to its association with cooking duration trends.
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Fig. 1. Changes in soybean hardness during thermal processing at 90 °C over time. Error bars represent standard deviation (SD, n = 5). Different lowercase letters

indicate statistically significant differences at p < 0.05 (Tukey—Kramer test).

The PCA loadings were calculated to identify the Raman shifts that
contributed most significantly to the observed spectral variations. Crit-
ical Raman shifts were extracted from the PC1 loading plot, with abso-
lute loading values greater than 0.7 considered significant, thereby
indicating dominant contributions to spectral variation. This threshold
was adopted based on criteria commonly used in PCA interpretation
(Jolliffe, 2002). Peaks meeting this threshold were mapped to charac-
teristic molecular vibrations for structural analysis during thermal
processing.

2.5. Quantitative chemical analysis

2.5.1. Protein concentration

The protein concentration was determined based on Miranda (2024)
via the Bradford method using a Bio-Rad Protein Assay Kit II (1.73
mg/mL, #5000002, Hercules, CA, USA). Bovine serum albumin (BSA)
was used as the standard protein. The dye reagent was prepared by
diluting one part of the Dye Reagent Concentrate with four parts of
deionized water and filtering it through Whatman #1 filter paper to
remove particulates. A standard curve was constructed using the
following four concentrations of BSA: 0.05, 0.12, 0.38, and 0.5 mg/mL.

Samples of boiled water were collected at the predefined sampling
time points and pre-diluted 10 times with distilled water before mea-
surement. Each standard (10 pL) and sample solution (10 pL) were
pipetted into separate wells of a microtiter plate, followed by the
addition of 200 pL of diluted dye reagent to each well. The sample and
reagent mixture were thoroughly mixed using a microplate reader
(Thermo Scientific™ Varioskan™ LUX, Waltham, MA, USA). The plate
was incubated at 25 °C for 20 min to allow complete color development.
Absorbance was measured at 595 nm using a microplate reader. All
measurements were performed in triplicate, and the average values were
used for data analysis.

2.5.2. Pectin concentration

The pectin concentration was measured based on Umehara et al.
(2025) using the carbazole sulfate method. A mixture was prepared by
combining 500 pL of sulfuric acid (98 %) and 100 pL of sample solution,
which had been pre-diluted 50 times. After mixing, 20 pL of carbazole
reagent was added to the solution. The mixture was then heated at
100 °C for 20 min. Standard solutions of galacturonic acid (GalA) were
prepared at concentrations of 0, 10, 20, 40, 80, and 160 pg/mL. The
absorbance was measured at 540 nm using a microplate reader.

2.6. SDS-PAGE electrophoresis

After centrifugation of each sample at 3000xg for 8 min, the su-
pernatant was collected and heated at 95 °C for 5 min, then cooled to
room temperature before loading.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was performed with a 12 % precast gel (Mini-PROTEAN TGX,
Bio-Rad, USA) in a Bio-Rad mini-gel slab electrophoresis system (Bio-
Rad Laboratories, Richmond, CA, USA). The volume of the protein
marker (Spectra Multicolor Broad Range Protein Ladder, Thermo Sci-
entific, USA) loaded was 5 pL, and the volume of each sample was 20 pL,
respectively. Electrophoresis was conducted at a constant voltage of 200
V for 40 min, followed by staining with Bio-Safe Coomassie Stain
(#1610786, Bio-Rad, USA).

2.7. Development of texture prediction model from Raman characteristics

The following four key Raman shifts were identified as substantial
molecular markers: disulfide (S-S) bonds at 558 cm’l, C-S bond at 682
em™, glycosidic at 936 ecm™! (C-C stretching in polysaccharide back-
bone), 944 cm ! (glycosidic bonds in pectin structures), and C-H
deformation vibration at 1458 cm ™. These spectral markers represent
the molecular transformations occurring during boiling, which are
closely associated with soybean softening behavior, as revealed by the
chemical and textural measures in this study.

2.8. Statistical analysis

Statistical significance was determined for hardness, Raman in-
tensity, the quantified solubilized components and correlation analyses
of the samples under different cooking conditions. PCA was performed
using MetaboAnalyst 6.0 to extract key features and identify clustering
patterns in the Raman spectral data. Multiple comparisons between
different cooking times points were conducted using the Tukey-Kramer
test (R x 64 3.6.2, R Development Core Team, New Zealand), and p-
value of less than 0.05 was considered statistically significant.

3. Results and discussion
3.1. Changes in soybean hardness during cooking

As shown in Fig. 1, soybean hardness decreased from 11.65 N at 0



W. Liet al.

LWT 233 (2025) 118535

Intensity (a.u.)

120 min
90 min
60 min
30 min
0 min
= I = 1 L I = 1 o I |
0 500 1000 1500 2000 2500 3000
Raman shift (cm1)
B Ethanol peak at 1050 cnr1
120 min
N
~~ .
- " r\ A 90 min
& -\
.’go
g 60 min
[}
= ade
L=
" ﬂ A 30 min
N\
0 min
)
o I i 1 L) I ] 1 G L
0 500 1000 1500 2000 2500 3000

Raman shift (cm-1)

Fig. 2. Raw Raman spectral profiles of cooking water at different boiling times: (A) without internal standard and (B) with 50 % ethanol internal standard. The
differences are due to intensity variation, not peak shifts or compositional changes, indicating improved reproducibility with ethanol normalization.
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Fig. 3. PCA score plots of Raman spectra from cooking water at different boiling times: (A) without internal standard and (B) with 50 % ethanol internal standard.

min to 5.77 N at 120 min, indicating progressive softening, likely
reflecting the breakdown of cellular integrity relevant to cooking
texture. A statistically significant decrease in hardness was observed
within the first 30 min (p < 0.05), indicating that softening initiates
early in the cooking process. The decline in hardness further intensified

from 60 min onward, after which the value stabilized between 90 and
120 min.

This early reduction in hardness indicates the onset of structural
breakdown, primarily due to the solubilization of pectic substances in
the middle lamella, which weakens intercellular adhesion and initiates
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Table 1
Comparison of Raman peak positions and intensities in cooking water samples
with and without 50 % ethanol internal standard.

With 50 % ethanol Without 50 % ethanol

Raman shift Absolute Loading Raman shift Absolute Loading

(em™1) Value (em™1) Value
682 0.960 1087 0.996
558 0.951 631 0.990
936 0.944 534 0.983
491 0.931 824 0.979
640 0.925 403 0.960
377 0.912 932 0.925
519 0.912 1261 0.850
235 0.805 2937 0.763
298 0.801 690 0.737
964 0.759 856 0.734
1062 0.749 1156 0.732
919 0.745 585 0.730
335 0.725 906 0.715
695 0.715 338 0.705
464 0.713 1283 0.703
610 0.705 1241 0.701
410 0.704 1021 0.701
586 0.702 440 0.700

tissue disintegration (An et al., 2024). As heating continues, protein
denaturation and continued pectin dissolution further compromise the
structural integrity, accelerating softening. This interpretation is sup-
ported by previous studies reporting strong correlations between the
solubilization of pectin or proteins and texture degradation. An et al.
(2025) reported a strong negative correlation between pectin solubili-
zation and bean hardness (r = —0.977; p < 0.0001), which supports the
current finding of early and progressive softening linked to macromo-
lecular changes. Similarly, protein denaturation has been shown to
correlate with texture loss (r = 0.96-0.99), emphasizing its role in ma-
trix destabilization during heating (Zhu, Che, et al., 2023). The com-
bined dissolution of pectin and structural proteins, as demonstrated by
Zahir et al. (2021), contributes to the weakening of intercellular adhe-
sion and the disintegration of cellular structure, which helps explain the
decline in hardness and tissue disintegration observed at later stages.
Such findings enhance the connection observed in this study between
texture degradation and the dissolution of structural macromolecules,
including pectin and protein (Siqueira et al., 2013). The leaching of
pectin and protein during softening offers a measurable signal that can
be monitored by Raman spectroscopy to predict textural changes in
cooked soybeans.

3.2. Raman spectral profile of soybean cooking water

3.2.1. Comparison of samples with and without internal standard

The Raman spectra of soybean cooking water at different boiling
time points are presented in Fig. 2. The spectra were analyzed under the
following two different conditions: without an internal standard
(Fig. 2A) and with an internal standard (Fig. 2B). Progressive changes in
spectral intensity were observed with increasing boiling time, without
alteration of peak positions, indicating enhanced signal strength rather
than changes in chemical composition. In Fig. 2A, although the overall
spectra remain consistent, numerous small fluctuating peaks are
observed, thereby resembling spectral noise. These fluctuations suggest
variability in signal acquisition and limited. reproducibility. By contrast,
Fig. 2B shows sharper and more consistent peak profiles. This
enhancement is attributed to the addition of ethanol as an internal
standard. The stable peak at approximately 1050 cm ™! provided a fixed
reference for spectral normalization, thus effectively minimizing
instrumental and sampling variability across measurements and ulti-
mately improving the reliability and clarity of the spectra. Importantly,
the ethanol peak of 1050 cm™! does not overlap with the key molecular
regions used to analyze soybean-derived compounds, such as proteins
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and pectin. This study follows widely accepted principles in spectral
analysis, which suggest choosing reference peaks that do not mix with
the main signals of target compounds (Aarnoutse & Westerhuis, 2005).
These findings support the reliability of using a non-interfering internal
standard in Raman spectroscopy to improve data reproducibility and
interpretability during thermal processing, besides emphasize its capa-
bility for time-course monitoring or observation of compositional shifts
within complex food matrices.

3.2.2. Identification of characteristic Raman bands

Improved spectral clarity enabled the consistent identification of
major Raman bands related to the solubilized components. PCA, as
shown in Fig. 3, revealed a time-dependent spectral variance across the
boiling durations, particularly along PC1, which accounted for the
largest proportion of the explained variation. Based on the PC1 loadings,
specific Raman bands with absolute loading values greater than 0.7 were
identified as the most influential contributors to this variance and are
summarized in Table 1. These peaks include bands at 682 cm ™! and 558
em™, attributed to C-S bonds (methionine, cysteine) (Herrero, 2008;
Li-Chan, 1996) and disulfide bonds in proteins (Lancelot et al., 2021)
respectively. The peak at 936 em ™! is associated with the twisting vi-
bration of the H-C (1)-C (5)-C (4) segment in glycosidic linkages of
pectin (Xu et al., 2024). These vibrational modes are sensitive to changes
in the protein conformation and pectin structure, and their high loading
values indicate their dominant role in distinguishing samples at different
boiling stages.

As shown in Fig. 3B, PCA revealed clearer intragroup clustering
under standardized conditions, indicating improved spectral repeat-
ability. Although the separation between boiling durations remained
moderate, the use of an internal standard enhanced signal consistency,
supporting the reliability of these measurements. PCA serves mainly as a
qualitative visualization tool, and the observed group overlap may
reflect the internal similarity in sample composition (Huang et al.,
2018). Without internal standard, peaks at 1087, 631, and 534 em™!
showed greater variability, likely due to instrumental drift and sample
concentration differences. Normalizing spectra to the ethanol peak at
1050 cm ™! effectively compensated for these variations, adjusting signal
intensities and improving reproducibility across measurements. These
improvements in spectral consistency are consistent with previous
findings emphasizing the importance of signal normalization for reliable
quantitative analysis (Sebben et al., 2018; Silveira et al., 2009).

In addition to the major peaks identified through PCA, several
weaker protein-related bands, such as Amide III (1240 cm_l), C-H
deformation (1458 cm’l), and Amide I (1638 cm’l), were also included
in the subsequent correlation analysis. Although their intensities were
relatively low, these bands are biochemically relevant markers of pro-
tein conformation (Meng et al., 2003; Rygula et al., 2013), hence, they
were retained to explore their potential associations with the texture and
chemical data.

3.3. Temporal trends in key Raman markers during boiling

3.3.1. Protein-related Raman band changes

Raman spectroscopy was used to analyze the leaching of protein-
related molecular species into the cooking water over time. Fig. 4A-E
shows the changes in intensity of the characteristic protein-associated
Raman peaks over time. In Fig. 4A, the intensity of the peak at 558
cm’l, attributed to disulfide (S-S) bonds, increased significantly with
boiling time (p < 0.05), thereby suggesting progressive release of
disulfide-containing protein fragments into the water. This may be
linked to thermal unfolding and solubilization of denatured proteins.
Interestingly, Berhe et al. (2014) reported a decline in the S-S stretching
intensity in meat samples due to thermal cleavage; however, in this
study an increase was observed in cooking water. Similar trends have
also been reported in heated soy protein isolates, where structural
changes involving disulfide bond cleavage and migration were
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Fig. 4. Changes in Raman intensities of protein-related bands during boiling. (A) Disulfide (S-S) bonds at 558 cm’l; (B) C-S bonds at 682 cm’l; (C) Amide III at
1240 cm’l; (D) C-H deformation at 1458 cm’l; (E) Amide I at 1638 cm™ . Error bars represent standard deviation (SD, n = 5). Different lowercase letters indicate

statistically significant differences at p < 0.05 (Tukey—Kramer test).

identified by Raman spectroscopy (Herrero et al., 2009; Yin et al., 2019).
Such findings support the notion that boiling promotes the release of
soluble disulfide-containing fragments into the aqueous phase. This
discrepancy likely reflects the migration and accumulation of cleaved
disulfide-containing fragments into the aqueous phase rather than their
presence in the tissue itself. This suggests that bond rupture promotes
migration into the aqueous phase, which explains the observed upward

trend. Similarly, the C-S bond peak at 682 cm ™ in Fig. 4B, which is
commonly associated with methionine or cysteinyl residues, showed a
notable upward trend, thus indicating increased presence of these
sulfur-containing amino acid fragments in the soluble phase. A compa-
rable increase in Raman intensity due to the exposure or oxidation of
sulfur-based groups has also been reported under different protein
disruption conditions, such as freezing-induced peptide cleavage (Yan
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et al., 2020). This further supports the sensitivity of this band to struc-
tural changes involving sulfur-rich residues. The Amide III band at 1240
em™! (Fig. 4C), which reflects peptide backbone vibrations, moderately
increased over time. This observation is consistent with previous find-
ings that attribute Amide III changes to peptide bond cleavage and
conformational alterations during heating (Mikhonin et al., 2004).
Conversely, the C-H deformation peak at 1458 cm™! (Fig. 4D), which is
typically linked to aliphatic side chains, gradually decreased. This may
reflect the degradation or loss of solubility of hydrophobic moieties
during extended heating. Moreover, the Amide I peak at 1638 cm™!
(Fig. 4E), which is associated with C=0 stretching in peptide bonds, also
declined. This may indicate aggregation or loss of solubility of higher
molecular weight protein fragments (Wang et al., 2024). These com-
bined trends suggest that prolonged heating leads to the partial break-
down and diffusion of specific protein structures, with characteristic
Raman signals reflecting their time-dependent transformation and
release behavior.
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3.3.2. Glycosidic band changes reflecting pectin solubilization

In addition to protein-related changes, the Raman band at 936 cm™
(Fig. 5), which is attributed to glycosidic linkages or C-C stretching
within the sugar backbone of pectic substances, displayed a continuous
increase throughout the boiling period. The steady increase in intensity
suggested the progressive release of pectin and related polysaccharides,
including hemicellulose, into the aqueous phase. This trend is consistent
with the thermal softening of plant cell walls, in which heat disrupts the
middle lamella and releases GalA-rich polysaccharides. As pectin dis-
solves, glycosidic vibrations become increasingly detectable in the
Raman spectra (Pu et al., 2024; Wiercigroch et al., 2017). The study
results reinforce the utility of the 936 cm ™! band as a molecular marker
for tracking the leaching of carbohydrate structures during thermal
treatment. Combined with the observed protein-related spectral
changes, the behavior of this peak contributes to a comprehensive un-
derstanding of the responses of the soybean structural components to
boiling.
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Fig. 6. Quantification of solubilized components in cooking water at different boiling times: (A) protein concentration (mg/mL), (B) pectin concentration (mg/mL).
Error bars represent standard deviation (SD, n = 5). Different lowercase letters indicate statistically significant differences at p < 0.05 (Tukey—Kramer test).
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(~10-25 kDa).
3.4. Solubilization of protein and pectin components

Protein concentration in the cooking water increased from 0.34 +
0.18 mg/mL at 0 min to 0.75 + 0.28 mg/mL at 120 min (Fig. 6A).
However, the differences between time points were not statistically
significant. Based on the measured seed protein content 35.1 % for this
study, the soluble protein concentration remained below 1 mg/mL at
120 min, indicating limited apparent solubilization. This interpretation
was consistent with the SDS-PAGE results (Fig. 7), which showed a
persistent low molecular weight smear (10-25 kDa range, marked by red
boxed region) across time and no gel-top accumulation. At 0 min, a
35-45 kDa band was also observed, which was attributed to diffusion
during the pre-heating soaking step. This band corresponds to the acidic
subunits of glycinin (Cho et al., 2025) and disappeared after 30 min of
heating. Although quantitative analysis indicated that the concentration
of solubilized protein remained low, Raman spectroscopy sensitively
reflected even limited solubilization as intensity differences, particularly
due to the strong responses of S-S and C-S vibrations.

Pectin concentration rose rapidly from 1.99 + 0.52 mg/mL to 6.32
+ 1.21 mg/mL within the first 60 min (Fig. 6B) and then plateaued. This
behavior suggested an early breakdown of the middle lamella and cell
walls, followed by a saturation point at which the most extractable
pectin was released. Statistically significant differences (p < 0.05) were
observed between the samples at different boiling time points, thus
supporting the progressive and time-dependent solubilization of pectin
(Kyomugasho et al., 2023).

3.5. Prediction of soybean hardness based on Raman spectral changes

Regression analysis (Fig. 8A and B) revealed strong negative corre-
lations between soybean hardness and Raman bands corresponding to
disulfide bonds (558 cm’l, R? = 0.69) and C-S bonds (682 cm’l, R? =
0.73). These results suggest that sulfur-containing protein fragments
accumulate in water due to thermal denaturation and solubilization,
thereby contributing to soybean softening. Additionally, C-H deforma-
tion at 1458 cm™! showed a moderate positive correlation [®R? =0.57,
Fig. 8C), which may reflect retention of certain hydrophobic moieties in
harder samples. Overall, these trends demonstrated that the Raman

signatures of protein breakdown were closely linked to texture
degradation.

The 936-cm ™! peak, which is associated with glycosidic linkages in
pectin and related polysaccharides, showed a strong negative correla-
tion with hardness (R* = 0.70, Fig. 8D). This indicates that increased
solubilization of the pectin structures corresponds to decreased hard-
ness. As cell wall polysaccharides dissolve and the middle lamellar
integrity diminishes, soybean tissues lose their structural rigidity. These
findings confirm that Raman detection of carbohydrate solubilization,
particularly via the 936-cm™! peak, serves as an effective molecular
indicator of thermal softening.

Raman spectral features reflecting both protein and pectin solubili-
zation were reliable predictors of soybean textural changes. This re-
inforces the utility of this nondestructive technique in time-dependent
food quality monitoring applications.

4. Conclusion

This study establishes the utility of Raman spectroscopy as a reliable
tool for capturing molecular changes in boiled soybean water during
thermal processing. The changes in intensity over time of specific Raman
bands, especially those related to protein denaturation and pectin sol-
ubilization, corresponded with the quantified concentrations of solubi-
lized components. Meanwhile, a progressive decline in soybean
hardness was observed, reflecting cumulative cell wall degradation and
matrix softening.

The clear correlation between these molecules and soybean softening
was further supported by the strong relationship between the C-S bond
(682 cm’l), glycosidic linkage band (936 cm ) and texture loss,
emphasizing their potential as non-destructive indicators of structural
breakdown. SDS-PAGE and protein quantification indicated limited
protein leaching, whereas Raman spectroscopy remained sensitive to
protein-related signals, reflecting the strong response of S-S and C-S
vibrations even at low solubilization amounts.

In summary, the results support a direct link between solubilization
processes and softening behavior, showing that Raman spectral markers
can be used to monitor texture in flexible time. This non-destructive
approach is suitable for integration into industrial cooking systems,
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deformation at 1458 cm™!; (D) glycosidic linkages at 936 cm L.

enabling improved process control and product uniformity. Further-
more, the findings offer a foundation for extending Raman-based texture
prediction to other legumes and diverse thermal environments, thus
facilitating broader optimization across food processing systems.
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