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ABSTRACT
Background: Covalent interactions between proteins and phenolic
acids are recognized as an effective approach to improve the functional
properties of plant proteins. Such interactions can enhance the physical,
chemical, and biological characteristics of proteins, thereby broadening
their applications in various industries.
Aims: This study aimed to investigate the interaction between soy
protein isolate (SPI) with gallic acid (GA) and tannic acid (TA), and to
evaluate its effects on the structural characteristics and antioxidant
activity of SPI.
Methods: GA and TA at concentrations of 5, 10, and 15% (based on
protein weight) were reacted with SPI under alkaline conditions (pH=9)
to form conjugates. The obtained conjugates were analyzed using OPA
spectrophotometry, emulsifying properties (EAI, ESI), antioxidant
activity, color measurement, electrophoresis (SDS-PAGE), zeta
potential, and Fourier-transform infrared spectroscopy (FTIR).
Results: With increasing GA and TA concentrations up to 10%, the
degree of conjugation increased from 28.33% to 64.45% and from
29.52% to 55.66%, respectively, after which it reached a stable level.
The EAI and ESI values of SPI-TA conjugates (13.65 and 32.65,
respectively) were higher than those of SPI-GA (19.15 and 73.05).
Furthermore, increasing GA and TA concentrations up to 10% enhanced
the zeta potential (—26.12 and —27.2, respectively) and significantly
reduced particle size. Evidence from SDS-PAGE and FTIR confirmed
the formation of covalent bonds between SP1 and GA/TA.
Conclusion: Among the treatments, SPI-GA 10% and SPI-TA 10%
were identified as the optimal formulations.
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Extended Abstract

Background: Covalent interactions between
proteins and phenolic acids, especially in the realm
of plant proteins, represent an effective and
practical approach to enhancing the functional and
structural  properties of  proteins.  These
interactions, which typically occur under alkaline
conditions and in the presence of phenolic acids,
can improve the physical, chemical, and biological
characteristics of proteins, thereby expanding their
industrial applications. Among plant proteins, soy
protein isolate (SPI) has attracted considerable
attention due to its high nutritional value, economic
benefits, and environmental advantages. However,
its instability against temperature, pH changes, and
processing conditions poses significant limitations
on its broader use in the food industry. In this
context, the use of phenolic acids as protein-
modifying agents offers a novel and effective
strategy to improve the functional properties of soy
protein isolate.

Objective: This study aimed to investigate the
covalent interactions between soy protein isolate
and two representative phenolic acids, gallic acid
(GA) and tannic acid (TA), focusing on their
effects on the structural, chemical, and antioxidant
activity of the protein. Although gallic acid and
tannic acid share structural similarities, they differ
in molecular weight and the number of phenolic
rings, factors that could influence the extent and
type of interaction with the protein. Tannic acid, as
a poly-galloyl glucose ester, has a higher molecular
weight and contains more phenolic groups,
whereas gallic acid has a simpler structure and
lower molecular weight.

Methodology: Soy protein isolate was prepared as
a 2% aqueous solution and adjusted to alkaline
conditions (pH = 9). Subsequently, gallic acid and
tannic acid were added to the protein solution at
three different concentrations (5%, 10%, and 15%
based on protein weight) and allowed to react to
form protein-polyphenol conjugates. The reaction
was conducted at room temperature with
continuous stirring for 24 hours. Afterwards, the
samples were dialyzed and freeze-dried to remove
unbound phenolic acids, leaving only the formed
conjugates.

Results: The degree of conjugation, indicating the
extent of covalent bonding between free amino
groups of the protein and phenolic groups of the
acids, was measured using the Folin—Ciocalteu
assay. Results showed that conjugation percentage
significantly increased with phenolic acid
concentration up to 10%, then plateaued. Notably,

conjugation levels in tannic acid-treated samples
were significantly higher than those with gallic
acid, attributed to tannic acid’s higher molecular
weight and greater number of phenolic rings.
Increased conjugation indicates more covalent
bonds between protein and phenolic acids, leading
to enhanced stability and structural modifications
of the protein. FTIR spectroscopy revealed
significant changes in the amide bands of the
protein after reaction. The main Amide A, Amide
I, and Amide Il bands, associated with carbonyl,
NH groups, and protein secondary structure, were
altered, indicating changes in protein structure and
the formation of new covalent bonds. These
findings confirm that phenolic acids reacted with
protein functional groups and modified its
structure. SDS-PAGE electrophoresis supported
the covalent bond formation evidence. Protein
bands in conjugated samples shifted towards
higher molecular weights compared to pure
protein, reflecting the attachment of phenolic
molecules and increased molecular mass. This
band shift confirms the formation of protein-
polyphenol conjugates. Functional properties such
as emulsifying ability and emulsion stability,
critical for food industry applications, improved in
the conjugated samples. Particularly at 10%
phenolic acid concentration, both emulsifying
activity index (EAI) and emulsion stability index
(ESI) significantly increased. This enhancement is
likely due to surface modifications and increased
surface charge of proteins, as indicated by elevated
zeta potential. Higher zeta potential represents
greater electrostatic repulsion between emulsion
droplets, preventing aggregation and improving
emulsion  stability. Regarding antioxidant
properties, DPPH radical scavenging assays
demonstrated that all conjugated samples exhibited
much higher antioxidant activity than pure protein.
Increasing phenolic acid concentration led to
higher free radical inhibition, indicating transfer of
antioxidant properties from polyphenols to proteins
upon conjugation. Overall, SPI-TA conjugates
showed greater antioxidant activity compared to
SPI-GA, attributed to tannic acid’s structural
features and higher number of phenolic groups.
Color parameters (L*, a*, b*) of samples changed
after conjugation, with decreases in brightness
(L*), redness-greenness (a*), and yellowness-
blueness (b*), reflecting darker coloration with a
shift towards greenish and yellowish hues. These
color changes are typically due to polyphenol
oxidation and formation of new pigments in
conjugate structures and should be carefully
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considered in industrial applications. Statistical
analyses identified SPI-GA 10% and SPI-TA 10%
treatments as optimal conditions for enhancing the
structural, functional, and antioxidant properties of
soy protein isolate. These samples showed the
highest conjugation degree, strongest antioxidant
activity, and best emulsifying characteristics.

Conclusion:Based on the findings, covalent
conjugation between soy protein isolate and
phenolic acids, especially tannic acid, is an
effective and economical method to improve the
functional properties and stability of the protein.

These enhancements pave the way for broader
applications of soy protein isolate in the food and
pharmaceutical industries. Moreover, this study
provides better insight into the mechanisms of
protein-polyphenol interactions and the role of
polyphenol concentration in controlling the final
properties of conjugated products. Given their high
antioxidant capacity, these conjugates have
potential as natural and healthy additives in food
formulations to enhance product stability and
quality.
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Table 3- DPPH radical scavenging activity of
SPI control, SPI-GA and SPI-TA conjugates

Sample DPPH radical
scavenging activity (%)

SPI 19.86+0.529
SPI-GA 5% 54.37+0.35
SPI-GA 10% 59.58+0.85¢
SPI-GA 15% 64.02+0.45¢
SPI-TA 5% 66.49+0.36°
SPI-TA 10% 75.62+0.58°
SPI-TA 15% 80.31+0.69°

Mean values + SD. Means with different
superscripts in columns indicate significant
differences among treatments (P<0.05).
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Table 4- Particle size and zeta potential of SPI
control, SPI-GA and SPI-TA conjugates

Sample Particle size Zeta potential
(nm) (mv)

SPI 9074352 -21.01+0.38°
SPI-GA 5% 850.2+25°P -23.1+0.26¢

SPI-GA 10% 735+41¢ -26.12+0.54°
SPI-GA 15% 719.87+52°¢ -26.5+0.7°

SPI-TA 5% 695+36°¢ -24.85+0.65°¢

SPI-TA 10% 530.09+25¢ -27.82+0.252

SPI-TA 15% 520.02+45¢ -27.38+0.332

Mean values + SD. Means with different superscripts
in columns indicate significant differences among
treatments (P<0.05).
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Figure 1- Emulsion activity index (EAI) of SPI
control, SPI-GA and SPI-TA conjugates

Mean values = SD. Means with different superscripts in
columns indicate significant differences among
treatments (P<0.05).

SPI  SPI-GA SPI-GA SPI-GA SPI-TA SPI-TA SPI-TA
5% 10%  15% 5% 10%  15%

Figure 2- Emulsion stability index (ESI) of SPI
control, SPI-GA and SPI-TA conjugates
Mean values + SD. Means with different superscripts in
columns indicate significant differences among

treatments P<0.05).
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Figure 5- SDS-PAGE patterns of SPI control,
SPI-GA and SPI-TA conjugates
M, marker protein; line 1, SPI; line 2-4, SPI-GA
conjugates containing 5,10,15% GA,; line 5-7, SPI-
TA conjugates containing 5,10,15% TA
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Figure 4- FTIR spectra of control SPI and SPI-

TA conjugate
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Figure 3- FTIR spectra of control SPI and SPI-
GA conjugates
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Table 5- L*, a“and b" of control SPI and SPI-
TA conjugates
Sample L a b”

SPI 80.51+0.65% 0.04+0.027 21.50+0.30°
SPI-GA5%  38.01+0.50° 1.23+0.09¢  15.31+0.62°
SPI-GA 10%  29.59+0.35  0.29+0.01¢  13.93+0.52
SPI-GA 15%  27.44+0.319 -0.75+0.129  9.74+0.129
SPI-TA5%  46.60+0.45° 4.44+0.06% 20.89+0.43°
SPI-TA10%  40.16+0.11¢ 3.72+0.11°  18.35+0.58¢
SPI-TA15%  39.10+0.35¢  3.27+0.10°  19.60+0.21°

SPI

SPI-GA 5% SPI-GA 10% SPI-GA 15%

SPI-TA 5% SPI-TA 10% SPI-TA 15%
Figure 5- Image of control SPI and SPI-GA
and SPI-TA conjugates
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